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Abstract

The oscillating-water-column (OWC) spar-buoy is a type of wave energy converter that
may exhibit undesirable large roll and pitch amplitudes caused by a dynamic instability
induced by parametric resonance. The occurrence of this phenomenon not only reduces
the power extraction but significantly increases the structural loads on the buoy, the turbine
rotor and on the mooring system. The paper compares the parametric resonance behaviour
of two configurations of an OWC spar-buoy using experimental data obtained in a wave
flume at a scale of 1:100. The configurations investigated were: (1) closed and (2) fully
open-air chamber. The experimental tests covered a wide range of regular and irregular
waves, as well as in free decay experiments. Results showed that opening the air chamber
reduces the coupling between the buoy and the OWC within, thus shifting the damped nat-
ural heave frequency of the system in comparison with the closed chamber configuration.
This effect changes parametric resonance characteristics of the two configurations due to
the coupling between roll/pitch and heave modes. Moreover, for specific wave frequen-
cies, the occurrence of parametric resonance observed when the chamber is closed do not
occur while the air chamber is fully open. These results suggest the possibility of control-
ling a pressure relief valve installed on top of the device to reduce parametric resonance
whenever this dynamic instability is detected.

1 INTRODUCTION

An oscillating water column (OWC) spar buoy, is a type of
wave energy converter (WEC) that utilises the relative heave
motion between an outer spar hull and an inner moon pool-
like water column to drive the air, enclosed in a chamber above
the OWC, through a turbine installed at the top of the buoy and
connected to the atmosphere. Like many offshore spar struc-
tures [1–4], this device is prone to large amplitude pitch and
roll motions, caused by parametric resonance, when the fre-
quency of the waves is around twice the pitch/roll natural fre-
quency, see Figure 1. Parametric resonance is a dynamic insta-
bility caused by the time-varying changes in the parameters of a
system [5], which manifests in floating offshore structures, due
to the wave-induced heave motion of the structure varying the
metacentric height.

The occurrence of parametric resonance in the OWC spar
buoy severely reduces the heave motion and thus energy
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capture. Besides, large-amplitude pitch/roll motions can lead to
structural and safety issues. Therefore, parametric resonance is
a critical problem to be addressed and mitigated in the design
of this type of WECs.

1.1 Parametric resonance in spar type
WECs

The concept of resonance is well known in WEC research
and development since maximum energy extraction is typically
achieved when the WEC natural frequency matches the peak
frequency of the input wave field. By comparison, parametric
resonance has received very little attention, probably since it is
an effect not found in conventional numerical models favoured
in WEC research and analysis. In recent years there is a growing
interest in modelling and controlling parametric resonance in
WECs [6]. This trend is demonstrated by the increasing number
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FIGURE 1 Several consecutive positions of an OWC spar buoy in parametric resonance along the time. Pictures were taken at the NAREC large scale wave
flume, Blyth, UK

FIGURE 2 (a) Cut section view of an OWC spar buoy with indication of the fixed reference frame and oscillation modes. (b) The 1:16 scale OWC spar buoy
model being installed at NAREC

of reported observations of parametric instabilities during
wave tank experiments and the rise of nonlinear hydrodynamic
models capable of simulating the occurrence of parametric
resonance [7].

Spar type WECs tend to comprise two heaving bodies,
extracting energy through their relative motion. Parametric
instability in the pitch/roll degrees of freedom (DoFs) for these
devices have been observed experimentally [8–10] and numeri-
cally [11, 12].

The OWC spar buoy also consists of two heaving bodies, the
outer spar buoy and the inner OWC. The dynamic instability of
the OWC spar buoy has been reported in several studies at vari-
ous scales. It was first reported in [13] from a 1:120 scale testing
of the device at the wave flume in Instituto Superior Técnico,
Lisbon, Portugal. Further tests at the same scale are described
in [14, 15], where the experimental results are compared against
linear models, and large differences between the numerical and
experimental results are observed for the pitch motion at twice
the natural frequency due to parametric resonance. To test a

passive control scheme to reduce the parametric resonance,
more experiments were performed in the same wave flume at
1:100 scale in [16]. A 1:16 scale OWC spar buoy model was
tested at the large scale wave flume of NAREC (Blyth, UK),
where pitch and roll parametric resonance was observed and
drastically reduced the power conversion performance [17], see
Figures 1 and 2.

In addition to the experimental observations, the occurrence
of parametric resonance in the OWC spar buoy has also been
noted in several numerical studies. Ref. [12] used experimental
data obtained by [16] for an OWC spar buoy to test the abil-
ity of a nonlinear hydrodynamic model to capture parametric
resonance. The reported simulation results predicted the para-
metric resonance behaviour at the expected frequencies. The
same modelling technique was then applied by [18] to the 1:16
scale OWC spar buoy tests described in [17] to investigate the
effect of mooring lines parameters on the dynamic instability.
This study concluded that the parametric roll response is found
to have little dependence on the mooring lines configuration.
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DAVIDSON ET AL. 3111

A procedure to identify the frequency and amplitude ranges
in which parametric resonance will occur is included into the
numerical optimisation method proposed by [19]. A penalty was
added to the performance index of the configurations where
parametric resonance was predicted.

A small number of studies have made initial attempts towards
reducing parametrically excited pitch/roll motions in spar-type
WECs. Most attempts use of passive mechanisms, such as
fins or strakes, to increase the hydrodynamic damping in the
pitch/roll DoFs. This approach has been shown to reduce the
occurrence of parametric resonance in conventional spar plat-
forms [2]. The use of strakes is numerically investigated in [9],
after experimental testing of WaveBob-like two-body heaving
point absorbers, revealed that power production is limited by
the excessive pitch and roll motions when parametric resonance
occurs. The simulation results confirm the ability of the strakes
to reduce pitch and roll amplitudes, allowing increased WEC
power output. The use of fins has been investigated for the sta-
bilisation of the OWC spar buoy in [16].

