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Instituto Superior Técnico, Universidade de Lisboa, Portugal

July 2018

Abstract

Motivated by the need of increasing the efficiency of wave energy converters, this work presents an
experimental assessment of the application of the hydrodynamic negative spring (HNS) to an OWC
spar buoy. The reference buoy to which the negative spring was applied had already seen its geome-
try optimized, however, for a greater energy absorption a reduction in the heaving natural frequency
could be applied in order to match the one typical of ocean waves. The hydrodynamic negative
spring offers that possibility through a simple geometrical modification. For the physical model tests,
the reference geometry was modelled in a 1:100th scale and tested in the LH-IST wave flume. Free
decay tests were carried out in order to determine the natural frequency of the initial buoy followed
by a long set of regular wave tests capable of evaluating the buoy’s response to multiple incident
waves. Posteriorly, the OWC tube was widened at the top creating the HNS effect and the decay and
regular wave tests were repeated. For the evaluation of the HNS effect the natural frequencies were
compared and a slight decrease in the configuration of the buoy with the HNS was identified. The
regular wave tests were evaluated through the dimensionless heaving amplitude, the OWC relative
motion amplitude and the capture width, for which the effect of the HNS to the specific buoy in
question was proven not to be beneficial.
Keywords: Hydrodynamic Negative Spring, Oscillating Water Column, Experimental Tests, Wave
Energy Converters .

1. Introduction
The society of today calls for a clean energy source that can sustain the growing needs of the world with
minimal climatic impact. Yet, with land areas already required for habitation, agriculture, industry and
other forms of economic development, the space available for renewable energy structures is a concern.
Inevitably, the world has began to turn its attention to this unexplored yet highly promising alternative.

Containing approximately 93100 TWh of energy annualy the ocean presents an immense and unlimited
resource. From the various forms of ocean energy, namely, waves, tidal range, tidal currents, ocean
currents, ocean thermal energy conversion and salinity gradients, waves are the most potent, with an
estimated 10000 to 15000 TWh/yr of energy[1].

The first patent to address a device capable of extracting energy from the waves was registered in
1799, thousands of other technologies have been conceived ever since. However, unlike other renewable
energy sources, there has not yet been a technological convergence into a single, dominant one. This is
probably associated with the also present diversity of both the wave climate and the water depth of the
device deployment location [2].

This work focuses on the improvement of a particular device that belongs to the oscillating water
column category.

The OWC consists on a partly submerged structure, which, being opened at the bottom, allows a
water column, to move up and down, accompanying the incident waves. Above the water there is trapped
air, that being compressed by the piston-like oscillating movements of the water column, passes through
an air turbine, which in its turn drives an electrical generator.

The simplest concept for a floating OWC is probably the Spar Buoy, which is an axisymmetric device
formed by a submerged vertical tube opened at both ends and connected to a floater. The Spar Buoy
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moves essentially in heave (vertical motion) and the resonance frequency of the inner water column is
affected by the length of the tube.

Besides its situation in more energetic locations, floating OWC devices are capable of achieving wider
ranges of frequencies to which the converter responds well. This happens because the system is a compos-
ite of two bodies, the device itself and the oscillating water column, and consequently has two resonance
peaks, that when aligned with the dominant wave frequency of the deployment location accomplish
greater power extraction values.

One of the main obstacles that keep spar buoy devices from achieving a great performance is pre-
cisely aligning its natural frequency with the ones typically present in the wave climate. As other point
absorber type WECs, which are essentially devices with small transverse dimensions compared to typical
wavelengths, the spar buoy has a large hydrostatic restoring force that tunes its natural frequency to
higher values than would be desired. A common solution is to increase the submerged mass of the buoy
and therefore its inertia. However, an increase in mass corresponds to an increase in costs, and hence the
search for new alternatives.

A concept is being considered for the spar buoy that does not require any mechanical or electrical
component. Instead, the negative spring effect is introduced by the shape of the OWC structure, acting
directly in the WEC’s hydrodynamic properties. This approach is called hydrodynamic negative spring
(HNS). When compared to the previous technique, HNS offers a more reliable system, preventing possible
mechanical problems [3].

To apply this method to the spar buoy is essentially to widen the OWC tube inside the floater. For
a wider tube, when on its downward cycle, the buoy’s buoyancy force pulling it back to the equilibrium
position is smaller than in the reference case as the volume of water displaced during this motion is also
smaller. Consequently the time spent below mean free surface is increased. Getting to the lower point
of the buoy’s oscillatory motion, the OWC tube is filled with water, which is returned to the sea in the
buoy’s upward cycle. Due to a larger volume of water displaced in the upward motion, the buoyancy
force acting on the floater is bigger, which prolongs the upward motion.

