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Abstract

Nowadays, offshore renewable energy is seen more and more as an attractive alternative to onshore energy

thanks to less space limitations and usually better weather conditions. However, the higher costs in instal-

lation and maintenance demand a continuous search for higher conversion efficiency in order to achieve an

economically viable electricity generation. In this line, the co-location of wind and wave power sources might

serve to reduce the generation power variability and also to take advantage of using the same infrastructure

and implementation area. Several studies have been carried out mainly focused on determining possible zones

of implantation or developing new co-location concepts. However, the optimization and control of these new

offshore energy conversion systems have not been extensively studied in the literature. This article presents

a new optimal control strategy for co-located wind and wave farms in order to fulfill the operation and

integration requirements demanded by power system operators. The proposed control scheme is evaluated

in several realistic scenarios. The obtained results show that with adequate control strategies, it is possible

to increase the electricity production of co-located wind-wave farms satisfying the frequency requirements of

the network, even in adverse events, and also to increase the total power reserve of the system.

Keywords: Co-located Wind-Wave; Combining Renewable; Offshore Wind Energy; Wave Energy; Power

Reserve; Grid Stability.

1. Introduction

The development of offshore renewable energy (wave, tidal and offshore wind energies) has been established

as one of the EU’s energy objectives for 2050. The target is to reach an installed capacity of 188 GW in

wave and tidal energies and 460 GW in offshore wind energy [1]. In this line, the co-located wind-wave

farms (WWFs) have arisen as a promising alternative for combining both technologies in order to achieve a

more efficient use of the farms’ exploitation areas and thus increase the generated power density (W/m2) [2].

According to [3], the co-locating offshore wind and wave energy farms may allow a smoother power generated

output compared to the wind or wave farms operating independently. In [3], it is reported that co-located
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WWFs are able to achieve a reduction in the power variability equivalent to those achieved by the aggregate

energy of two offshore wind farms separated near 500 km or two wave farms with 800 km of separation.

This is a new topic and therefore the available literature is not extensive. Most of the articles focus on the

energy harvesting potential of particular implementation zones [3, 4, 5]. A summary of the different layout

configurations of the co-located farms can be found in [1]. Astariz et al. [6] study uniformly distributed arrays

and analyze the benefits of the co-location from the point of view of maintenance and operation. Regarding

grid integration, Lund [7] studies the effects of combining different generation sources (e.g. solar, wind, and

wave) on the electrical grids. The effects on the transmission capacity of co-located WWFs is analyzed in

[8]. Several works study the variability of the generated power, for instance, Tedeschi et al. [9] propose the

integration of batteries in the co-location of wind and wave farms. Other works are focused on the potential

power variability reduction that can be achieved in particular areas [10, 11]. Saenz et al [12] study the role

wave energy converters (WECs) to maximize the auxiliary power supply and their optimal combination with

offshore hydrogen. A life cycle cost (LCC) analysis is presented by Clark et al. [13] considering the wake

effect in WWFs. The results suggest that floating wind-wave co-located arrays are advantageous in terms

of LCC compared to WEC-only or floating wind turbine-only arrays. On the other hand, to the best of the

author’s knowledge, the complete system control of co-located wind-wave plants does not seem to be analyzed

in the literature.

Several technologies have been proposed for harvesting energy from waves. Clearly, the most suitable

technologies for co-location with monopile or floating wind turbines are those based on floating WEC concepts.

These devices are usually made up of a buoy and a Power Take-Off (PTO) system. The latter is the part in

which the mechanical power captured from the waves is converted into electricity. A number of control tools

have been used in WECs, such as latching, sliding mode or model predictive control (MPC), among others.

Latching is based on reducing the phase change between the speed of the buoy and the excitation force by

locking the PTO for a period of time [14, 15, 16]. The aim is to operate the device near resonance in order

to increase the power absorption. Sliding mode control has been used in [17, 18] to track a velocity reference

and thus improve the energy harvesting. MPC have been employed in [19, 20] to maximize the captured

energy by optimizing the excitation force. With the aim of saving costs and increasing the power generation,

WECs are often gathered in arrays. In [21], Bacelli et al. have found that a coordinated control instead

of individual controls for each device might improve the overall energy capture. However, as this approach

needs to share information among devices, this also results in less reliable systems.