The use of passive mechanisms may contribute to reduc-
ing parametric instability but it is unlikely to solve the prob-
lem unless the area of the fins/strakes is very large. The rea-
son for this is easy to show. The damping moment M is pro-
portional to �̇�2A, where �̇� is the angular velocity and A is the
fins/strakes area. Since the angular velocity has an order of mag-
nitude of [�̇�] = 0.1 rad/s, the total area A needs to be large
for the fins/strakes to have a significant impact on the damp-
ing of the pitch/roll motion. To properly mitigate the occur-
rence of parametric resonance, it is necessary to search for sim-
ple active methods.

1.2 Active parametric resonance control

Villegas and van der Schaaf consider a two-body, self-reacting,
heaving point absorber, the WaveBob [8]. Similar to the present
case, parametric pitch/roll was detected in physical experiments,
due to the detriment of the WEC performance. These authors
proposed an active control system that acts on the WEC dynam-
ics to mitigate the occurrence of parametric resonance. This
control consists of acting on the PTO force between the two
bodies. The PTO force couples the motion of the two-body sys-
tem, influencing the resonant peaks in the frequency response
of the heave, pitch and roll DoFs. The active control system
proposed by Villages and van der Schaaf applies a notch fil-
ter, designed to eliminate any PTO forces at the frequencies for
which parametric resonance occurs. Experimental results for a
model scale device in a wave tank validate the effectiveness of
this approach in ref. [8].

Further confidence in this strategy is provided by additional
studies uncovered during the literature review for this paper.
Ref. [20] experimentally tested a floating cylindrical OWC,
considering five different orifice diameters in the OWC. Inter-
estingly, extremely large amplitude roll motions, at twice the
natural roll frequency, occur for one orifice diameter. For the
other orifice diameters at this frequency, two had slightly larger
than normal roll amplitudes, and the other two had normal roll

amplitudes, compared to the amplitude trend of surrounding
frequencies. This behaviour suggests that the occurrence of
parametric resonance might be dependent on, and therefore
controlled by, the PTO damping.

The experiments reported in ref. [21] aim to provide numer-
ical validation for linear hydrodynamic models developed for
a free-floating sloped WEC. This device has a fully submerged
inclined open tube attached to a buoy. The tube contains a
piston whose motion relative to the buoy-tube system drives
the PTO mechanism. Thus energy extraction results from the
relative motion between the large water mass inside the tube and
the oscillating buoy-tube system. Experiments were performed
with the tube open and blocked. Since the device is symmetric
with respect to the incoming waves, the linear models cannot
predict roll motion. However, significant roll motions are
observed at specific frequencies due to parametric resonance.
Interestingly, there is a shift in the frequencies for which para-
metric resonance occurred between the open and blocked tube
configurations.

A number of similarities can be noticed between the Wave-
Bob and the OWC spar buoy: they are both two-body spar
buoy systems, where the heave motion of the bodies are cou-
pled through the PTO. For OWC WECs, the PTO damping is
determined by the turbine rotor diameter and, in the case of the
Wells turbine, the rotational speed. The PTO damping for the
case of the axial impulse and biradial turbines are independent
or weakly dependent on the rotational speed. Increasing the
turbine rotor size has the effect of increasing the PTO damp-
ing. For the Wells turbine, decreasing the rotational speed also
increases the turbine damping. The opening of the air chamber
is equivalent to reducing the PTO damping to zero and, there-
fore, has the same effect as the notch filter used to mitigate the
occurrence of parametric resonance in the WaveBob [8].

1.3 Objective and outline of paper

The paper compares the parametric resonance behaviour of
two configurations of an OWC spar-buoy model using exper-
imental data obtained in a wave flume. The experimental tests
were conducted at a scale of 1:100 and the configurations
investigated were: (1) closed and (2) fully open-air chamber.
Hereinafter, these configurations are named ‘closed OWC” and
“open OWC”. The tests contemplated a wide range of regular
and irregular wave conditions. The results show that the two
configurations exhibit different frequency responses. Thereby,
this behaviour opens the possibility of detuning the frequency
coupling (responsible for the existence of parametric resonance)
by switching between the two configurations whenever para-
metric resonance is detected. This switching may be imple-
mented through the operation of an air pressure relief valve
installed in parallel with the PTO system, as an active con-
trol method to counteract the development of parametric res-
onance. The use of a relief valve was not considered for these
experimental tests. The complexity of designing, building and
controlling in real-time a small-scale relief valve installed in a
buoy model was beyond the scope of this work.
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3112 DAVIDSON ET AL.

FIGURE 3 Cut-view of the OWC spar buoy model with the geometric dimensions

The paper is organised as follows. Section 2 reviews the the-
oretical background related to the occurrence of parametric res-
onance in the OWC spar buoy. Next, in Section 3, the paper
reports on experiments performed to test the stated hypothesis,
with a small-scale model OWC spar buoy in a wave flume. The
results are presented in Section 4 and conclusions are drawn in
Section 5.