2. Mathematical Formulation
This section was based on the work of Gradowsky [4] and Martins [?].

A point absorber type WEC linear system may be modelled by an absorbing floating body (or a
group of coupled bodies) and a PTO system comprised by a damper that dissipates energy for electrical
conversion and a spring for temporary energy storage. From Newton’s second law, the movement equation
for the heaving motion in the frequency domain results in[

−ω2 (m3 +A33) + iω (B33 +BPTO) + (C3 + CPTO)
]
χ3 = fe,3. (1)

Accordingly, the total spring coefficient is

K = C3 + CPTO − ω2(m3 +A33). (2)

Maximum energy extraction is achieved for the heaving resonance frequency, which corresponds to
the frequency that cancels the total spring of the system:

ω0 =

√
C3 + CPTO

m3 +A33
. (3)

Looking at eq. (7) two alternatives emerge when attempting the resonance frequency reduction. The first
is to increase the mass of the system; as mentioned before this option is accompanied by high additional
costs. The second alternative is to introduce a negative spring that reduces the effect of the hydrostatic
restoring force.

Floating OWC devices are modelled as a two-body system, where the first body is the device itself
and the second body is the oscillating water column. The OWC is interpreted as massless piston with
its own resonance frequency.

For a two-body system, eq. (2) results in{[
−ω2 (m3 +A33) + iωB33 + C3

]
χ3 +

[
−ω2A39 + iωB39

]
χ9 + iωZPTO (χ3 − χ9) = fe,3[

−ω2 (m9 +A99) + iωB99 + C9

]
χ9 +

[
−ω2A93 + iωB93

]
χ3 + iωZPTO (χ9 − χ3) = fe,9

, (4)

where the cross-terms represent the hydrodynamic coupling between the two bodies, where A39 = A93

and B39 = B93; ZPTO is the load impedance of the PTO and its reaction force is given by the relative
motion of the two-body system.
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As previously mentioned the application of the negative spring into a floating OWC converter is
done by widening the OWC tube inside the floater. Mathematically this introduces a new term in the
hydrostatic restoring force:

f ′h,j = ρwgS
′ (χj − χk)− ρwgSb,jχj , (5)

where,Sb,j is the original water-plane area and S′ is the additional area gained with the widening of the
tube. A dimensionless factor,α, introduced to quantify this widening, is given by

α = 1− S′

S3
(6)

The system of equations (7) for the OWC floating device with an HNS becomes{[
−ω2 (m3 +A33) + iωB33 + αC3

]
χ3 +

[
−ω2A39 + iωB39 + (1− α)C3

]
χ9 + iωZPTO (χ3 − χ9) = fe,3[

−ω2A99 + iωB99 + (C9 − (1− α)C3)
]
χ9 +

[
−ω2A93 + iωB93 + (1− α)C3

]
χ3 + iωZPTO (χ9 − χ3) = fe,9

,

(7)
where (1− α)C3 represents the cross-term coupling system.

3. Experimental testing
3.1. Model Design and Manufacturing
In order to study the impact of the HNS on the spar buoy, two models had to be manufactured and
tested: a reference geometry without the HNS and a second model, adapted from the first, with the HNS.
A scaled model of the full-scale 12 m diameter, 36 m draft OWC Spar Buoy from the WETFEET Project
was used as the reference geometry.

After the choice of 1:100 for the model scale, the reference buoy was designed using the 3D CAD
design software SolidWorks (sse Fig. 1).

(a) (b)

Figure 1: Model of the reference configuration of the 12 m diameter spar buoy (a) and its sectional view
(b).

A concern that had to be present in the design of the buoy, particularly in the attachment methods
choice, was the required flexibility for incorporating the HNS into the reference buoy. This transformation
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implies an increase in the diameter of the upper part of the column, which would be achieved by cutting
the original column tube, and attaching it to a pipe reducer, which in its turn would be attached to a
wider tube (see Fig. 2)

(a) (b)

Figure 2: Model of the configuration of the 12 m diameter spar buoy with the application of the HNS (a)
and its sectional view (b).

3.2. Wave Flume and Instrumentation
The LH-IST wave flume consists of a 20 m long, 0.7 m wide channel with a wavemaker (an hydraulic
piston coupled to a plane paddle) at one end, and a dissipative beach at the other (see Fig. ??). The
flume was filled to its full capacity, 0.5 m, during the entire set of experiments. The wavemaker generates
regular (or irregular) waves according to the wave height (or significant wave height) and frequency (or
modal period) input.

