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Abstract—The OWC (oscillating water column) is
a class of wave energy converters (WECs) whose
power take-off system typically comprises a tur-
bine/generator set. Since its introduction in 2011,
the biradial self-rectifying air turbine has set a new
performance level against all other turbines for this
type of applications. The biradial turbine designed
and constructed within the framework of the ongo-
ing European project H2020 OPERA is expected to
contribute to further improve the OWC technology
through the use of a high-speed safety valve (HSSV)
installed in series with the turbine. The HSSV can
be used, not only for phase control – latching – but
notably also for peak-shaving control. Peak-shaving
can be achieved by performing real-time control of
the valve position to limit the available power to the
turbine. This power constraint allows decreasing the
generator rated power, the WEC operation under
more energetic sea states without overloading the
generator, increasing the capacity factor of the wave
energy converter and improving the quality of the
electrical energy supplied to the grid. The contribu-
tion of the paper is the introduction of a new non-
linear feedback control algorithm to adjust the valve
position as a function of the rotational speed. The
proposed control algorithm was calibrated and tested
at the new IST 55 kW variable-flow turbine test rig
with a 30 kW biradial air turbine-generator proto-
type. Results presented demonstrate the effectiveness
of the control under simulated oscillating flow induced
by irregular waves.

I. Introduction

THE ocean waves are a potential source of unex-
ploited renewable energy. Despite the extensive

research & development programmes of the last 40 years,
all wave energy converters prototypes failed to reach
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the commercial stage. There are several reasons for
the unsuccesses, but the most obvious ones are closely
related to the randomness and the large peak-to-average
ratio of the ocean waves resource. Under storm situ-
ations, the typical peak-to-average power ratio of the
ocean waves can range from 50 to 100, and these values
provide extreme conditions for mechanical design. In
normal operating conditions, the peak-to-average ratio
is considerably lower, ranging from 7 to 10, thus mainly
affecting the design and operation of the power take-off
(PTO) system, as the power plant is expected to be shut
down for safety purposes in wave storms. Besides, most
of the PTO systems do not handle with high-efficiency
the typical peak-to-average ratio found in wave energy
converters.

The hydrodynamic performance and the integration of
the PTO system, especially under extreme wave condi-
tions are critical issues [1]–[4]. Yet few works have been
devoted to the integrated study of the hydrodynamics
and the power take-off system under these conditions.

For grid operators, the integration of this form of
renewable energy - the wave energy with its unique
specific features - introduces new challenges that have
to be addressed. In most devices, peak-to-average power
ratio control - peak shaving - is a difficult task due to the
limited capability of the power take-off system to control
or dissipate the excess of energy that occurs in the more
energetic sea states.

Normal operation under medium to more energetic
sea states requires a PTO system with an oversized
generator. This choice has two main drawbacks: a) it
increases the PTO costs and, most importantly, b) it
reduces the produced energy due to the inherent low
efficiency of the generator/power converter set under
small load operation.

The oscillating-water-column (OWC) devices are pos-
sibly the systems in which the control of the peak-
to-average power ratio can be more easily and more
effectively achieved. In an OWC, there is a fixed or
floating hollow structure, open to the sea below the water
surface, that traps air above the inner free-surface [5].
Wave action alternately compresses and decompresses
the trapped air which is forced to flow through a turbine
coupled to a generator. The PTO of an OWC device
has only one moving part: an air turbine/generator
set installed above the water level. The typical turbine
rotational speed is in the range of 500-2000 rpm allowing
the use of commercial off-the-shelf electrical generators
from two- to eight pairs of poles [6]. These configurations
reduce the manufacture, installation and maintenance
costs.