The control of wind turbines have been extensively analyzed in the literature, see e.g. [22]. The control

of wind farms considering the particular wind conditions faced by each turbines is a topic that have arisen

considerable interest in the last years. The most common objective is to maximize the energy capture.

However, other concepts have been proposed aiming to exploit available degrees of freedom. For example, in

[23], the power tracking is combined with the reduction of fatigue damage in order to increase the useful life

of the turbines. Other proposals aim to increase the power reserve [24] or provide ancillary services to the
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grid [25].

Stability is crucial in power systems and might be affected by the integration of renewable energy sources

[26, 27]. In case of integration of WEC farm, Ekström et al. [28] propose the control of a marine substation

that connects and disconnects WECs depending on the state of the sea, a strategy that can also be used

in case of WWFs. The effects of the aggregation of wave energy on the load flow and system stability is

studied in [29]. In case of wind farm integration, in [30, 31, 32], it is presented coordinated strategies for the

integration of wind power plants in AC networks to provide frequency support. However, the power system

stability involving WWFs has not been analyzed in the literature.

The purpose of this article is to analyze the potential of coordinated controls for co-located WWFs. The

main contributions can be summarized as:

� Modelling of WWFs for analyzing the behavior of WECs and wind turbines and evaluating coordinated

control strategies.

� A two-level control scheme to coordinate the power contributions of WEC and wind turbines arrays

in order to minimize the power fluctuations caused by WECs, to provide frequency support, and to

optimize the overall power reserve.

The proposed control scheme is evaluated by simulation in a realistic case of study with three AC areas, two

onshore conventional power plants and an offshore WWFs, inspired in possible implantation plans for the

PLOCAN (Plataforma Oceánica de Canarias) area [33].

The present paper is organized as follows. Section 2 introduces the co-located wind-wind farms. In Sec-

tions 3 and 4, the modelling and control of waves and offshore wind power plants are presented, respectively.

Section 5 describes the proposed two-level control strategy aimed to coordinate the power contributions of

WECs and wind turbines. Then, simulation results are presented in Section 6. Finally, some conclusions are

drawn in Section 7.

2. Co-Located Wind-Wave Farms

2.1. Co-located WWF Layouts

Figure 1 illustrates three possible layouts for co-located WWFs as proposed in [1]. The green area

represents the power system to which the WWF is connected. The peripherally distributed array (layout

a) in Figure 1) consists in surrounding the wind farm by the WECs, especially on the sides more distant

from the shore, in order to capture most of the incident waves and minimize the radiation effects from the

farm’s wind turbines. In the alternate row array (layout b), rows of WECs are placed between rows of wind

turbines. In the case of monopile or spar wind farms, the turbines are usually spaced 3D-5D-7D. The WECs

can be located in the intermediate rows as the radiation and diffraction effects are not very noticeable [34].

Finally, in the layout c), the WECs and wind turbines are located in two separate areas and only share the

infrastructure to connect them to the land consumes.
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Figure 1: Three possible layouts of co-located wind-wave farms: a) peripherally distributed array, b) alternated row array and

c) co-located independent array.

2.2. Grid-connected Wind-Wave Farms

The integration of WWFs into a power system may affect the stability of the entire system due to the

high power fluctuations introduced by this type of generation. System stability problems can be local or

global and can be caused by different agents (loads, generation, lines, etc.). These can be classified into

voltage, generator-rotor-angle or frequency stability problems. As the present work is only focused on active

power generation, only the frequency stability problem will be analyzed here. The frequency fluctuations are

caused by imbalances between the demanded and generated power. As active power generated by wind and

wave farms may exhibit significant fluctuations, a WWF may cause frequency stability problems. In order

to reduce this undesirable effects, it is necessary to smooth the power injected into the land grid. A common

strategy is to maximize the power produced by the WECs and reduce the power fluctuations injected into

the land grid by controlling the power delivered by the wind farm. Therefore, the capability for minimizing

frequency errors depends on the system power reserve that can be maintained by the wind farm and the

onshore generation.