2 THEORETICAL BACKGROUND

The OWC spar buoy has two modes of parametric instability.
The first mode is related to the heave motion, x3, and appears
when the buoy motion is such that the waterplane area has an
abrupt change, as in the transition between the floater and the
tail tube [22], see Figure 3.

m33ẍ3 +
(
k + Δk f (t )

)
= 0, (1)

where m33 is the buoy mass plus the added mass, k is the stiff-
ness and Δk is the stiffness variation. The stiffness is defined
by k = 𝜌wgAw where 𝜌w is the water density, g is the gravity
acceleration, Aw is the water plane area of the floater. The stiff-

ness variation is given by Δk = 𝜌wgΔAw with ΔAw the change
of waterplane area between the buoy floater and the tail tube.
Equation (1) can be written in the form

ẍ3 +

(
𝜔2

n3 +
Δk

m33
f (t )

)
= 0, (2)

where

𝜔2
n3 =

k

m33
. (3)

If we approximate the change from the floater waterplane
area to the tail tube waterplane area by a step function, then
f (t ) is a function defined by a square wave of period Tk3 =

2𝜋∕𝜔k3, see Figure 4. An analytical solution of Equation (2)
for the case when f (t ) is a square wave can be found in [23].
The solution shows an unstable behaviour when Tk3 is equal
to {Tn3∕2, Tn3, 3Tn3∕2, …}. To the authors’ knowledge, this type
parametric instability was never reported in the literature for
OWC spar buoys.

The second instability mode is similar but related to the pitch
and roll motions [24]. For a cylindrical body, the equation of

 17521424, 2021, 14, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/rpg2.12204 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



DAVIDSON ET AL. 3113

FIGURE 4 Variation of the restoring force in heave and step function approximation

motion for pitch, x5, without excitation force is

I55ẍ5 + b55ẋ5 + 𝜌wg∇0

(
GM 0 −

1

2
x3

)
x5 = 0, (4)

where I55 is the rotation moment of inertia plus added inertia,
b55 is the linear damping coefficient, ∇0 and GM 0 are the dis-
placed volume and metacentric height in calm water, see Fig-
ure 3.

To assess the effect of the heave motion on the dynam-
ics of the pitch motion, let us write Equation (4) as a Math-
ieu type equation as in ref. [25]. For this, we assume that the
heave displacement has a periodic variation x3 = 𝜖 cos(𝜔k3t ),
and apply a transformation of variables such that 𝜏 = 𝜔k3t ,
yielding

d2x5

d𝜏2
+ 𝜇

dx5

d𝜏
+
(
𝜛2 + Λ cos 𝜏

)
x5 = 0, (5)

where 𝜇 = b55∕(𝜔I55), 𝜛 = 𝜔n5∕𝜔k3, and Λ =
1

2
𝜛2𝜖.

The stability diagram of Equation (5) is plotted in Figure 5.
This plot shows that the undamped system is unstable when
𝜛 = 1∕2, i.e. when the frequency of the heave displacement
is twice the natural frequency in pitch 𝜔k3 = 2𝜔n5. For small
heave displacements 𝜖, the damping prevents the appearance
of the instability. Increasing the heave displacement 𝜖, the sys-
tem becomes unstable for a broad range of frequencies around
𝜔k3 = 2𝜔n5. For very large displacements, parametric resonance
may even occur for frequencies around 𝜔k3 = 𝜔n5.

Equation (5) shows that the open/closed OWC configura-
tions may have an impact in the onset of the parametric reso-
nance because of the change of the heave response amplitude 𝜖
and also on the natural frequency in heave 𝜔k3.

3 EXPERIMENTS

The experiments were conducted at the wave flume in Insti-
tuto Superior Técnico, Lisbon, Portugal, which is 20 m long and

FIGURE 5 Stability diagram obtained from the Mathieu equation for
different dimensionless damping values. The shaded areas denote unstable
regions for the associated damping value. The horizontal dashed lines
represent constant metacentric height parameter 𝜀 as a function of Δ

0.7 m wide. A water depth of 0.5 m was used. The flume is
equipped with an HR Wallingford wave generation system with
a piston-type wavemaker with active absorption of reflected
waves and a constant-slope dissipative beach at the opposite end
of the flume. The beach has a reflection coefficient below 10%
for the range of wave frequencies and amplitudes used in the
experiments. A schematic of the experimental setup is shown in
Figure 6.

The experiments were performed using the same wave flume
and OWC Spar Buoy model as in [16] but without dissipative
fins on the model. The model geometry is based on the opti-
mised geometry of the OWC spar buoy [26], with comparable
diameter, draft and mass distribution, with the exception that
the model’s inner tube has a uniform cross-section. The full
characteristics of the model are documented in [16]. The OWC
spar buoy geometry is shown in Figure 3 while the experimental
model is depicted in Figure 7.
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3114 DAVIDSON ET AL.

FIGURE 6 Schematic representation of the wave channel and of the
OWC spar buoy model and its mooring system (not to scale). The wave probes
are denoted by p1 and p2.

FIGURE 7 (a) Photo of the model OWC spar buoy, including the
reflective markers used by the motion tracking system and the tube appendage
for pressure measurement at its equilibrium position. (b) Photo taken during
large amplitude parametric roll motion (here the opened top of the OWC can
be seen)

Two different configurations of the model were used in the
present experiments: (1) Closed OWC—where the top of the
OWC chamber is air-tight, and (2) open OWC—where the top
of the OWC chamber is fully open, see Figure 7(c). The general
buoy dimensions are reported in Table 1.