The safe operation of the PTO system requires the
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Fig. 1. Topology of the guide-vane system of the Kymaner self-
rectifying axial-flow impulse turbine (reproduced from [7].

limitation of the pneumatic power available to the tur-
bine. Two valve configurations can be used to control the
turbine flow rate: a) a relief valve installed in parallel
with the turbine or b) a high-speed safety valve (HSSV)
mounted in series with the turbine. The relief valve is a
very appealing concept. However, the large size required
for the valve has deterred its application. Apart from
PTO protection, the HSSV may have another applica-
tion: the so-called latching control.

The wave energy harvesting technology is still far from
the maturity level of the wind and photovoltaic sec-
tors [8], [9]. The EU has recognised this fact has provided
several policy mechanisms to raise the competitiveness of
the wave energy industry to the level of the more conven-
tional renewable technologies [1]. The OPERA project
has received funding from the European Union’s Hori-
zon 2020 research and innovation programme to collect,
analyse and share open-sea operating data and expe-
rience (http://opera-h2020.eu/). The near-term goal is
to validate and de-risk several industrial innovations for
wave energy, taking them from a laboratory environment
(TRL 3) to a marine environment (TRL 5). On the long
run, consortium expects to contribute to a cost reduction
of over 50% on the price of the produced electricity.

One of the goals of the OPERA project was the design,
construction and real sea trials of a biradial turbine with
30 kW. The biradial turbine designed for the project is of
a second generation with an improved stator, comprising
two sets of fixed guide vanes arranged into concentric
annular rows, and a new high-speed valve. The new
stator is an evolution of the stator proposed in 2009 for
an axial impulse turbine [7], see Fig. 1.

The biradial turbine overcomes several limitations of
the first generation of self-rectifying air turbines for
OWC devices. The turbine is symmetrical with respect
to a mid-plane perpendicular to its axis of rotation, see
Fig. 2. A pair of radial-flow guide-vane rows surround
the rotor blades. Each guide vane row is connected
to the rotor by an axisymmetric duct whose walls are
flat discs. The unique geometry of the biradial turbine
allows an axially sliding mechanism that operates as an

HSSV with a typical stroke of less than 10% of the
turbine diameter. Although latching control introduces
an increased mechanical complexity in the system, it has
been found that appropriate control of the turbine flow
could reduce the overall system costs by decreasing the
size of the device for the same extracted power.

The biradial turbine has the unique feature of having
a built-in HSSV installed in series with the rotor. The
HSSV can operate in three modes: a) safety valve - a
slow on/off mode aiming to control the turbine rotational
speed, b) latching valve - for phase control and c) high-
speed peak-shaving which is the object of the present
study.

Theoretically, an HSSV can also be installed in Wells
or axial-flow impulse turbines. In this type of turbines,
the HSSV must close a large annular duct in a short
time interval which is a tough engineering challenge.
Salter [10] proposed a sophisticated pneumatic valve
to close the annular duct of the 1.7 m diameter Wells
turbine of the Pico plant within the required actuation
time. The practical complexity of this type of valves is
probably the main reason why, until recently, very few
papers were published on OWC latching control [11]–
[15].

In oscillating-body wave energy converters (WECs),
dynamic forces resulting from latching or peak-shaving
control must be withstood by the PTO system or by
some additional braking system, see Fig. 4. In the case
of stiff systems, such as hydraulic circuits or linear gen-
erators, this may be seen as a major structural problem
especially for dynamic compressive stresses (buckling).
Peak power control or latching under medium to more
energetic sea state conditions aggravate these difficulties.
Furthermore, the cyclic nature of the wave forces induces
significant fatigue and wear problems. The control al-
gorithm may try to alleviate the structural stresses by
applying for the latching/peak-shaving order only when
the (relative) velocity of the floater with respect to the
PTO system is close. However, this approach introduces
an undesired phase lag in the response.

The compressibility of the air in the chamber of an
OWC plays an essential role in the design and operation
of the WEC for several reasons:

• Changes the system response phase.
• Reduces the impact forces and fatigue problems, in-

creases the system reliability and, most importantly,
decreases structural costs.