Figure 2 sketches a three-area electrical network with two onshore generation points and aWWF connected

via HVAC submarine cable that will be used to analyzed the proposed control strategy for compensating

frequency fluctuations. The WWF is assumed to be an alternate row array. This layout is preferred mainly

due to its potential to share wind farm collectors or also the possibility of sharing moorings/anchors. The

present study focused on the power production and integration. As a consequence, the spacing between WECs

will be assumed larger than 10 radius. In this circumstance, the interaction among WECs can be neglected

as the radiation and diffraction effects are not noticeable [21]. The power system consists of two onshore
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Figure 2: An example of a three-area electrical network with two onshore generation points and a WWF connected via HVAC

submarine cable.

generation plants and the co-located WWF. The onshore generation plants are modeled as synchronous

generators represented by a fourth-order two-axis model. All the generation plants are interconnected with

three AC areas modeled as power loads. Each generator is connected to the lines by the respective transformer.

The WWF also includes a transformer in the offshore sub-station (OSS). The WWF is connected through

submarine HVAC cables to the respective onshore points. A detailed description of the system will be

introduced in Section 6.

The algebraic equations corresponding to the power flow of the system formed by the generation (onshore

and WWF), the submarine cables, transformers, lines between areas and the areas’ power loads allow us to

obtain the following dynamic model of the entire system:

Ẋ = f(X,Y, U), (1)

being

X =
[
xT
ps xT

wwf

]T
, (2)

Y =
[
ITdq V T θT

]T
, (3)

U =
[
UT
1 . . . UT

n

]T
. (4)

The symbol xwwf denotes the state vector of the co-located WWF formed by the respective wind and wave

generation and xps = [xg,1 . . . xg,i]
T the state vector of the power system including the onshore generation,

where:

xg,i = [δi ωi E
′
q,i E

′
d,i Efd,i VR,i RF,i]

T (5)

represents the state vectors of the ith generator plant (i = 1, . . . , n), which as mentioned before are modeled

as synchronous generators with a fourth-order two-axis model. Note that the injected active power depends
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Figure 3: Schematic representations of the most common floating WECs: a) point absorbers, b) two-body WECs and c) spar

oscillating water column

on the variables of these generators: Pi(δi, Id,i, Iq,i, Vi, θi), being the ith torque angle, d-q currents, voltages

and phases, respectively.

The next sections present the wind and wave energy system and the corresponding control in detail.

3. Wave Power Generation

Wave energy systems can be located onshore (on the coast), nearshore and offshore. However, when they

are co-located with floating wind farms, only nearshore and offshore result adequate. The devices in these

areas can be floating or submerged. In this work, we will focus only on floating devices.

3.1. Floating Wave Energy Converters

Figure 3 illustrates the main floating WEC technologies. Figure 3a depicts the so-called floating point

absorbers, which are simple buoys that oscillate with the movement of the waves and generate energy by

reacting with the seabed. Its behavior corresponds to a mass-spring-damper and their power generation is

proportional to the relative movement in heave (the z-axis). The most common WECs are the floating wave

energy converters shown in Figure 3b. These WECs consists of a floating and a submerged part, and the

PTO captures the energy through the relative motion between them. This type of technology was initially

described in [35] and a control scheme can be found in e.g. [36]. Finally, Figure 3c corresponds to a floating

Oscillating Water Column (OWC), more specifically the well-known Spar-Buoy OWC [37, 38]. This device

is usually anchored to the seabed, can move freely and is open at the bottom. The PTO is an air turbine.

When the OWC hits the waves, the turbine converts the bidirectional induced air flow into electrical power

[38]. Owing to the maturity and simplicity of the floating point absorbers [39, 40], this will be the WEC

technology considered in the scheme proposed in this article.

3.2. The WEC Model and the Equation of Motion

In case of a heaving point-absorber with a rigid connection with the PTO system, the floater only oscillates

up and down. Therefore, its equation of motion can be expressed in terms of the Newton’s second law as:

Mz̈(t) = Fw + Fhs + Frad + u, (6)
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being Fw the external forces produced by the movement of the waves, Fhs the hydrostatic forces of the device,

Frad the radiation forces generated by the floating bodies, and u is the control action applied to the PTO.