The model was kept on station using a three-line, slack-
mooring system, as illustrated in Figure 6, which was designed
to reduce its influence on the heave motion dynamics. Each line
is composed of three line-segments with a clump weight and a
floater at the connection points. The fairleads are located at the
free surface. Ideally, the three fairleads should be equally-spaced
in the circumferential direction, with an angle of 120◦ between
them. Since the channel dimensions do not allow it, the angle
between the two lines on the leeward side of the OWC spar buoy
was set to 𝛼 = 29◦, see Figure 6. Although the same mooring
configuration was applied as in [16], the mooring system was

TABLE 1 General OWC spar buoy dimensions. The buoy geometry is
described in Figure 3

Dimension Value

d1 0.160 m

d2 0.120 m

d3 0.050 m

l1 0.549 m

l2 0.121 m

l3 0.217 m

l4 0.102 m

l f 0.375 m

𝛼1 22.2◦

𝛼2 42.3◦

re-made using new lines, thus the clump weights, floaters and
anchor weights may be located in slightly different positions.
However, the study in ref. [18] showed the occurrence of PR in
the OWC Spar Buoy is not sensitive to moderate changes in the
parameters of the mooring system.

The motion of the floating model was captured using a
Qualisys 6-DoF motion tracking system, comprising a system
of infrared cameras that captures the motion of reflective
markers attached to the model (seen on the top of the model
in Figure 7). Three infrared cameras (ProReflex) are positioned
along the wave flume, with different view angles, at a distance of
less than 2 m from the OWC spar buoy, enabling high resolution
and accuracy for the Qualysis tracking system. The tolerance of
the displacement measurement is estimated to be 0.3 mm. This
value is based on the variation of the markers relative distances,
when compared with the calibration baseline. This relates to
a maximum error of approximately 1.3% for pitch/roll angles
of 5◦, 0.6% for angles of 10◦ and 0.4% for angles of 20◦. Due
to such high resolution and precision obtained by the close
proximity of the infrared cameras, the associated error-bars and
bounds of confidence in the measured results are of comparable
thickness to the lines used to plot the graphs in Section 4.

The free surface elevation (FSE) was measured with resistive
wave probes at two different locations within the wave flume,
next to the model (p1) and in front of the model (p2), as dis-
played in Figure 6. Both body motion and FSE were sampled at
100 Hz. The pressure difference between the air chamber and
the exterior atmosphere is measured, by a differential pressure
sensor, connected to the model by a low weight tube appendage
(seen on the top of the model in Figure 7). However, the pres-
sure measurements were not used in the present work.

3.1 Tests

Three sets of tests were performed in the wave flume: (1) free
decay, (2) regular wave induced motion and (3) irregular waves
induced motion experiments.
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DAVIDSON ET AL. 3115

3.1.1 Free decay

The free decay experiments were performed to determine the
damped natural frequencies of the heave, pitch and roll motions.
Although for an axisymmetric device, the pitch and roll DoFs
should theoretically be identical, the mooring lines and the air
tubes attached to the top of the buoy’s air chamber introduce
an asymmetry. Therefore, both pitch and roll DoFs were tested
separately. The model was manually displaced from its equilib-
rium position and then released, with the resulting body motion
being measured until the model comes to rest. The experiment
was performed three times for each DoF, for both the open and
closed OWC configurations. Results are shown in Section 4.1.

3.1.2 Regular waves

To compare the frequency response of the open and closed
OWC configurations, a series of experiments utilising regular
waves with a range of frequencies were performed. A total of
27 different frequencies, spanning 0.4–1.3 Hz were tested, with
a higher resolution around the frequencies where parametric
resonance was observed. The target wave amplitude was set to
0.01 m, and each experiment lasts 120 s.

The waves were initially generated and measured in an empty
tank (without the model in place). Next, the closed OWC model
was placed in the tank and the resulting body motions were mea-
sured for the series of input waves. Then the top was removed
from the model and the open OWC was tested. The results are
presented in Section 4.2.

3.1.3 Irregular waves

Finally, a series of irregular waves with varying peak frequency
and significant wave height were tested. A total of 12 different
sea states were generated, considering the combination of three
peak frequencies (0.75, 1 and 1.25 Hz) and four significant wave
heights (0.01, 0.02, 0.03 and 0.04 m), following a JONSWAP
spectrum with spectral shape (Γ) equal to 1.0, typical of the
North Atlantic coasts. Each sea state was generated twice, once
for the closed OWC and another for the open OWC consider-
ing a duration of 900 s at model scale. The results are presented
in Section 4.3.

4 RESULTS

The results of the free decay tests are presented in Section 4.1
and the wave induced motion tests for the regular and irregular
input waves are given in Sections 4.2 and 4.3, respectively.

4.1 Free decay tests

The results of the free decay tests are plotted in Figure 8, show-
ing the start of the recorded time series for the three heave, pitch

FIGURE 8 (a, b, d, e, g, h) The free decay time series and (c, f, i) their
power spectra normalised against the peak value.
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3116 DAVIDSON ET AL.

TABLE 2 Damped natural frequency for heave, pitch and roll DoFs,
determined from the free decay experiments

Test 1 Test 2 Test 3 Average

[Hz] [Hz] [Hz] [Hz]

Heave Open 1.156 1.161 1.167 1.16

Closed 1.070 1.078 1.087 1.08

Pitch Open 0.403 0.404 0.404 0.40

Closed 0.395 0.395 0.394 0.39

Roll Open 0.389 0.389 0.389 0.39

Closed 0.382 0.382 0.381 0.38

and roll experiments, for both the open and closed configura-
tions. Additionally, the frequency spectrum for each of the time
series is shown. To calculate the spectra, a fast Fourier trans-
form (FFT) is used, and zero padding is added to the end of the
free decay time signal to increase the resulting frequency reso-
lution. The damped natural frequencies of the heave, pitch and
roll DoFs are calculated using the peak of the spectra plotted in
Figures 8(c, f, i), respectively, and confirmed by measuring the
period between successive peaks in the time series. The results
are recorded in Table 2.