• It decreases the forces resulting from peak-
shaving/latching since a) the area of the valve sur-
face subject to the chamber pressure is a small
fraction of the area of the OWC free surface and
b) the air compressibility has a spring effect.

• Allows applying peak-shaving/latching whenever it
is required. Removes the constraint of operating the
HSSV in the instant of zero relative velocity between
the floater and the OWC.

• Latching is not so effective as in the case of an
oscillating rigid body WEC since closing the HSSV
does not stop the relative motion between the inner
free-surface and the structure (spring effect).

Another component of the PTO system that may
increase the overall efficiency with peak-shaving con-
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Fig. 2. a) Three-dimensional view of the biradial turbine. b) Peak shaving valve during reliability tests. c) Meridional cut of the turbine
showing the average velocity direction when the flow is from the atmosphere to the air chamber.

Fig. 3. Biradial turbine installed at the IST variable-flow turbine
test rig.

trol is the electrical generator. Electrical generators are
known to perform poorly at partial loads less than about
one-third of the rated power. Besides, overheating of
the power electronics prevents the rated power from
being exceeded. Air turbines behave differently. If their
rotational speed is adequately controlled, they can work
close to the optimum operating point for a very wide
range of load conditions.

The focus of the present work is to limit the maximum
available power to the PTO system by using a peak-
shaving control algorithm that controls instantaneously
the position of the HSSV installed in series with the
turbine. Peak-shaving is simple and effective control
since it is a throttling process (a pressure loss in a valve).

This strategy reduces the required rated power of
the generator/converter set and increases the power
output of the system. The algorithm was tested and val-
idated experimentally with a 30 kW biradial air turbine-
generator prototype in the variable flow turbine test rig
of IST [16], Fig. 3.

The paper is organised as follows. Section II presents
the general methodology used to described the tur-
bine performance. The proposed peak-shaving control
algorithm is presented in Section III. The turbine test
rig used in the experimental setup is characterised in
Section IV. Section V reports the turbine performance
curves under partial valve closure. The real-time im-
plementation of the peak-shaving control algorithm is
detailed in Section VI. Experimental results are reported
in section VII. Conclusions can be found in section VIII.

II. Turbine characterization

The performance characteristics of air turbines can be
presented as dimensionless functions of only the dimen-
sionless pressure head Ψ, for Reynolds numbers typically
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Fig. 4. a) A point absorber wave energy converter based in an hydraulic system equipped with hig-pressure and low-pressure gas
accumulators to mitigate the peak-to-average power ratio. b) A floating OWC spar-buoy wave energy converter equipped with a biradial
turbine.

greater than Re = ΩD2/ν > 106 and low Mach numbers
Ma = ΩD/cin < 0.3 [17], [18]. As such, we find that

Φ = fΦ(Ψ), (1)

Π = fΠ(Ψ), (2)

where

Ψ =
∆p

ρin Ω2D2
, (3)

Φ =
ṁturb

ρin ΩD3
, (4)

Π =
Pturb

ρin Ω3D5
. (5)

Here Φ is the dimensionless flow rate, Π is the power
coefficient, ∆p is the stagnation pressure head, ρin is the
inlet density at stagnation conditions, Ω is rotational
speed, D is the turbine rotor diameter, ṁturb is the
mass flow rate, and Pturb output aerodynamic power.
The functions fΠ(Ψ) and η(Ψ) are even and the function
fΦ(Ψ) is odd.

The turbine efficiency measures the ratio between
output aerodynamic power over the available pneumatic
power

ηturb =
Pturb

Ppneu
=

Π

Φ Ψ
=

fΠ(Ψ)

fΦ(Ψ) Ψ
, (6)

where Ppneu = ∆pQturb, and Qturb = ṁ/ρin is the
turbine volumetric flow rate at inlet conditions.

The dynamics of the turbine/generator set is given by

d

dt

(
1
2IΩ2

)
= Pturb − Pctrl, (7)

where I and Pctrl are the moment of inertia of the
rotating parts and the instantaneous generator electro-
magnetic power imposed to control the rotational speed.

