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Abstract As long as an increased number of Wave Energy 
Converters are reaching their prototypal and pre-commercial 
stage it is fundamental to analyse in detail the issues arising from 
the grid integration of such devices. Point absorbers are among 
the most promising Wave Energy Converters. In this paper a 
point absorbers wave farm, connected to a weak grid, is 
simulated in order to evaluate how active and reactive power 
control strategies can help to fulfil the grid codes and to improve 
the behaviour of the farm as well as the efficiency of the internal 
grid. The real test case offered by bimep is used to model the 
internal grid of the farm. Different farm level control strategies, 
centralized and decentralized, are considered and compared. Both 
steady-state and dynamic analyses are carried out in order to 
assess the performance of the farm under its nominal operation 
and also to underline the detrimental effect of the energy source 
intermittency. Fault analyses are performed to evaluate the effect 
of voltage dips on the system operation.  
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1. Introduction 
 
Despite wave energy consistent estimated potential, a 
single technology for energy extraction from sea waves 
has not emerged yet and several different devices are being 
studied and tested worldwide to prove their technical and 
economic feasibility. Among such different concepts, one 
of the most promising is that of point absorbers, due to 
their low infrastructural cost, good power performance and 
easy scalability. Such Wave Energy Converters (WECs) 
have been extensively studied in the past, mostly focusing 
on hydrodynamic aspects and control strategies 
implementation. 
 
Whereas an increased number of WECs are reaching their 
prototypal and pre-commercial stage it is fundamental to 
analyse in detail the issues arising from the grid integration 

of such devices. This is crucial especially when they are 
arranged in arrays, since they can affect the operation of 
the local power system as severely as the penetration 
level increases. 
 
The goal of the paper is to evaluate how centralized 
active and reactive power control strategies improve grid 
connections issues when connecting to a weak grid. In 
this paper bimep (BIscay Marine Energy Platform) is 
used to model the internal grid infrastructure and real 
wave data from an ocean measuring buoy operating there 
between 2009 and 2010 are used as a basis for the 
analysis. However, Point of Common Coupling (PCC) 
characteristics have been modified to obtain a weak grid. 
For this purpose the model of a point absorbers wave 
farm has been implemented in DIgSILENT. The system 
consists of 100 point absorbers of 200kW each one. The 
implemented control system has a structure with three 
levels: 

a. Control of WEC 
b. Control of Wave Farm and  
c. System Operator (SO) 

 
The case study carried out involves first a decentralized 
control of the WECs; to continue with the analysis of 
centralized control of the active and reactive power of the 
farm and to finish with a centralized control of the wave 
farm running through control parameters imposed by the 
SO (voltage and frequency control). 
 
The analyses focus on the effect and management of the 
oscillating nature of the extracted power, fluctuating on a 
time scale of some seconds. The impact of such 
variations on the electric system will be evaluated both in 
steady state and in transient conditions with reference to 
the requirements imposed by the grid codes by means of 
dynamic simulations. 
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2. Grid codes 
 
Due to the small size of marine energy plants, and other 
generation farms, connected to the distribution system in 
Spain a specific grid code has not been issued, unlike wind 
energy.  
From the point of view of power quality, Spanish electrical 
installations, broadly, must cope with the European 
Standard EN 50160 [1]. Nevertheless in the frame of 
voltage variations this Standard does not define 
requirements for 132kV systems. For this study, 
recommendation of the Distribution Systems Operator has 
been considered [2]. A maximum variation at the PCC of 
±7% will be allowed. 
 
Behaviour under disturbances is detailed in operating 
procedure 12.3 issued by REE [3]. WECs should remain 
connected whenever voltage stays within the grey area 
shown in Fig. 1. 
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Fig. 1. Fault ride-through capability [3]. 

 
In this sense providing both the farm and the WECs with 
active and reactive power control systems can ensure a 
better quality of the generated energy. 
 
3. Case study modelling 
 
A. Electric modelling: bimep description 
 
The bimep is an ocean facility for research, demonstration 
and operation of WECs on the open sea [4]. It is located in 
Northern Spain, South East of the Bay of Biscay, and it is 
expected to be in operation in 2013-2014, being the 
process of obtaining licences underway.  
 
The facility comprises 4 offshore benches, rated 5MW 
each one, and composed of subsea cables of different 
lengths. Once onshore, the subsea cables are replaced by 
four identical 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. 
 