Since the working principle of WECs is based on the wave energy absorption, the radiation effects caused by

the own device are the most significant term in the previous equation. That is, the WEC average absorbed

power can be expressed as P̄abs = P̄w − P̄rad, being P̄w the average power of the wave and P̄rad the average

radiated power. Based on the Cummins model [41], the radiation force is given by:

Frad = −A∞z̈(t)−
∫ t

0

Lr(τ)ż(t− τ) dτ, (7)

where A∞ is the infinite added mass matrix and Lr the radiation kernel. This kernel can be connected with

the damping coefficient Bω using the expression:

Lr(t) =
2

π

∫ t

0

Bω(ω)cos(ωt) dt. (8)

The infinite added mass matrix is computed as:

A∞ = lim
ω→∞

Aω(ω), (9)

being Aω(ω) the added mass coefficient matrix at a certain frequency ω. Assuming pure sinusoidal signals,

the radiation force can be approximated by constant coefficients [20], yielding to:

Frad = −Aω z̈(t)− Bω ż(t). (10)

The hydrostatic force is given by:

Fhs = ρgπr2z(t) = Khs,zz(t), (11)

where Khs is the buoyancy stiffness coefficient. Consequently, the Newton’s equation (6) can be rewritten

as:

(M +Aω)z̈(t) + Bω ż(t) +Khs,zz(t) = Fw + u, (12)

being u the force applied in the PTO. Then, defining x1 = z and x2 = ż, the previous equation can be cast

as the set of ODEs:

ẋ1 = x2, (13)

ẋ2 =
1

m
(Fw −Khs,zx1 − Bωx2 + u), (14)

where m = M +Aω.

3.3. An Optimal Control Strategy for the WEC

The WEC needs a control strategy in order to maximize the energy harvesting. Here, an optimal latching

strategy will be used due to its simplicity and good performance. A detailed description of this control can

be found in [15, 16]. Basically, an optimal latching consists in reducing the phase change between the speed
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of the buoy and the excitation force by locking the PTO during a period of time. The objective is to induce

a resonance effect and thus increase the energy capture. To this end, the latching controller aims to cancel

the damping term in (14) applying a force:

u = −Cpγx2, (15)

where Cp is a damping coefficient sufficiently large to stop the device motion and γ is the control action. The

control law is a bang-bang strategy, i.e. γ takes two values, 0 or 1. When γ = 0 the point absorber is free to

oscillate, and when γ = 1 is locked. The algorithm to decide the value of γ at each time step is based on the

optimal control theory and aimed to maximize power absorption. Basically, the goal is to find an admissible

control signal that maximizes the objective functional:

max
u

J(u) =
1

tf

∫ tf

0

Bwx
2
2(t, u)dt, (16)

corresponding to the energy absorbed from the wave excitation in the time interval [0 tf ].

In order to solve this optimization problem, the corresponding Hamiltonian is computed as:

H(x, u, λ1, λ2, t) =

= ux2 + λ1x2 +
λ2

m
(Fw − Bωx2 −Khs,zx1) + u, (17)

where x = [x1 x2]
T . Hence, its time derivative is

Ḣ =
∂H
∂t

+ ẋT ∂H
∂x

+ u̇T ∂H
∂u

+ λ̇T ∂H
∂λ

, (18)

where λ̇T corresponds to the adjoint matrix. By applying the Pontryagin’s Maximum Principle along the

optimal path that maximizes the Hamiltonian at each time instant:

H(x∗, u∗, λ∗, t) ≥ H(x∗, u, λ∗, t), (19)

with the superscript ∗ meaning the optimal value. Since the Hamiltonian is a linear function of γ, the optimal

command can be expressed as:

γ =




1, if λ2Cpx2 < 0,

0, otherwise,

(20)

see [16] for more details.

The operation of the latching control strategy (15) can be observed in the simulation results presented

in Figure 4. These results correspond to the ideal point absorber given in [15], with a radius of 5 m and

a mass of 1 tonne, subjected to irregular sea states (see Appendix). The top and middle plots in Figure 4

show the position and velocity of the buoy without and with the control law (15). As can be observed, the

optimal latching increases the velocity and position compared with the open-loop case. In the middle plot, it

is possible to see the successive locking of the WEC during the time the velocity is zero. When unlocked, the

velocity presents a steeper increase and a larger amplitude. This increases the energy captured as observed

in the bottom plot in Figure 4, in accordance with the minimization of the objective (16).
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Figure 4: Simulation responses corresponding to an ideal point absorber with a radius of 5 m and a mass of 1 tonne, subjected

to irregular sea states with and without control

Taken into account that the WECs do not interacted each other, the total power captured by an array of

m devices can be expressed as:

Pwave
g =

m∑

i=1

P i
m, (21)

where P i
m is the power absorbed by each device.