The turbine aerodynamic power is computed from
Eq. (5)

Pturb = ρin Ω3D5 fΠ(uΨ). (8)

Fig. 5. Non-linear generator control law with HSSV partial closing.

Here it is assumed that a safety valve is installed in
series with the turbine. The control variable u ∈ [0, 1]
represents the position of the HSSV the controller, where
u = 0 and u = 1 denotes the closed and the open
positions, respectively.

The mass flow rate is computed analogously as

ṁturb = ρin ΩD3 fΦ(uΨ). (9)

III. Peak-Shaving control algorithm

To derive a simple and effective generator control law,
let us consider the limiting case when the inertia I is zero.
Under this condition, the instantaneous torque transmit-
ted at the generator shaft is equal to the instantaneous
electromagnetic torque, Eq. (7). To maximise efficiency,
the turbine must operate at the best efficiency point
(bep), Ψbep. The turbine power is proportional to

Pturb (Ψbep,Ω) = ρinD
5 fΠ(uΨbep)︸ ︷︷ ︸

abep≈const

Ω3, (10)

where abep can be assumed constant in a first approxi-
mation since the variations of the density ρin are small
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Fig. 6. a) General overview of the IST variable-flow test rig without turbine. Details of: b) adapting chamber and plenum chamber 1, c)
flow straightener, d) flow nozzle and diffuser, e) flow nozzle, f) valve actuator, g) radial fan, high-speed valve and valve actuator, and f)
radial fan, high-speed valve and variable-speed motor. In g) and h) it is also depicted a damping plate used to dissipate the energy of the
jet that exits from the high-speed valve.
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TABLE I
Main characteristics of the IST variable-flow test rig

without the turbine installed.

Parameter Value Units
Max. flow rate 4.0 [m3/s]
Max. gauge pressure, ∆p 12.0 [kPa]
Min. valve closing time 0.4 [s]
Max. wave frequency, fmax 1.5 [Hz]

in comparison with the changes of the rotational speed.
As such, a generator power control law can be defined as

Pctrl = abepΩ3, (11)

to maximize the turbine power output.

In practice, we can use a general relationship of the
type [19]

Pctrl = aΩb. (12)

where b is expected to have values around 3.

In the present work, we propose a more sophisticated
control law as shown in Fig. 5. Under normal operation,
0 ≤ Ω ≤ Ωthr2 the control algorithm applies Eq. (12).
If the threshold Ωthr2 is exceeded, the valve is closed
within the range 1.0 ≥ u ≥ 0.4 such that the generator
power is kept constant. If the maximum rotational speed,
Ωmax, is exceeded, the valve is closed and open when
the rotational speed is lower than Ωthr1. The HSSV
positioning algorithm is described in section VI. The
suction effect on the side of the valve exposed to the
turbine flow rate imposes a vertical force that must
be supported by the actuators. If the valve is kept in
an almost closed position, the actuators need to do a
considerable force. As such, to avoid the valve actuators
overheating, the valve position was limited to u = 0.4.

IV. Test-rig description

The variable flow test-rig was designed and con-
structed with the aim of testing self-rectified air turbines
under steady and variable unidirectional air flows, Fig. 6.
The unique feature of this test is the ability to accurately
reproduce pressure spectra that are within the facility
operating limits.

The core component of the facility is a high-speed
air valve connected to a radial fan which drives the air
through the turbine. The air valve consists of a multi-
blade air damper operated by a 3-Phase linear electrical
motor of 1024 N of maximum force. The linear motion of
the motor’s slider is converted into rotary motion of the
valve’s blades by a simple slider crank-chain mechanism.
The test-rig flow capabilities are presented in Table I.