It is worth noting that the real bimep infrastructure is 
connected to a strong grid as already shown in [5]. Thus, 
in order to evaluate the effect of the grid connection of a 
20MW wave farm on a potentially weaker grid, the value 
of the grid impedance has been modified with respect to 
the real case [6], so that the farm installed power 
corresponds to a 5% of the Short Circuit Power (Scc) 
measured at the PCC when the wave farm is not 

connected. More specifically, the short circuit power at 
the PCC has been considered to be of 400MVA. The 
PCC is modelled by a Thevenin equivalent. Fig. 2 shows 
the structure of bimep, according to its present state of 
development. 
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Fig. 2. bimep architecture 

 
B. WEC model 
 
In this study a wave-to-wire model of the WECs is used, 
this model includes all the dynamics from the waves up 
to the electrical machine.  
 
The basic element of the considered system is a 
cylindrical point absorber with a hemispherical bottom 
(Fig. 3) moving only in heave [7]. Under the assumption 
of incompressible inviscid fluid 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 [8]. 
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Fig. 3. Schematic model of the considered point absorber 

(buoy). 
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As regards the PTO system a synchronous machine driven 
by a full converter has been implemented. Such 
configuration allows a full control of the device, both on 
the “waves side”, for the maximization of the power 
extraction from the sea and on the “grid side”, making it 
possible to control the power factor and the reactive power 
injection (or voltage level) at the WEC connection point. 
 
4. Control system 
 
The implemented control system consists of: control at 
WEC level, control at wave farm level and SO 
requirements. Depending on the implemented control at 
wave farm level, WECs can both work according to SO 
requirements or independently.  
 
Next, implemented control strategies at WEC and wave 
farm level are explained in more detail. 
 
A. Control at WEC level 
 
The control strategy applied to the WEC is derived from 
the strategy known as passive loading, which requires the 
force exerted by the PTO to be always proportional to the 
speed of the point absorber according to the same control 
coefficient. However, it behaves as an equivalent 
saturation control, so that the control coefficient is 
conveniently reduced compared to the aforementioned 
value, whenever the instantaneous power is reaching an 
established power limit. 
 
The effect is that of exactly limiting the peak power into 
the system, thus allowing a reduced rating of the PTO. 
 
B. Control at Farm level 
 
A single WEC typically operates in open loop and in order 
to extract the maximum energy from the waves with a 
power factor close to unity. Working in this way the 
control of the farm has no control capability and it acts 
basically as a monitoring system. 
 
The control of a wave farm can be implemented in two 
ways:  
 

a. Decentralized control is defined as the control 
system based on local parameters of each WEC. 
In a farm with a decentralized control each 
WEC sets independently the parameters for its 
own control. Thus, the greatest advantage of 
decentralized control is that it does not require 
no communication between the central control 
system and the individual control of each WEC. 

 
b. In the case of centralized control there is a 

central control system responsible for 
controlling active and reactive power generated 
by the wave farm (Fig.4). The central control 
sets the control parameters for each WEC, 
deriving them from a global parameter 
associated to the whole installation. 

 
The main advantage of the centralized control is the 
possibility of setting a different control parameter for 
each WEC. In this way the WECs that are delivering less 
active power can inject more reactive power into the grid 
than those which are at nominal active power.  
 

 
Fig. 4. Scheme of the centralized (coordinated) control of the 

wave farm 

 
When controlling the voltage at the PCC with the 
decentralized control, the approximate value of the 
voltage at the PCC is estimated from local parameters, so 
that the value obtained is an approximation. When the 
voltage is controlled by reactive power injection at WEC 
connection point (centralized control), the control system 
does not have to consider the reactive power losses in the 
line as the control parameter will be generated such that 
the voltage error in the connection point is zero.  
 
5. Simulation results 
 
As regards the simulation tests both steady state and 
dynamic analyses are carried out, with the aim of 
assessing the impact of the generated power variations 
and of the reactive power control on the electric system. 
 
A. Steady state analyses 
 
The first set of simulations considers the wave farm 
working at full load. The objective of this study is to 
assess de influence of the reactive power exchange 
between the external grid and the WECs, on the PCC and 
farm performance. In this sense maximum loading level 
of the cables, voltage variations and efficiency are 
analysed.  
 
Depending on the implemented reactive power control 
three different cases have been studied: 
 

a. Each WEC injects 0MVAr which corresponds 
to a decentralized control with the devices 
working at unity power factor.  

b. Each WEC injects 0.56MVAr which 
corresponds to a decentralized control with the 
devices controlling the voltage at the machine 
to be equal to its rated value (1pu). 

c. Each WEC injects 3.10MVAr which 
corresponds to a centralized control with 
devices controlling the voltage at the PCC 
equal to its rated value (1pu). 
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1) Loading level  
The following figure shows maximum loading 
level of the cables inside the farm. The worst case 
is when the farm is working with a centralized 
control (a): the loading level is 59.96% which 
means an increase of 5% with respect to the best 
case (b: 55.31%). Nevertheless obtained results 
are below 60% in all the studies. 

 

 
Fig. 5: Loading level. 