Figure 8(a–c) show the heave free decay results. Table 2
shows that the damped natural pitch frequency is 0.39 Hz for
the closed OWC and 0.40 Hz for the open OWC, and the
damped natural roll frequency is 0.38 Hz for the closed OWC,
and 0.39 Hz for the open OWC. Thus the change in damped
natural frequency is only about 2.5%. The shift of the resonance
to a lower frequency for the closed case, compared to the open
case, agrees with the results found in [21].

A number of differences can be noted in the decay tests
between the open OWC and the closed OWC configurations:

∙ The damped natural frequency of the two configurations
is different.
The peak frequencies of the free decay spectra show that the
open OWC has higher damped natural frequencies for heave,
pitch and roll than the closed OWC.
In the case of the open OWC, the coupling between the buoy
and the OWC inside is just the cross radiation terms and the
water viscous stresses.
The closed OWC shows an additional spring-like coupling
between the buoy and the OWC inside due to the compress-
ibility of the air in the chamber.
Considering the added inertia in the closed OWC configu-
ration from the OWC inside, a lower natural frequency is
expected in comparison with the open OWC.

∙ For the heave motion, the open OWC has a second smaller
frequency peak at 1.04 Hz.
This is due to the dynamics of the water column, since
two-body systems can have twin peaks in their fre-
quency response.
For the closed OWC, the motion of the water column and
body are locked together, resulting in a single peak between
the twin peaks of the open OWC.

This type of behaviour is also noted in [8] for the case of large
damping in the WaveBob PTO system.
For the closed OWC, the closed orifice equates to infinite tur-
bine damping.

4.2 Regular waves

The analysis of the regular waves induced motion begins in Sec-
tion 4.2.1, by examining the input waves used for the experi-
ments. Next, the resulting time series of body displacements are
presented in Section 4.2.2. Due to a large number of tests (27
different frequencies), only a subsection of the results can be
shown. However, the important information is condensed into a
form which can be easily displayed and interpreted, through the
maximum displacement at each frequency (Section 4.2.3) and a
frequency domain analysis (Section 4.2.4).

4.2.1 Wave generation

Although a target wave amplitude of 0.01 m was set, the wave-
maker does not perform equally well at all frequencies. For
example, Figure 9(a,b) plot the measured FSE for the 0.4 and
1 Hz waves, respectively, showing the amplitude at 0.4 Hz more
than doubles that at 1 Hz. The actual wave amplitude gener-
ated at each frequency is therefore measured and plotted in Fig-
ure 9(c), so that the results in the subsequent sections can be
normalised against these values. The amplitude is calculated by
taking the average of the maximum and minimum FSE between
each zero crossing, using the last quarter of the time series.

Most importantly is the wavemaker’s ability to reproduce the
same wave series on subsequent tests, to ensure the open and
closed OWCs are subjected to the same input conditions when
comparing their motion response. The repeatability of the wave-
maker was tested and confirmed, as demonstrated and discussed
in Section 4.3.1.

4.2.2 Body motion—time series

Figure 10 plots the heave, pitch and roll displacement results
for the Open and Closed OWCs. Due to space constraints, only
four example frequencies are shown, 0.4, 0.8, 1 and 1.2 Hz.
In Figure 10, the large amplitude motion at 0.4 Hz is due to
the large amplitude input wave at this frequency (see Figure 9).
The amplitude of the pitch motion is additionally influenced by
resonance, since 0.4 Hz corresponds to the natural frequency
of the pitch DoF. Although the roll natural frequency is also
0.4 Hz, there is no direct wave excitation of the roll DoF for an
axisymmetric body, thus the roll motion is much less than the
other DoFs.

For the 0.8 Hz frequency wave, parametric pitch and roll
motion can be observed in Figure 10, identifiable since the oscil-
lations are at half the frequency of the incident wave in Fig-
ure 10. This frequency equals twice the damped natural fre-
quency of the pitch and roll DoFs, thus parametric resonance
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DAVIDSON ET AL. 3117

FIGURE 9 Measured FSE for the (a) 0.4 and (b) 1 Hz wave. (c) Average wave amplitude at each frequency tested

is expected if the heave motion exceeds a certain threshold. The
parametric motion is observed to transfer energy between the
pitch and roll modes. In the case of the 1 Hz frequency wave,
parametric resonance can be observed for the Closed OWC but
not for the Open OWC. At 1.2 Hz, the heave motion in Fig-
ure 10(j) is larger for the Open OWC than for the Closed OWC,
which can be expected since the heave natural period for the
Open OWC is much closer to 1.2 Hz than the natural period
for the Closed OWC (see Table 2). In Figures 10(k, l), it can be
seen that no parametric resonance occurs for either the Open
or Closed OWCs at 1.2 Hz.

4.2.3 Body motion—maximum displacement

The maximum displacements per unit wave amplitude are
plotted in Figure 11 for each frequency and for three DoFs.
Comparing the open and closed OWCs, it can be seen that both
exhibit large pitch and roll motions, of similar amplitude, around
twice the natural frequency of these DoFs (0.8 Hz). However,
for frequencies higher than this, the pitch and roll amplitudes of
the closed OWC remain large, and are always bigger than those
of the open OWC, which rapidly decrease to non-resonant
amplitudes. The pitch amplitude of the open OWC is seen

to increase again around the natural heave period, where the
heave amplitudes are observed to be large (see Section 2 for the
relationship between increased heave amplitude and increased
frequency range for the occurrence of parametric resonance).