The test rig was designed to create negative gauge
pressure downstream of the turbine. Therefore, the radial
fan’s inlet is connected on the downstream end of the
duct system, see Fig. 6. On the other end of the duct-
work, the turbine’s inlet is open to the free atmosphere.
The plenum chambers, the flow nozzle used to measure
the flow rate and the diffuser were designed according to
the AMCA 210-99 Standards for experimental turbine
testing [20].

Fig. 7. Total-to-static efficiency and power coefficient as a function
of the flow coefficient.

V. Turbine performance under partially HSSV
closing

The characterisation of the turbine performance under
conditions of partial closure of the HSSV is of major im-
portance to perform peak-shaving control. As such, four
valve filling positions, u∈{0.4, 0.5, 0.7, 1.0}, were studied
and the respective operating curves were analysed.

The tests were carried out in the range of speeds 495≤
Ω≤ 2595 rpm, corresponding to values of the Reynolds
number of 2.1×105 ≤ Re≤1.3×106, and in the range of
flow coefficients of 0.05 ≤Φ≤ 0.56.

Figure 7 depicts the efficiency curves of the prototype
are given as a function of the flow coefficient for four
positions of the HSSV, u. From Fig. 7 we found that the
maximum efficency ηmax

turb = 0.70 occurs for Φ = 0.115.
As expected, the position u of the HSSV changes the
turbine characteristics Ψ(Φ) . The maximum efficiency
of the turbine starts to present a large drop for u < 0.7,
see Figs. 7 and 8. However, the efficiency curves have
similar shapes. The behaviour of Fig. 8 is explained in
Section VI.

The power coefficient curve has unexpected behaviour.
The position of the valve changes the available dimen-
sionless pressure head and, as a result, the dimensionless
flow rate is given by a function, Φ = f̃Φ(u,Ψ), that does
not depend only on Ψ, as in the case of Eq. (1).

Curiously, if we plot the power coefficient as a function
of the flow rate the curve does not depend on the
valve position u. This result, which is not very intuitive,
indicates that the valve is locally modifying the flow, pro-
ducing losses in the valve and the inlet of the rotor, but
maintaining approximately the angular momentum of
the flow at the inlet of the rotor. Therefore, the amount
of energy per unit mass exchanged between the fluid
and the rotor (the so-called Er) remains approximately
constant, despite the efficiency of the rotor decreases
due to the incidence losses at the inlet of the rotor as a
consequence of the acceleration of the flow in the valve.
It should be recalled that the primary function of the
valve in a partial closure position is to dissipate energy
and not to maintain the performance of the turbine.

1421-6



HENRIQUES et al.: PEAK-SHAVING CONTROL - A NEW CONTROL PARADIGM FOR OWC WAVE ENERGY CONVERTERS

Fig. 8. Pressure coefficient as a function of the flow coefficient.

Fig. 9. a) Typical pressure drop across a valve as a function of the
closure position. b) Auxiliary variable uctrl used to achieve a faster
response of the pressure drop across the HSSV.

VI. Real-time implementation of the
peak-shaving control

Peak-shaving control aims to limit the available power
to the turbine in the region Ωthr2 ≤ Ω ≤ Ωmax, see Fig. 5.
The biggest challenge to devise an algorithm to perform
peak-shaving control is to understand how the pressure
drop is affected by the closure of the valve. Figure 9 a)
shows a typical pressure drop across a valve as a function
of the valve position. Initially, between 100% and 70%
of the opening, the pressure drop is small. If the closing
operation continuous then the slope of the pressure drop,
as a function of the valve position, increases until the
valve is almost closed.

In the present peak-shaving control algorithm, an

intermediate function

u(vctrl) = F (vctrl), (13)

was defined, and the closing position was assumed to be
a function of a proportional controller defined as

vctrl = kp (Ω− Ωthr2) , (14)

where kp is an empirical constant. The auxiliary function
F (vctrl) aims to impose a more linear behaviour on the
valve closure algorithm. The valve should close more in
the initial stages and less when the slope of the pressure
drop is higher. In the present work, a linear and two
cubic functions were tested as candidates to the auxiliary
function F (vctrl), see Fig. 9.