 
2) Voltage variations 

In Fig.6 voltage values at different points of the 
system can be seen. 

� GEN: voltage at the machine. 
� WEC: voltage at the transformer of the 

device. 
� BMH: voltage at the join of the offshore 

cables with onshore cables. 
� PCC: voltage at the PCC. 

Even though variations are within the imposed 
limits (±7%), the influence of the used reactive 
power control is quite important. Whereas the 
voltage variation at the PCC with a decentralized 
control (b-a) is between 3-4% this variation is 0% 
with a centralized control (c). 
Note that the voltage at WEC level reaches quite 
high value (1.09pu) in the case of a centralized 
control. 
 

 
Fig. 6: Voltage variations  

3) Power losses and efficiency 
The efficiency is around 97% in the studied 
cases independently of the reactive power 
exchange.  
Table I shows the efficiency and the total losses 
for each case. 
 

Table I. – Total losses and efficiency. 

 
Total Losses Efficiency 

MW MVAr % 

0 MVar 0.51 2.39 97.45% 

0.56 MVar 0.49 2.32 97.55% 

3.10 MVar 0.58 2.73 97.10% 

 

4) PQ curves 
PQ curves show the transmission capability of 
the WECs and farm. In the PQ curves figure 
(Fig.7) it can be observed that while the 
superimposed curve for each generator is 
centred in zero when the whole farm is 
considered the PQ curve at PCC is decentred. 
This entails a greater capacity of reactive power 
consumption (23MVAr) and a smaller capacity 
of generation (19MVAr). This is due to the 
effect of the cables and transformers. Table II 
shows the most representative values of the PQ 
Curves. 
If the effect of the whole system were not be 
taken into account both consumption and 
generation capacity would be the same and 
equal to 20MVAr. 
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Fig. 7. PQ Curves 

 
Table II. – Representative values of PQ Curves. 

 
MW MVAr 

A 19.48 2.4 (consumption) 

B 1 24.4 (consumption) 

C 1.6 18 (generation) 
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B. Dynamic analyses 
 
Dynamic simulations have been performed, with the aim 
of evaluating the effect of the extreme variability of the 
wave energy source and the impact of the different 
reactive power control strategies at farm level on the PCC. 
Such time domain analyses focus on the performance at 
the PCC.  
 
Obtained voltage profile for each case is shown in Fig. For 
each case study there is a bottom value of voltage 
determined by the reactive power control (centralized and 
decentralized) itself and a superimposed oscillation 
induced by the resource variability (Fig. 9). 
 

 
Fig. 8: Voltage profile at the PCC. 

 

 
Fig. 9: Active current of a WEC. 

 
Albeit active current at each device is the same for the 
three studies the reactive currents depend directly on the 
implemented reactive power control. 
 
In the decentralized control oscillations due to the effect of 
the resource variability can be observed.  
 
Reactive current has been limited for the centralized 
control according to the PQ curves so that the stability of 
the system is assured. 
 

 
Fig. 10. Reactive current of a WEC. 

 
In order to analyse the system behaviour under fault 
conditions and evaluating its Fault Ride Through 
capability, as related to the applied grid control strategy, 
an 80% voltage dip has been applied to the PCC. 
Based on the obtained results (Fig. 11) it can be said that 
either with decentralized or centralized control the 
system fulfils the grid code requirement (Fig. 1). 
However when a zoom is made (Fig. 12) the effect of the 
reactive power it is highlighted since the voltage value 
increases a 1.5%. 

 
Fig. 11. Voltage profile at PCC when a voltage dip of 80% 

occurs.  

 
Fig. 12. Zoom of Fig. 11. 
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6. Conclusions 
 
This paper shows how the impact of a wave farm on the 
grid is strongly influenced not only by the control at WEC 
level but mostly by the control at Farm level. Three 
different wave farm control strategies have been 
implemented and compared.  
 
When a centralized control is used the impact on the grid 
can be controlled by means of the reactive power exchange 
without worsen the efficiency of the farm itself. The 
behaviour under short circuit and voltage control 
capability at the PCC are also improved making a high 
penetration level easier. 
 
Studies have been carried out with of a 5% wave 
integration according to the maximum grid codes limits. A 
higher integration level would make the grid weaker and 
more susceptible to resource variability. Thus reactive 
power control strategies would be even more important. 
 
It is very important to note that reactive power exchange 
capability of the WECs and farm is determine by the 
generated active power which means that voltage control 
capability of the system is highly modified by the resource. 
In this sense forecasting studies and storage needs analysis 
should be done to improve wave energy grid integration. 
 
It is worth to highlight that it is necessary to inject a 
reactive power equal to five times (3.10MVAr) the 
reactive power in the worst case (0.56MVAr) to obtain an 
increase of the voltage of a 4% (Fig. 6). 
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