Conductive wave gauges were positioned before and after the buoy to measure the accurate surface
elevation. The same system was used to track the relative vertical motion between the buoy and the
OWC. The 6DOF buoy motion was recorded by the Qualisys motion tracking system, a set of two cameras
capable of emitting infra-red radiation and detecting its reflection points. A few reflective markers were
attached to the buoy so that it could be acquired by the auxiliary software as a rigid body.The pressure
inside the air chamber variation with respect to the atmospheric pressure was measured by two pressure
taps connected to plastic tubes attached to a T-shaped fitting; in the third mouth of the fitting was
another plastic tube that was connected to the pressure sensors.

3.3. Simulation of the PTO system
The evaluation and comparison of the power available to be extracted by the PTO system for both
configurations of the buoy is the ultimate purpose of this thesis. For small scales, however, the PTO
system cannot be scaled as the power output would be very small and the dissipative forces would have
a significant effect on its performance. The solution is to simulate the presence of a turbine by inducing
a controlled energy loss. For the present buoy an orifice was used to simulate the PTO system. Three
different damping coefficients were tested by three different diameter orifices made on the column cover.
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A calibration of the turbine simulators gives the relation between the flow rate and the pressure
signal. Assuming a steady-state, incompressible and laminar air flow with negligible friction losses, the
Bernoulli’s and continuity equations can be applied to the reduction of cross-sectional area from A1 in
the air chamber to A0 in the orifice, resulting in

q = A0

√
1−

(
A0

A1

)2
√

2∆p

ρa
, (8)

where q is the volume fow rate, ∆p is the pressure difference between the air chamber and the atmosphere,
and ρa is the air density. From Tab. ?? we conclude that the term (A0/A1)

2
is much smaller than the

unity and can, therefore, be neglected. However, the assumption of the viscosity and turbulence effects
non-existence is not valid, since the transition of area is not smooth and flow separations cannot be
overlooked. To account for the energy loss, the damping coefficient, Cd, is introduced in eq. (8), which,
accompanied by the previous assumption, becomes

q = CdA0

√
2∆p

ρa
. (9)

The instant power available to the PTO system is then

P = q∆p = CdA0∆p

√
2∆p

ρa
. (10)

3.4. Mooring System
For the comparison of the performance of the two buoy’s configurations, heave motion is the most im-
portant oscillating mode, as it is the one responsible for inducing the air compression that powers the
turbine. Accordingly, to limit the other oscillating modes and provide a less interfered heave motion
study the cross-shaped mooring system was chosen.

4. Experimental Programme
For the performance assessment of both configurations of the OWC Spar buoy, two types of experiments
were carried out: free decay tests and regular wave tests.

4.1. Free Decay Tests
Free decay tests are essential to understand the dynamics of the buoy as they allow us to compute its
natural period, one of the most important properties of the device.

Multiple heave decay tests were done for each configuration of the buoy in order to understand the
impact of the turbine simulator, the mooring system and, of course, the hydrodynamic negative spring
on this oscillating mode. An additional decay test was performed for the determination of each OWC
natural period.

To obtain the heave natural oscillatory response of the buoy, the model has to suffer an initial vertical
displacement from the equilibrium position followed by a release. For each test, the decay was repeated
several times until an undisturbed by other modes of oscillation response was obtained.

For the OWC decay, the buoy was pushed into the water and subsequently the orifice was covered
with the help of a finger; by pulling the buoy back to its equilibrium position with the orifice still covered,
the OWC accompanies the buoy, maintaining its relative position; at this point the finger is removed from
the orifice and the OWC decays, while the buoy remains still in its natural position.

4.2. Regular Wave Tests
As mentioned in section ?? regular tests are very important for a first analysis of the behaviour of the
buoy. They allow us to determine the response of the buoy for a specific wave, whose frequency and wave
amplitude are well defined.

For each configuration of the buoy, three wave heights and fifteen different wave frequencies were
tested, making a total of 270 regular wave experimental tests.

5. Data Treatment
After its acquisition, the signals have to be treated and organized so that possible conclusions can be
taken from the experiments. For the free decay tests only one signal needed to be evaluated at a time
and could therefore be treated in an Excel spreadsheet. Regular wave tests required the manipulation
and analysis of multiple signals at the same time, with a total of more than a thousand spreadsheets, for
which a Matlab routine was created.
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5.1. Free Decay Tests
The motion tracking system was used to record the buoy’s decay tests and the .tsv file obtained were
then treated in Excel.