4. Offshore Wind Power Generation

4.1. Wind turbine model

The wind power plant with k turbine is modeled as an equivalent one producing the total power. The

dynamics is represented by a two-mass model connected by a gearbox of ratioNg. The characteristic equations

of the system are:

Jrω̇r = Tr −Bsωs −Ksθs, (22)

Jgω̇g =
Bs

Ng
+

Bs

Ng
θs − Tg, (23)

where ωr and ωg are the rotor and generator speeds, respectively. The symbols J , T , K and B refer to

inertia, torque, stiffness and damping, respectively, and the subscripts r, s and g denote the rotor, stator and

generator, respectively. The relative angle of rotation between the rotor and generator satisfies:

θ̇s = ωr −N−1
g ωg (24)

9



Regarding the aerodynamic part, the wind power Pw corresponding to an airflow passing through a rotor

surface Ar with an effective wind speed v is given by

Pw =
1

2
ρwArv

3, (25)

being ρw the air density. This power can only partially be converted into mechanical power by the turbine.

The power fraction is governed by the power coefficient Cp that depends on the blade pitch angle β and the

tip-speed-ratio λ = ωrR/v, with R the rotor radius. Therefore, the power generated by the wind turbine is

given by

Pg =
1

2
ρwArCp(β, λ)v

3. (26)

The torque developed by the turbine is

Tr =
1

2
ρwAr

Cp(β, λ)

ωr
v3. (27)

The power captured by the turbine can be controlled by modifying the pitch angle β and rotor speed ωr

[22, 42]. The total power generated by the wind farms is assumed given by

Pwind
g =

k∑

i=1

P i
g, (28)

where P i
g is the power produced by each turbine.

4.2. Control and de-loading operation

Each wind turbine is assumed following the de-loading control strategy shown in Figure 5, [43, 32]. The

wind farm controller sent a power reference Pres to each turbine, which may be lower than the rated power

Prated. If the turbine is facing an effective wind speed lower than vwres, it will deliver the maximum power

available. Otherwise, the wind turbine will work in a de-loaded mode keeping a reserve given by Prated−Pres.

Thus, certain amount of power is available to contribute in the frequency regulation or other ancillary services.

Here, this reserve will be used to compensate the WEC fluctuations.

5. Overall control strategy for co-located WWFs

Figure 6 shows the proposed control strategy for the co-located WWF integration into a network such as

the one presented in Figure 2. The strategy coordinates the contributions of the co-located WWF according

to the energy demands of the AC areas and ensures the network stability. This is a centralized control with

a two-level structure. The lower level aims to guarantee the stability of the network, mainly in events of

frequency and voltage drops caused by the fluctuations in the power generation. Whereas the upper level

focuses on managing the available power produced by the WWF and the demands of the local areas. For this

purpose, this level produces the power set-points for each generation system while fulfill an optimal power

flow.
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Figure 5: Power-wind speed curve corresponding to a de-loading strategy

5.1. Upper-Level Control Design

In the proposed control strategy, it is assumed that each WEC produces the maximum power, and the

wind turbines operate in de-loaded mode. Firstly, it is sought the control action Pwwf
r ∈ R that ensures the

system power balance. This is a set-point that must satisfy the overall WWF and is computed according the

following error tracking expression:

Pwwf
r = Pref − Pgen, (29)

being:

Pgen =

ng∑

i=1

PGi
g , (30)

Pref =

nd∑

i=1

PAi
dem (31)

where A and G denote the areas and generators, respectively. The total power Pwwf
r that must produce the

WWF is the sum of the power Pwave
g generated by the WECs and the power Pwind

g produced by the wind

farm.

In order to translate the command Pwwf
r into individual commands for each turbine, the upper level

control takes into account the information provided by the supervisors of the wind farm and the WEC

array. These supervisors manage the communications with each energy conversion devices with the aim of

measuring the total available power. That is, the power transmission is shared by both arrays, but not

the communications in order to ensure a reliable set-point computation. The wave supervisor computes the

value Pwave
g according to (21) with the information sent by each WEC in the array. On the other hand, the

wind farm supervisor communicates the generated power Pwind
g and the available power Pwind

av to the central

control.

