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Abstract. The effects of climate change and global warming reveal the need to find alternative
sources of clean energy. In this sense, wave energy power plants, and in particular Oscillating
Water Column (OWC) devices, offer a huge potential of energy harnessing. Nevertheless, the
conversion systems have not reached a commercially mature stage yet so as to compete with
conventional power plants. At this point, the use of new control methods over the existing
technology arises as a doable way to improve the efficiency of the system. Due to the non-
uniform response that the turbine shows to the rotational speed variation, the speed control of
the turbo-generator may offer a feasible solution for efficiency improvement during the energy
conversion. In this context, a novel speed control approach for OWC systems is presented in
this paper, demonstrating its goodness and affording promising results when particularized to
the Mutriku’s wave power plant.

1. Introduction

Wave energy generation potential is calculated to be 16 PWh each year, approximately 50% of energy
demand by 2040. Taking this into account, current research studies are principally focused on
improving the efficiency of conversion systems so as to achieve the cost-effective use of wave energy.
Moreover, several countries are being supporting the development of diverse facilities along the
Atlantic coasts. Among this projects stand the construction of the NEREIDA MOWC wave power
plant in Mutriku — Basque Country — executed by the Basque Energy Agency (EVE) [1]. 16 Wells
turbines of 18.5 kW each installed in the wave power plant generated the first GWh of cumulative
wave energy supplied to the grid in January 2016 (see figure 1). Thanks to the NEREIDA wave power
plant on-shore OWC devices and control strategies can be easily tested, since the aim of the power
plant is not only the power generation but also to facilitate the development of the technology.
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Figure 1. Turbo-generator module
in NEREIDA MOWC wave
power plant (Mutriku, Spain).

2. OWC Devices

OWC-based conversion systems use the airflow generated by the wave to move the turbine. In order to
produce the airflow through the turbine, it is necessary a capture chamber where the air is compressed
by the wave. The capture chamber consists of a square cubicle with an opening in the lower part
through which the wave enters the chamber. Such opening always remains under the Still Water Level
(SWL), as it can be seen in figure 2.

The turbine is placed in the upper part of the capture chamber. The air compressed within the chamber
is pushed and pulled through the turbine, and thus, the bidirectional airflow makes the turbo-generator
to rotate.

%\
Turbine 1

Back wall

Figure 2. Oscillating Water Column system Figure 3. Wells turbine in NEREIDA MOWC
scheme. wave power plant.
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In spite of the fact that new more efficient turbines, such as bi-radial turbine, are currently emerging,
Wells [2-5] and impulse turbines [6] are still used in OWC devices (see figure 3). The Wells turbine is
considered a self-rectifying turbine since it provides a unidirectional rotation from a bidirectional
airflow, so that both incoming and outgoing wave energy can be harnessed.

3. Model statement
Although different approaches are currently available, Airy linear theory provides a proper estimation
of the surface of regular waves [7]:

y(x,t) = a-sin[% (ct — x)j , 1)

where a is the wave amplitude, A is the wavelength and c is the propagation speed.
Hence, the airflow velocity through the turbine can be obtained from the expression above as [8]

8aWZC -Si icosz—”t, (2)
7D cT

Vi (t) = T

where | is the OWC chamber length, w is the chamber width, D is the diameter of the turbine and T is
the wave period.
The mechanical torque applied by the turbine in case of OWC devices can be expressed as

T, =C, pbzlln r(Vt2 + (r " )2)’ 3)

where p is the air density, b is the blade span, |, is the blade chord, n is the number of blades, r is the
tip radius, C.is the torque coefficient and w is turbine rotational speed.
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Figure 4. Torque coefficient vs. flow coefficient. Experimental (dashed) and approximated (solid)
Curves.

C: is a feature of the turbine given as a characteristic curve, previously measured using empirical
methods. Figure 4 shows the characteristic curve of a Wells turbine used in OWC systems, where C; is
given as a function of the flow coefficient, ¢:
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With the aim of response smoothing and an easier analytical handling of the model, C; has been
approximated to a polynomial equation where the vectors specifying the numerator and denominator
coefficients are p and g, respectively:

2

6
Co=—— (5)

>og-g |

i=0

4 P '¢i_l

where, according to the turbine of figure 3, elements of p vector are p; =—0.001398, p,=0.01456,
p:=0.1408, p,=—0.7687, ps =0.9818, ps=-0.202, whereas q vector is composed by g; =—0.06988,
g, =-0.3182, g3 =0.06089, q, = 1.

It must be reasonably assumed that ¢ must be less than 0.3. Otherwise, stalling behavior appears in the
turbine dynamics that makes the efficiency of the system to drop. Therefore, according to equation (4),
there must be a minimum rotational speed for each airflow velocity. The current control systems used
in OWC devices limit the airflow velocity using a damper when the turbo-generator is not able to
reach the minimum rotational speed to avoid stalling [9-14]. However, using speed control the stalling
avoidance can be addressed by speeding up the generator until the minimum rotational speed [15-20].
This solution may offer a faster response than the mechanical system of the damper. In order to
improve the system response different control method approaches may be used [21-28].