When observing the record of the buoy’s heave oscillatory response, it is easily identified as an under-
damped system, with well defined damping ratios and (almost) constant natural period. This natural
period, Tn, is easily identified by the interval of time between two consecutive peaks or two consecutive
troughs. Accordingly, for each decay test, the period between the first few peaks and troughs was com-
puted and averaged. For the results presentation, this values were also converted into natural frequencies,
according to

fn =
1

Tn
. (11)

5.2. Regular Wave Tests
The results from regular wave tests were treated resorting to a time domain analysis, i.e., by analysing
the behaviour of a signal through the recorded period. Although each experiment started from a still
water surface, only the stabilized part of the test was taken into account. Before manipulation of the
signal a Savitzky-Golay filter was passed to smooth the curves.

For each test and each measured property, the obtained signal is a discrete representation of that
property’s amplitude acquired at a constant frequency rate of 100 Hz. When plotted against the time,
a wave is obtained. This wave can be interpreted as a sequence of multiple individual waves which are
comprised between two consecutive zero-down-crossing points.

We now take the temporal evolution of the free-surface elevation at a fixed point as an example. By
dividing the time series into Nt individual waves, the individual wave period, Tn is given by the two
consecutive zero-down-crossing time instants. For the regular wave tests this value was assumed to be
constant and equal to the incident wave period. For each individual period, the maximum and minimum
values of the surface elevation were computed, corresponding to the peak and trough of the individual
wave. The absolute value of the difference between those values gives the wave height of the individual
wave, Hn, and by halving this value we obtain the free-surface elevation amplitude

Aw,n =
|max (ηn)−min (ηn)|

2
. (12)

For the mean amplitude of the time series we have

Aw =
1

Nt

Nt∑
n=1

Aw,n, (13)

The same was repeated for the amplitudes of the buoy’s vertical motion, water elevation inside the
OWC,and relative pressure inside the air chamber.

Although the results for the mean free-surface elevation measured by the wave gauge prior to the
buoy were expected to be similar to the requested wave amplitude, this was proved not to be true, and,
in fact, the similarity between the amplitudes was highly dependent on the incident wave frequency .
This could be a result of a poor calibration of the wavemaker or a wave reflection from the buoy and
the dissipative beach (or both). The latter was not studied in this thesis, however, an observation of the
wave propagation confirmed the existence of such phenomenon. Accordingly, to obtain the dimensionless
values of the heave motion amplitude, the measured free surface amplitude was used instead.

5.3. Decay Tests
For the reference geometry several types of decay tests were conducted, the results, obtained according
to 5.1, are presented in Tab. 1.

The first set of tests were performed with the moored buoy in order to find the natural frequency
felt during the regular and irregular wave tests. Looking at the values for the three orifices used in the
experimental tests of the reference buoy configuration, from 1-A to 1-B there is a slight decrease in the
natural period (and consequent increase in the natural frequency), from 1-B to 1-C the difference becomes
more relevant. However the decrease in the natural period is not usually associated with a variation in
the orifice diameter, the natural period obtained from the use of a very small orifice is affected by the
OWC and buoy coupling. Considering the air inside the air chamber incompressible, the fully covered
OWC would present a perfect coupling with the buoy; the similarity between the natural periods of
this configuration and the ones felt by smaller orifices point towards the validity of this assumption.
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Configuration NF does not comprise an air chamber, therefore the oscillation of the water column relative
to the ocean surface does not occur. This means that no coupling exists and the presented natural period
and damping ratios correspond to the buoy by itself. In this case, the natural period is showed to be
smaller than when coupled with the OWC.

For the analysis of the impact of the mooring cables, a comparison between the two types of decay
performed by configuration 1-B can be done. As expected, the slight constraint on the heaving motion
caused by the mooring system increased, although very slightly, the damping ratio. The natural period
reduction by the mooring cables can be explained by its restriction in the continuation of the buoy’s
movement, cutting the oscillating time.

As for the two buoy’s comparison, analysing both transformations from 1-A to 2-A in the moored
decay and from 1-B to 2-B in the free decay, we can see an increase of 8.4% and 4.2% in the natural
period, respectively, which, although not as big as desired, could indicate that the negative spring is
working as expected. A greater difference is felt in the OWC natural period that is reduced to less than
half of the initial period.

Table 1: Natural periods, natural frequencies and damping ratios for each of the decay test performed for
the different buoy configurations. Configurations 1-FC and 1-NC stand for fully covered and not covered,
respectively.