These experimental results provide some confirmation to
the investigated hypothesis that the amount of parametric reso-
nance should be reduced for the open OWC, due to the decou-
pling of the Spar Buoy and water column motion when the
air chamber is open, analogous to the way the notch filter
decouples the motion of the two bodies in the WaveBob [8]
(see Section 1.2). However, another contributing factor to the
reduced parametric resonance might be due to the increased
heave natural frequency of the open OWC compared to the
closed OWC. The heave natural frequency for the closed OWC
is about 0.28Hz greater than the pitch and roll natural frequen-
cies. Whereas, for the open OWC, the heave natural frequency
is 0.36Hz greater than the pitch and roll natural frequencies.
Therefore, the heave response of the open OWC will be less
than that of the closed OWC for frequencies near the pitch/roll
parametric frequency. Thus, the occurrence of parametric res-
onance should be less for the open OWC than for the closed
OWC in this frequency band.

To better understand how much of the reduced parametric
resonance in the open OWC is due to the decoupling of the
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3118 DAVIDSON ET AL.

FIGURE 10 (a, d, g, j) The measured heave, (b, e, h, k) pitch and (c, f, i, l) roll displacements for three different wave frequencies.

FIGURE 11 The maximum displacement per unit wave amplitude for heave, pitch and roll, as a function of the frequency
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DAVIDSON ET AL. 3119

FIGURE 12 The frequency domain results for the (a–c) open and (d–f) closed OWCs. The FFT of the (wave amplitude normalised) pitch time series, for each
of the tested input wave frequencies, are shown in (a) and (d). Similarly, the results for roll are shown in (b) and (e). To simplify the comparison, the FFT values in
these plots are normalised by the largest value in the four plots. The sum of the pitch and roll normalised FFT values are shown in (c) and (f), zoomed in on the
frequency ranges corresponding to parametric resonance.

Spar Buoy and water column motion and how much is due to
the increased heave natural frequency, future tests should incor-
porate a wave gauge inside the OWC Spar Buoy to measure the
motion of the water column. Analysing the relative motion of
the Spar Buoy and the water column for both the open OWC
and closed OWC tests, can provide information on the decou-
pling effect produced by opening the top of the air chamber.

Figure 11 also shows that the occurrence of parametric reso-
nance is more prevalent in pitch than in roll. The design of the
moorings make the system non-axisymmetric, resulting in dif-
ferent natural frequencies and damping values for the pitch and
roll DoFs. The natural frequency of roll is about 2.5% lower
than pitch, thus the roll DoF is slightly less prone to paramet-
ric resonance for higher frequencies. There is more damping
in roll than in pitch due to the non-axisymmetric moorings.
The roll damping measured in the previous experiments [16] is
about 65% larger than the measured pitch damping. As shown
in Figure 5 increased damping decreases the parametric res-
onance region, thus roll is less susceptible to parametric reso-
nance than pitch.

4.2.4 Body motion—frequency domain

While the maximum displacements provide a decent metric to
judge the ability of the open OWC to influence the prevalence
of parametric resonance (compared to the closed OWC),
performing an FFT on the time series and observing the loca-

tion and amplitude of the spectral peaks offer two additional
insights:

∙ Location—The key signature of parametric resonance is a
period-doubling compared to the input oscillations.
This can be manually observed and verified in Fig-
ures 10(e,f,h,i).
However, in the frequency domain, the location of the peaks
give an automatic verification whether the frequency of the
pitch/roll motions is half the input wave frequency.

∙ Amplitude—The amplitude of the frequency response is a
measure of the energy in the time domain signal.
Therefore, for tests with the same time span, the amplitude
of the frequency response indicates the relative time duration
for which large amplitude motions occur.
For example, consider the pitch and roll motions, for both
the open and closed OWCs, at 0.8 Hz, in Figure 10(e, f).
The maximum displacement for the four time series is
nearly identical.
However, this maximum amplitude only occurs for one or
two periods in pitch, but for over 20 periods in roll, and for
much longer in the open OWC than in the closed OWC.

Figure 12 displays the frequency domain information,
obtained by performing an FFT on the body motion time
series to give the WEC displacement power spectra for each
of the 27 different input wave frequencies. The pitch results
are plotted in Figure 12(a, d), where the large peaks from
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3120 DAVIDSON ET AL.

FIGURE 13 (a) Measured FSE during the open and closed WEC experiments for the Hs = 0.04 m and Fp = 1.25 Hz sea state, (b) measured FSE for the
Hs = 0.04 m and Fp = 0.75 Hz and two times the measured FSE for the Hs = 0.02 m and Fp = 0.75 Hz sea states during the Closed WEC experiment, (c) the
power spectral density (PSD) for the Hs = 0.04 m and Fp = 0.75 Hz sea state, (d) the PSD for the Hs = 0.04 m and Fp = 1 Hz sea state, (e) the PSD for the
Hs = 0.04 m and Fp = 1.25 Hz sea state.

parametric resonance can be seen occurring with the WEC
displacement frequency being half of the input wave frequency.
Also seen in the plot is a second smaller ridge of peaks run-
ning diagonally across the plot, where the WEC displacement
frequency equals the input wave frequency, corresponding to
normal wave-driven motion. This second smaller ridge of peaks
does not appear in Figure 12(b, e), since there is no direct wave
excitation for the roll DoF in an axisymmetric body. However,
large amplitude peaks due to parametric resonance can be seen
for the roll motion.

Figure 12(c, f) provide a visual means to best compare the
occurrence of parametric resonance in the open and closed
OWCs, by displaying a contour plot of the total energy paramet-
rically transferred to pitch and roll. As shown in Figure 10(e, f),
the parametric motion can transfer between pitch and roll, so
it is important to consider them together when assessing the
occurrence of parametric resonance. Comparing plots in Fig-
ure 12(c, f), it can be observed that the open OWC is able
to reduce the range of frequencies for which parametric reso-
nance occurs.