Figure 10 show the performance of the three curves
considering that the generator power was limited to
P lim

gen = 5 kW. As can be seen, cubic law 1 was the one
that was able to have a tight control the generator power.
The other functions were discarded because they fail to
limit the generator power.

VII. Experimental results

The results of the generator power, rotational speed,
HSSV position, as functions of time and two generator
power limits P lim

gen ∈ {2, 3} kW, resulting from the experi-
mental tests at the IST variable-flow test rig are depicted
in Fig. 11. The results show that the generator power
was successfully limited in all tests. The oscillations of
generator power around the imposed limits are small.

The case where P lim
gen = 3 kW, the valve positions varies

from the fully opened to 40%, while for P lim
gen = 2 kW

the valve is constantly at the 40% open position. It is
important to reinforce the idea that it was not necessary
to close the valve completely in any test, once again vali-
dating the robustness of this control. For more energetic
conditions, it may be necessary to close the valve for a
longer period the reduce the rotational kinetic energy of
the turbine/generator set.

VIII. Conclusions

The biradial turbine with a built-in sliding high-speed
safety valve with accurate positioning opened to the
possibility of controlling the excess of energy available
to the turbine/generator set. In the present work, a
new peak-shaving control algorithm for an OWC floating
WEC was successfully implemented and tested in a
large scale test rig connected to the power grid. The
compressibility of the air in the OWC chamber allows
the operation of the high-speed stop valve whenever
required by the control algorithm, which is not possible
for stiff systems like hydraulic PTOs or direct linear
drive electrical generators. This possibility is one of the
most significant advantages of OWC based devices in
comparison with other types of WECs.

The proposed control algorithm was able to control the
available power to the turbine such that the generator
was never overloaded. The presented results also show
that it is possible to reduce the generator peak-to-
average power significantly. As such, it is possible to
select a generator and power electronics with substan-
tially small rated power. This selection will reduce the
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Fig. 10. Evaluation of the performance of the auxiliary functions F (vctrl). The generator power limit was set to P lim
gen = 5 kW.

Fig. 11. Comparison of the behaviour of the peak-shaving algorithm with a generator power limit of 3 kW (blue/solid) against a more
constrained generator power limit of 2 kW (red/dashed). The depicted time-series are of the generator power, rotational speed and HSSV
position u, as functions of the time, considering the auxiliary function “Cubic 1”.

PTO costs and increase the efficiency as the electrical
components will always operate at larger mean loads.

IX. Conclusion

Two stators designs for a self-rectifying axial-flow air
turbine were presented: the conventional design con-
stituted by a single row of guide-vanes and the new
design composed by three-rows of guide-vanes. Both
stators were designed to produce a similar flow deflection
angles. However, the system of three rows of guide-
vanes presents a considerable smaller flow blockage at
the exit stator which enables a significant reduction of
the stagnation pressure loss in the flow through the exit
stator and, consequently, it is expected to provide a
significant increase of the turbine efficiency.

Preliminary results without the exit stator revealed
that the efficiency reaches a peak of η = 0.56 for Φ =
0.12, for the conventional design, and η = 0.54 for Φ =
0.11, for the new design with three rows of guide-vanes. It
was also observed that the flow angles at the inlet of the
rotor correspond to the ones expected from the design:
α2 = 74.3 ◦ for the three-row stator and α2 = 71.9 ◦ for
the single row.

Despite the tests executed so far, we do not have
enough results to justify the differences observed between
the efficiencies of the two turbine models. Further work
includes the measurement of the pressure and velocity
radial distributions at the rotor exit and to allow the
detailed analysis of the turbine losses for both cases,
once the results indicate high kinetic energy losses at
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the rotor exit. This work is in progress, and the results
will be available at the time of the submission of the final
version of the paper.
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