In addition, this supervisor produces the power set-points Pwind
r ∈ Rk for each turbine according to the

generation target Pwind
rt for the entire wind farm sent by the central controller. This reference is computed
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Figure 6: Proposed two-level control scheme for co-located WWFs

as

Pwind
rt = Pwwf

r − Pwave
g , (32)

The reference wind power Pwind
r must be within the Pwind

av limits, defined at each time instant by:

Pwind
av = Pwind

g + Pwind
res , (33)

being Pwind
res the total power reserve in the wind farm. When the wave power Pwave

g is sufficient to decrease

the wind power Pwind
g and thus increases the power reserve, the command computation satisfies the following

maximization problem:

max
Pwind

r ∈Rk
Pwind
res

s.t. (32) and (33)

(34)

5.2. Lower-Level Control Design

As a consequence of the high variability of the renewable power sources, especially the one coming from

the WEC array, there exist some periods of time in which the power distribution of the upper-level controller

is not able to fulfill the power balance (29). For these periods of time, the proposed strategy includes a

low-level control that acts on the inland generator set-points in order to minimize the frequency fluctuations

caused by the mentioned power mismatch. To this end, the low-level controller produces small adjustments
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of the power set-points of the generators, computed to satisfy the following quadratic cost function:

J =
1

2

∫ ∞

0

(XTQX+UTRU)dt (35)

whereX, U are the state variables and inputs of the linearized system (1) andQ andR are diagonal weighting

matrices penalizing the torque angle, angular frequency and control inputs, respectively. The matrix Q is

determined from the dominant eigenvalues of the closed-loop system [44].

Clearly this low-level control is centralized and communication losses might affect it. However, the

communications involved in this control consists only of inland lines, more reliable and less prone to fail than

offshore infrastructure.

6. Results

The proposed strategy is evaluated with the case of study illustrated in Figure 2. The power system

consists of a steam generation plant (G1), a diesel generation plant (G2) and the co-located WWF. The

generators are interconnected with three AC areas modeled as constant power loads. Each generator is

connected to the lines through transformers and HVAC cables. As mentioned in Section 4, the wind farm

in the WWF is modeled as an aggregated wind turbine. The system under study is made up of 14 wind

turbines and 74 WECs, whose parameters can be found in Table 4, together with the main parameters of the

network. The data for the WECs were adopted from [15], the wind turbines correspond to the NREL 5MW

model [42], and the network parameters were adapted from a networked area system described in [26]. As

mentioned in Section 2, wake effects and interaction among WECs are neglected due to the spacing between

wind turbines and WECs.

The wind and wave profiles corresponds to the North-East coast of Gran Canaria (Spain). Table 1 sum-

marizes the correlation data between wind speed and wave height for this implantation area: the PLOCAN

(Plataforma Oceánica de Canarias) area. On the other hand, Table 2 lists the frequency distributions of

significant wave height and spectral peak period [33].

In order to evaluate the correct behavior of the controlled system, four scenarios were analyzed. The

first three scenarios analyze the short-term operation (timescale of seconds) and the last one the long-term

behavior (timescale of hours). The first scenario studies the nominal operation, that is, the wind and wave

generation complement each other to satisfy the demand. The second scenario presents a higher absorption of

wave energy, which means that the wind power reserve can be increased, as described in the previous sections.

Then, due to the control is centralized, the behavior of the system in the event of communications losses is

evaluated. The fourth scenario evaluates a long-term operation with the most probable wind-wave conditions

for the North-East coast of Gran Canaria (Spain). This conditions are depicted in Table 1, showing wind

speed and significant wave height (Hs). The peak period Tp was obtained from the probability correlation

shown in Table 2.
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Hs

Wind Speed (1-hour at 10m)

0 - 2 2 - 4 4 - 6 6 - 8 8 - 10 10 - 12 12 - 14 14 - 16 16 - 18 18 - 20 >20

0.00 - 1.00 2.083 8.396 12.354 8.754 4.174 1.685 0.588 0.144 0.044 0.010 0.001

1.00 - 2.00 3.012 12.063 18.533 12.298 5.582 2.195 0.777 0.248 0.062 0.010 0.006

2.00 - 3.00 0.384 1.387 2.041 1.568 0.785 0.295 0.126 0.055 0.012 0.003 0.002

3.00 - 4.00 0.014 0.060 0.109 0.076 0.034 0.009 0.007 0.003

4.00 - 5.00 0.005 0.003

Table 1: Gran Canaria Wind-Wave Data [33]

Hs

Peak Period (Tp)

1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15

0.00 - 1.00 0.037 0.771 2.603 4.524 5.392 4.907 4.211 3.504 2.836 2.252 1.766 1.244 0.827 0.512