4.3 Irregular waves

The analysis of the irregular waves induced motion follows the
same format as in Section 4.2 for the regular waves. First the
input waves are examined in Section 4.3.1. Next, the resulting

time series of body displacements are presented in Section 4.3.2.
Then the maximum displacements are examined in Section 4.3.3
followed by a frequency domain analysis in Section 4.3.4.

4.3.1 Wave generation

As shown in Section 4.2.1, the wavemaker does not generate the
exact target wave height and does not perform equally well at all
frequencies. Thus, for irregular waves, it is unlikely the wave-
maker will exactly generate the target wave signals derived from
the JONSWAP spectra (detailed in Section 3.1.3). However, it is
not crucial that the exact target wave signal is generated. Instead,
the main requirement is that the same wave series is generated
for the closed and open OWC experiments, to allow fair com-
parison between the resulting WEC motions.

Due to the long duration of the irregular waves experiments
(900 s) and because knowledge of the exact input wave signal
is not vital for the analysis, separate “wave only” experiments,
without the WEC in the tank, were not performed prior to
the irregular wave-induced motion tests. Alternatively, the FSE
elevation is measured during the actual experiments with the
WEC in the tank. Figure 13(a) is a plot of the first 50 s of the
FSE measured by a wave probe located 1.2 m upwave of the
WEC (see Figure 6), for both the closed and open OWC experi-
ments, considering an input wave series with Hs = 0.04 m and a
Fp = 1.25 Hz. The graph confirms the ability of the wavemaker
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DAVIDSON ET AL. 3121

to produce the same wave series for repeated experiments, with
the measured FSE for the closed and open OWC experiments
being virtually identical for the first 23 s. In the second half of
the graph, some minor differences can be observed between the
two signals, which can be attributed to waves radiated and/or
diffracted from the WEC, which has a different resulting motion
for the closed and open OWC cases.

In total, 12 different wave spectra were tested, with three
different peak frequencies and four different significant wave
heights. To investigate the effect that the significant wave height
has on the occurrence of parametric resonance, the same ran-
dom phase shifts were applied to each frequency component in
all of the spectra, resulting in the set of four input wave signals
at a given peak frequency value being identical scaled versions of
each other. Therefore, the measured FSE should also be iden-
tical scaled versions for each of the different significant wave
heights at a given peak frequency, so long as the nonlinear wave
interaction is negligible and the linear supposition holds for the
sum of the wave components with different frequencies within
the spectrum. This is demonstrated in Figure 13(b), which com-
pares the measured FSE for the Hs = 0.04 m and Fp = 0.75 Hz
against double the measured FSE values for the Hs = 0.02 m
and Fp = 0.75 Hz sea states during the closed WEC experiment,
showing close agreement between the two measurements.

The ability to investigate the effect that the peak frequency
has on the occurrence of parametric resonance was hindered
by the performance of the wavemaker. Ideally, the response
of the system, as a function of the wave frequency, should be
obtained by maintaining a constant wave height. However, the
wavemaker does not perform equally well at all frequencies. The
difference between the target and generated significant wave
heights was thus frequency-dependent. This is displayed in Fig-
ure 13(c, d), which show the power spectral density (PSD) plots
for the irregular waves with Hs=0.04m at Fp=0.75, 1 and 1.25
Hz, respectively. The amplitude for the PSD is seen to be largest
for the 0.75 Hz and then decreases with increasing peak fre-
quency. To quantify the differences between the target and the
generated values, the significant wave height is calculated from
the measured FSE using the definition [27]:

Hs = 4

(
∫

∞

0
S ( f ) d f

)1∕2

, (6)

where S ( f ) is the spectral density function of the measured
FSE. The significant wave height measured values are listed
in Table 3 from which it can be seen that the measured sig-
nificant wave height is lower than the target for all of the gen-
erated sea states and that the error increases as the peak fre-
quency increases.

4.3.2 Body motion—time series

The time series of the heave, pitch and roll displacements, for
the open and closed OWCs, are plotted in Figure 14. Due to
space constraints, only four example sea states are shown: (1)

TABLE 3 Measured significant wave height as a function of the sea state
peak frequency, Fp and target significant wave height Hs

0.75 Hz 1.00 Hz 1.25 Hz

0.01 m 0.0089 m 0.0082 m 0.0075 m

0.02 m 0.0186 m 0.0173 m 0.0161 m

0.03 m 0.0286 m 0.0253 m 0.0239 m

0.04 m 0.0386 m 0.0346 m 0.0313 m

Hs = 0.01 m, Fp = 0.75 Hz, (2) Hs = 0.01 m, Fp = 1.25 Hz,
(3) Hs = 0.04 m, Fp = 0.75 Hz, and (4) Hs = 0.04 m, Fp =

1.25 Hz. Comparing the results between the Hs = 0.01 m and
Hs = 0.04 m sea states, at a given peak frequency, reveals that as
Hs increases by a factor of four the heave motion also increases
approximately by the same factor. Contrastingly, for the pitch
and roll motions, when Hs increases by a factor of four the
parametric resonance is triggered and the motion increases by
an order of magnitude.

The results also demonstrate that the motion amplitudes for
pitch and roll are smaller for the open OWC in comparison with
the closed OWCs, especially in the case of the roll motion. A
quantitative comparison between the rotational motions of the
open and closed OWCs for all 12 irregular incident waves is pre-
sented in the next subsection.