Moored Free

1-FC 1-A 1-B 1-C 1-NC 2-A 1-B 2-A 2-B 1-A OWC 2-B OWC

Tn [s] 0.940 0.950 0.934 0.882 0.855 1.030 0.967 1.048 1.008 1.004 2.230

fn [Hz] 1.06 1.05 1.07 1.13 1.17 0.97 1.03 0.95 0.99 1.00 0.45

ξ 0.041 0.048 0.089 0.092 0.061 0.054 0.087 0.071 0.033 0.074 0.208

The values of natural frequency correspond to the wave frequency to which the device will enter
resonance and are therefore essential to understand the behaviour of the buoy in the regular wave tests.

6. Regular Wave Tests
In order to better understand the effect of the negative spring, a comparison between the reference buoy
and the buoy with the HNS are presented in graphs one by one.

Starting with the heaving motion (see Fig. 3),there seems to be a tendency throughout the graphs
for a slight amplification of the motion with the application of the HNS. For smaller amplitude waves
(graphs in blue) this happens for almost every frequency, for the rest, this amplification is more frequently
noticed in the left side of the resonance frequency which may point for a small deviation of the curve into
smaller frequencies.

Looking at Fig. 4, when plotted simultaneously, the reference buoy presents a smaller capture width
for every case tested and no deviation into smaller frequencies existed.

In fact, looking at the results for the relative OWC motion (Fig. 5) a considerably smaller amplitude
was registed for the buoy with the HNS, explaining the drop in the capture width results.

As explained in this thesis, the negative spring could introduce a very positive effect, however, if not
dimensioned correctly it could also cause a negative one. The present results indicate that the application
of the HNS to the buoy in question would not cause an improvement in its performance. It is important
to highlight that the present conclusion does not compromise its possible benefits to other geometries,
instead the HNS should be integrated into a buoy optimization procedure as another parameter that
influences the buoy’s dynamic.

7. Conclusions
For the experimental assessment of the hydrodynamic negative spring proposed in this thesis, two different
configurations of the buoy were designed and manufactured. Some concerns were taken into account such
as the scaling factor, the mass distribution, the required flexibility for the configuration transformation
and the simulation of the PTO system.

When the model was ready for testing, the calibration of the PTO system was done. Afterwards,
multiple decay tests were performed in order to learn about the device dynamics. The orifice enlargement
was found to cause a reduction in the natural period of the buoy, the mooring system reduced this
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Figure 3: Comparison between the the dimensionless heaving motion amplitude for the reference buoy
and the buoy with the HNS for configurations (a) 1-A and 2-A, Aw = 0.008, (b) 1-A and 2-A,Aw = 0.016,
(c) 1-A and 2-A, Aw = 0.024, (d) 1-B and 2-B, Aw = 0.008, (e) 1-B and 2-B,Aw = 0.016 and (f) 1-B and
2-B, Aw = 0.024.

property and the transformation into the buoy with the negative spring increased it. Finally, the buoy
was subjected to multiple wave amplitudes and frequencies regular wave tests.

When the first set of experiments was completed the buoy was transformed into the second configura-
tion by the change of the superior part of the OWC. The same experimental procedure was then applied
to the second configuration. From the performance comparison between the two configurations results,
the main conclusion taken was the fact that the application of the negative spring into the specific buoy
in question did not introduce an improvement in the buoy’s performance. From the analysis of the decay
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Figure 4: Comparison between the the dimensionless capture width for the reference buoy and the buoy
with the HNS for configurations (a) 1-A and 2-A, Aw = 0.008, (b) 1-A and 2-A,Aw = 0.016, (c) 1-A and
2-A, Aw = 0.024, (d) 1-B and 2-B, Aw = 0.008, (e) 1-B and 2-B,Aw = 0.016 and (f) 1-B and 2-B, Aw =
0.024.

tests the negative spring introduce a slight reduction in the natural frequency of the device. However,
besides being too small to cause a great impact, this reduction was accompanied by a decrease in the
amplitude of the relative OWC motion and the buoy’s capture width.
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Figure 5: Comparison between the the dimensionless relative OWC motion amplitude for the reference
buoy and the buoy with the HNS for configurations (a) 1-A and 2-A, Aw = 0.008, (b) 1-A and 2-A,Aw =
0.016, (c) 1-A and 2-A, Aw = 0.024, (d) 1-B and 2-B, Aw = 0.008, (e) 1-B and 2-B,Aw = 0.016 and (f)
1-B and 2-B, Aw = 0.024.
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