1.00 - 2.00 0.001 0.3 1.845 5.132 10.973 14.608 9.569 5.006 3.119 1.865 1.250 0.823 0.542 0.326

2.00 - 3.00 0.003 0.049 0.465 2.593 2.552 1.087 0.522 0.275 0.161 0.12 0.085

3.00 - 4.00 0.012 0.11 0.147 0.073 0.028 0.005 0.001 0.002

4.00 - 5.00 0.001 0.003

Table 2: Gran Canaria Significant Wave Height - Peak Period Probability [33]

6.1. Scenario 1: Nominal operation

Figure 7 shows simulation results corresponding to nominal operation under calm sea. In the top plot can

be observed the WWF power demand Pwwf
r (purple line), the total power generated by the wind farm Pwind

g

(blue line), the total power provided by the WEC array Pwave
g (red line), and the total power delivered by

the WWFs Pwwf
r (yellow line). The power demand is around 65 MW and most of power generated by the

WWF comes from the wind farm. In this scenario, the power demand is lower than the WWF rated value

and the system is capable of satisfying the demand. As the sea is calm, the wave power is rather smooth.

The middle and bottom plots allow us to see the low-level control operation aimed to compensate the

small mismatch between the power produced by the WWF and the demand, which may affect the frequency.

The middle plot shows, in per unit, the power injected by the two onshore generators, PG1
(blue line) and PG2

(red line), necessary to stabilize the frequency. The bottom plot compares the frequency variation around

the nominal value 50 Hz when the low-level control is active (blue line) and is inactive (red line). Clearly,

this control is able to significantly prevent the wave power fluctuations from being directly delivered into the

grid and thus affect frequency of the entire power system.

6.2. Scenario 2: High wave power absorption

In Figure 8, it can be observed simulations corresponding to higher wave power conditions. The higher

average wave power allow us to increase the wind power reserve. Compared to the previous case, in which

the wind power generation was close to 60 MW, now it is delivering 50 MW into the grid, that is an increase

of 10 MW in the power reserve. On the other hand, the additional increase in the wave power also causes
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Figure 7: Scenario 1: Nominal operation under calm sea

higher fluctuations in the total power. These fluctuations must be compensated by the low-level control in

order to avoid high frequency deviations. The effect of this control can be seen in the middle and bottom

plots. Focusing on the bottom one, the blue line is the frequency after applying the low-level control, which

is significantly smoother than the uncontrolled value (red line).

6.3. Scenario 3: Communication Faults

Since the control is centralized, the effects of communication failures on the proposed scheme must be

analyzed. For this purpose, it is assumed that the onshore communication is robust, but the communications

with the offshore plant may fail. In this scenario, the central controller may lose information about the WWF

generation, but not about the rest of the power system. That is, the central controller has no information

about the power generated by the WWF and cannot send the corresponding set-points. This leads to the

incorrect operation of the upper-level control. However, as the power transmission remains unaffected, the

onshore local measurements and the information of the rest of the power system allow the proper functioning

of the lower-level control.

Figure 9 shows simulation results corresponding to this scenario when communications are lost in the

interval between 90 and 160 s. As a consequence, the upper-level controller do not have the current power

output information from the WWF and is not able to produce the correct commands. At 90 s, time of

communication loss, due to the lack of set-points from the central controller, the local control at each turbine

tries to maximize the energy capture. Hence, until the moment in which communications are restored (160 s),

the total generation of the WWF is higher that the demanded power. This implies that the power generated
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Figure 8: Scenario 2: High wave power absorption

by the onshore generators (PG1 ,PG2) decreases during the fault interval in order to compensate the power

surplus, as can be seen in the middle plot, verifying the correct operation of the lower-level control. In

this way, despite the loss of communications and the consequent power generation failures of the WWF, the

low-level control control is capable of ensuring the system stability again, as seen in the bottom plot.

6.4. Scenario 4: Long-Term Operation

The last scenario focuses on the long-term operation of the proposed control scheme. This scenario

evaluates the system behavior under wind and wind conditions corresponding to Gran Canaria previously

mentioned. These conditions are specified in Table 1 and Table 2. The simulations cover four conditions

with a duration of 1 hour:

1. first hour, Hs = 0.5, Tp = 7 and wind speed between 4 and 6 m/s,

2. second hour, Hs = 1, Tp = 5 and wind speed between 2 and 4 m/s,

3. third hour, Hs = 1.5, Tp = 6 and wind speed between 4 and 6 m/s,

4. fourth hour, corresponding to the most demanding conditions, Hs = 2, Tp = 8 and wind speed between

6 and 8 m/s.