4.3.3 Body motion—maximum displacement

The maximum pitch and roll displacements for the open and
closed OWCs are plotted in Figure 15(a, b), respectively. From
this figure, it can easily be seen that overall the maximum dis-
placement for the open OWC is much smaller than the closed
OWC. The only cases where the maximum displacement of the
open OWC is larger than the closed OWC is for pitch motion
in the Hs = 0.01 m sea states with peak frequencies of 1.00 and
1.25 Hz. Yet, once the significant wave height of the sea state
increases to Hs = 0.02 m, the maximum pitch displacement of
the closed OWC is approximately double the maximum pitch
displacement of the open OWC for Fp = 1.25 Hz, and more
than two and half times greater for Fp = 1.00 Hz.

In Figure 16 the maximum pitch and roll displacements are
normalised against the corresponding measured significant
wave heights from Table 3. Without the occurrence of para-
metric resonance, the normalised results in Figure 16 should be
constant if the system is linear. However, due to the nonlinear
effects of viscous damping, it is expected that the normalised
results should decrease with increasing wave height [28, 29].
This effect can be observed for the roll motion in the sea states
with small significant wave heights and for the pitch motion
of the open OWC for the Fp = 1.00 Hz sea states between
Hs = 0.01 m and Hs = 0.02 m. The nonlinear increase in
the pitch and/or roll motion amplitudes due to parametric
resonance can be observed by the increase in the normalised
results with respect to the significant wave height.
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3122 DAVIDSON ET AL.

FIGURE 14 The heave, pitch and roll displacements for the (a–c) Hs = 0.01 m, Fp = 0.75 Hz, (d–f) Hs = 0.01 m, Fp = 1.25 Hz, (g–i) Hs = 0.04 m,
Fp = 0.75 Hz and (j–l) Hs = 0.04 m, Fp = 1.25 Hz sea states, respectively

FIGURE 15 Maximum (a) pitch and (b) roll motion for the open and closed OWCs for each peak frequency, as a function on the measured significant
wave height
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DAVIDSON ET AL. 3123

FIGURE 16 Normalised maximum (a) pitch and (b) roll motion for the open and closed OWCs, normalised against the measured significant wave height, for
each peak frequency, as a function on the measured significant wave height

FIGURE 17 The power spectral density (PSD) for the pitch displacement. Results for the closed OWC are plotted in red on the grey graphs and the results of
the open OWC are plotted in blue on the white graphs

Results also show that for several sea states the parametric
resonance occurs for the closed OWC but does not appear for
the open OWC.

4.3.4 Body motion—frequency domain

As discussed in Section 4.2.4, comparing the results in the fre-
quency domain encapsulates the duration, as well as the ampli-
tude, of the large pitch/roll motions and therefore provides a
measure of the total energy. Figures 17 and 18 plot the PSD
for the pitch and roll displacements, respectively, for each of the
experiments. The results for the closed OWC are plotted in red
on the grey graphs and the results of the open OWC are plot-
ted in blue on the adjacent white graphs. A visual comparison
of the results for the closed and open OWC configurations at
each sea state shows a clear trend that the Open OWC has less

motion amplitudes than the closed OWC. The Hs = 0.01 m,
Fp = 1.00 Hz is the only sea state where the open OWC has
a larger peak PSD value than the closed OWC. A quantitative
comparison is given by calculating the integral under the PSD
curves to give the total energy, plotted in Figures 19, which con-
firms the ability of the open OWC to significantly reduce the
motion in the pitch and roll DoFs.

5 CONCLUSION

The present research studied the parametric resonance
behaviour of two OWC spar buoy configurations: closed-air
chamber and an open-air chamber. The purpose was to assess
the possibility of applying an active control method to a pressure
relief valve installed in parallel with the power take-off system to
reduce large pitch and roll motions due to parametric resonance.
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3124 DAVIDSON ET AL.

FIGURE 18 The power spectral density (PSD) for the roll displacement. Results for the closed OWC are plotted in red on the grey graphs and the results of
the open OWC are plotted in blue on the white graphs

FIGURE 19 Total energy in the (a) pitch and (b) roll DoFs, for each of the irregular input wave experiments

Such relief valve systems have previously been incorporated into
OWCs as a mechanism to spill energy and prevent over operat-
ing the turbine in extreme conditions [30]. The present study
explores a dual purpose for these relief valves, to mitigate the
occurrence of parametric resonance, since opening a relief valve
reduces the coupling between the spar buoy and inner water
column, altering the device motion and providing a means to
detune the resonant dynamics.

The decay test results proved that opening the air chamber
shifts the heave damped natural frequency further away from
the frequency region where parametric pitch and roll motions
were observed. As expected, the roll and pitch damped nat-
ural frequencies for the open and closed air chambers are
identical. For certain regular wave frequencies parametric res-

onance was detected with the air chamber closed but not
spotted with the air chamber open. With irregular waves, the
results showed that when parametric resonance was detected,
the pitch and roll motion amplitudes were lower with the
open-air chamber than with the closed-air chamber. The results
also revealed that the time duration of parametric resonance
is shorter for the open air chamber than for the closed air
chamber.

The reported results opened the possibility of detuning the
frequency coupling by switching between the two configura-
tions whenever parametric resonance is detected. This switching
may be implemented through the operation of an air pressure
relief valve installed in parallel with the PTO system, as an active
control method to counteract the development of parametric
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DAVIDSON ET AL. 3125

resonance. A relief valve was not considered in this experimen-
tal campaign. The complexity of designing, building and con-
trolling in real-time a small-scale relief valve installed in a buoy
model was beyond the scope of this work. Future research will
focus on the design and control of a relief valve in a small scale
experimental setup of an OWC spar buoy.
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