4. Optimum rotational speed

Apart from the stalling behaviour avoidance, the efficiency of the system may be further improved by
setting a proper rotational speed of the turbine.

The efficiency of the turbo-generator system, which is composed by Wells turbine directly related to
Cs, varies depending on the rotational speed of the turbine. That means that there exists an optimum
rotational speed where the power applied by the turbine is maximized. The search of the optimum
operating point can be achieved by means of the Maximum Power Point Tracking (MPPT) method.
MPPT has been successfully implemented in wind energy and photovoltaic solar plants.

Table 1. Airflow speed and rotational speed vs. wave amplitude and period.

State a(m) T(s) vy (m/s) wopt (rad/s)  wmin (rad/s)

1 1 12 22.835 500.04 202.97
2 0.7 12 15.984 350.03 142.08
3 0.9 11 22.401 490.55 199.12
4 0.8 10 21.879 479.13 194.49
5 0.6 10 16.409 359.35 145.86
6 0.6 9 18.206 398.69 161.83
7 0.6 8 20.440 447.61 181.69
8 0.4 8 13.637 298.41 121.13
9 0.4 7 15.527 340.02 138.02
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In this context, figure 5 shows the mechanical power developed by the turbine according to the airflow
velocity from equation (2) produced by different sea states in table 1. The parameters of each sea
condition have been summarized in table 1, whereas the features of the OWC capture chamber and the
turbine have been taken from Mutriku wave power plant, as summarized in table 2. As it can be seen
in figure 5, the mechanical power applied in the turbo-generator shaft is maximized at a particular
rotational speed for each sea condition. The discontinuous line represents the corresponding MPPT
curve defined, and it may be approximated as:

P

max

=K -, (6)

being K =C pllzbn r*(42,+1), where gqy is the value of the flow coefficient at optimum point and

t,opt

Ciopt IS the value of C; according to equation (5) and ¢t
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Figure 5. Mechanical power vs. turbine rotational speed for different sea states. Maximum power
point curve (dashed).

Table 2. OWC chamber and Wells turbine parameters for Mutriku MOWC power plant.

p Air density 1.19 kg'm™
W Chamber width 45m

I Chamber length 4.3m

b Blade span 0.21m

Iy Blade chord 0.165m

r Turbine’s tip radius 0.375m

n Number of blades 5

5. Control statement and simulation

In order to set the optimum rotational speed of the turbine, the turbo-generator must operate at variable
speed mode. In this sense, the Doubly-Fed Induction Generator (DFIG) has been chosen to achieve the
control objectives pursued in this paper [29-31].

Figure 6 shows an integrated complete wave-to-wire control scheme implemented over the plant.
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Figure 6. Full wave-to-wire model used in simulations.

The control system in figure 6 is responsible for establishing the control signals in the DFIG
converters so as to set the slip of the turbo-generator and to keep the optimum rotational speed during
the power conversion. The optimum rotational speed is determined taking all the information in the
previous section into account, and in particular considering the condition in equation (6).

Three illustrative case studies have been carried out so as to test the goodness of the proposed control
method. The first case study considers a system without speed control. The second case study
implements the speed control to avoid the stalling behavior. That is to say, the control system ensures
that a minimum rotational speed is reached by the turbo-generator for stalling avoidance. Finally, in
the third case study the MPPT strategy is implemented by setting the optimum rotational speed by
means of variable speed control.

In order to carry out the illustrative case studies mentioned above, regular waves have been considered
taking into account amplitudes and periods measured in NEREIDA MOWC power plant. In particular,
the values correspond to May 12, 2014, 02.00 am. Figure 7 shows such amplitudes and periods of
regular waves.

The rotational speeds reached by the turbo-generator during the simulation are shown in figure 8. As it
can be seen, the rotational speed does not show large variations for the uncontrolled plant, whereas the
MPPT method not only requires higher rotational speeds but also an accurate control over the slip of
the generator so as to reach fast variations. In the same way, the electric power generated in different
case studies is shown in figure 9. It can be easily deduced that the use of variable speed control, and in
particular the MPPT control method by means of an optimum rotational speed setting, allows more
efficient energy harnessing.
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Figure 7. Amplitudes and periods of waves used in simulations.
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Figure 8. Turbine rotational speeds. Case 1: uncontrolled plant. Case 2: speed control for stalling
avoidance. Case 3: speed control with MPPT.

10 Case 1
T

Figure 9. Output electric power of the turbo-generator. Case 1: uncontrolled plant. Case 2: speed
control for stalling avoidance. Case 3: speed control with MPPT.

6. Conclusion

A variable speed control can be developed for OWC-based systems. In this sense, an optimum
rotational speed can be set using MPPT control method so as to maximize the output power. Besides, a
full wave-to-wire model has been implemented using experimental data from Mutriku wave power
plant, one of the OWC facilities currently in operation. The simulations not only demonstrate that the
use of variable speed control may considerably improve the efficiency of OWC systems, but also an
implementation of MPPT control method has been successfully simulated for OWC devices with

promising results.
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