The wind speeds correspond to a height of 10 m, the values faced by the wind turbines are obtained with the

expression (37) in the Appendix.

Figure 10 shows the simulation results corresponding to the conditions mentioned above. These results

indicate the proposed control strategy works properly also under a diverse wave-wind conditions. Despite the
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Figure 9: Scenario 3: Communication fault

0 0.5 1 1.5 2 2.5 3 3.5 4

0

50

100

0 0.5 1 1.5 2 2.5 3 3.5 4
0.96

0.98

1

1.02

1.04

0 0.5 1 1.5 2 2.5 3 3.5 4

-0.2

0

0.2

Figure 10: Scenario 4: Long-term simulation corresponding to the most probable conditions on the North-East of Gran Canaria

conditions of Gran Canaria are not as extreme as other offshore implantation areas, the controller is robust

in every most probable weather condition. After the second hour, the low wind and wave power conditions

forces the onshore generation to increase the power contribution in order to maintain the frequency values.

It can be observed that during the lower atmospheric wind-wave states, the fluctuations are lower, due to
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State
Max. ∆f [Hz]

First Hour Second Hour Third Hour Fourth Hour

Uncontrolled 0.04 0.06 0.13 0.22

Controlled 0.0005 0.0009 0.008 0.018

Table 3: Maximum frequency deviations corresponding to the simulations in (Figure 10)

the low generation of the co-located wind-wave farm. As absorption increases, active power fluctuations

increase, due to increased wave and wind generation. This means greater frequency fluctuations and greater

variability of onshore generators to compensate for deviations. Nevertheless, when the wind and wave power

start to increase, the control strategy is able to revert the onshore contributions. Thus, the renewable sources

are again generating most of the power demanded by the system. Notice that the frequency regulation is

improved under all wind-wave power conditions compared with the uncontrolled case. Table 3 summarizes the

maximum frequency deviations under the four wave-wind conditions, confirming the benefits of the proposed

scheme.

7. Conclusions

Advances in offshore wind power and wave energy extraction devices are fostering the study of power

generation plants combining both sources. Wind and wave power systems can share infrastructure in order

to reduce transmission and installation costs. This article presents a complete model for the WWF, including

the individual behavior of WEC and wind turbines, and the corresponding power system. It also proposed

a two-level control scheme aimed to coordinate both power sources in order to alleviate power generation

fluctuations, increase the power reserve of the system whenever possible, and guarantee the system stability.

This scheme was evaluated in a realistic case study under nominal and faulty conditions. In all studied

scenarios, the proposed control was capable of guarantying a proper frequency regulation. The analysis has

also shown that the scheme is also able to increase the power reserve, needed for ancillary services, under

high wave energy conditions.
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Appendix

The random sea waves have been approximated by a set of regular wave components with different

frequencies and random phases [40, 45]:
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Parameter Value Unit

Power

system

Grid Voltage 230 kV

Grid Frequency 50 Hz

Range of A1 Demand 100± 10% MW

Range of A2 Demand 90± 10% MW

Range of A3 Demand 125± 10% MW

G1 Rated Power 160 MW

G2 Rated Power 75 MW

Rated Power WWF 90 MW

Wind

turbine

Rated Power 5 MW

Blade Length 61.5 m

Rated wind speed 11.4 m/s

Cut-in wind speed 3 m/s

Cut-out wind speed 25 m/s

J , T , K and B see [42] -

WEC Mass 360 ton

Buoy Radius 5 m

Table 4: Parameters corresponding to the study case

η(t) = ℜ
[

N∑

n=1

Ane
i(ωnt+εn)

]

An =
√

2S (ωn)ω

(36)

being An, ωn, and εn are the amplitude, frequency and random phase of the regular wave component n,

respectively. Finally, N corresponds the number of regular wave components in the wave spectrum S(ω).

On the other hand, due to the wind speed in Table 1 is given at 10 m, the effective wind speed faced by

each wind turbine at the hub height can be obtained from:

vhub =

(
hhub

10

)1/7

v10 (37)

where hhub is the height of the turbine hub [46].
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