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ISWEC: experimental tests on a small scale prototype model
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ISWEC (Inertial Sea Wave Energy Converter) is
a system able to convert wave power into electrical
power thanks to gyroscopic effects. ISWEC is
composed of a buoy loosely moored to the seabed.
The pitching motion of the buoy combined with the
spinning velocity of a flywheel carried inside the
buoy creates a torque along the precession axes. By
using the gyroscopic torque to drive a power-takeoff (PTO) system, the capture of energy is possible.
In this work a small scale prototype designed to
work at the multi-directional wave tank at the
University of Edinburgh has been analyzed. The
prototype was built and equipped with sensors to
measure torque and velocity on the precession axes
in order to evaluate the mechanical power in input
to the PTO. It was then tested at the wave tank to
validate the power conversion principle. ISWEC
was then equipped with a sensor to measure angular
and linear positions on the float and a campaign of
tests in the wave flume at the Department of
Hydraulics of the Politecnico di Torino was carried
out to get a better understanding of its the
performances.

1.

Introduction

In the past four decades wave power has been
extensively investigated [1 – 3] and several devices
have been proposed for its exploitation [4 – 9].

Figure 1: ISWEC external appearance (concept).

In the ISWEC (Inertial Sea Wave Energy Converter)
[10 – 11] the system converting mechanical power into
electrical power relies on the inertial effects produced
from a gyroscope. The ISWEC is composed of a
floating body with a slack mooring to the seabed. The
waves energize the float with a pitching motion that is
transmitted to the gyroscopic system contained within
the buoy. The gyroscopic system is composed of a
flywheel carried on a platform that allows the flywheel
1
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I ⋅ ε&& + (I − J )δ& 2 sin ε cos ε − Jϕ&δ& cos ε = 0 (1)

to rotate around the ε coordinate. The axis ε must be
aligned towards the wave direction in order to exploit
the gyroscopic torque that results from the combination
of the flywheel spinning velocity ϕ& and the wave
induced pitching velocity δ& . The gyroscopic torque

By linearizing eq. 1, assuming the PTO is controlled
to behave as a spring-damper system and with the
hypothesis that I = J (relatively easy to design for), the
expression for the absorbed power Pd is written. The
absorbed power is the power extracted from the system
by the damping component of the PTO.

acts along the ε coordinate and it is used to drive the
electrical generator.
ISWEC uses the gyroscope to extract power from the
waves without the need of an external reaction.
Therefore there are no exposed mechanical parts
working in sea water or spray.
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From this equation some observations can be made,
first of all that the absorbed power reaches its
maximum when the system is wave resonating (k =
J·ω2). Furthermore, to increase the absorbed power the
angle of pitch and the gyro angular momentum must be
increased. This analysis highlights that the gyroscopic
system, in analogy with other inertial systems [12], is
more suitable to harvest high frequency waves.
However this is only a partial result, because the float
dynamics should be taken into account to estimate the
overall device performances.
3.2 Design of the prototype
The first step in the development of the device was to
build a small scale prototype. This was designed to suit
the nominal ‘design’ wave of the wave tank at the
University of Edinburgh (100 mm high and 1 Hz
frequency) [13]. Using the linearized equations, a
design procedure to assess the angular momentum
needed to extract the desired power can be extrapolated
[11]. The main assumptions for the design procedure
were the amplitude of oscillation of the PTO ε0 and a
hypothesis on the angle of pitching δ0. The former was
assumed to guarantee a stable working condition,
whereas the latter was based on previous experience at
the wave tank. These suggested a device width of the
order of 200 mm. In order to complete the design
procedure, an assumption on the absorbed power must
be done. Therefore, as a first try, in this work the
relative capture width was set at the maximum
theoretical limit of 100%. This procedure gave a first
value for the angular momentum needed to produce the
required power in such conditions. This value was
compared with one calculated from the full non linear
equations and showed that the linear model
overestimates the produced power by about one-quarter
in the reference conditions. The gyro angular
momentum was increased to match the design
parameters leading to the device summarized in table 1.
The model device concept shown in Fig. 3 was then
developed. The mechanical parts are sealed inside a
Perspex tube with watertight caps. The PTO is
composed of a brushless Maxon EC 40 motor coupled
to a high efficiency gearbox. This increases the angular
velocity of the motor shaft and decreases the shaft
torque so as to reduce the size of the PTO. The
flywheel is driven in rotation by a low-cost ‘pancake’
dc motor.

Figure 2: Gyroscopic system.

2.

Nomenclature

J
I

[kgm2]
[kgm2]

PD
Pd

moment of inertia of the gyroscope
moment of inertia of gyroscope,
platform and PTO (Power-take-off)
around coordinate ε
[Nm/rad] PTO stiffness
[Nm·s/rad] PTO damping coefficient
[Nm]
torque acting on the PTO shaft
[rad]
pitch position of the float
[rad/s]
pitch velocity of the float
[rad]
phasor of pitch position of the float
[rad]
roll position of the gyroscope
[rad/s]
roll velocity of the gyroscope
[rad/s2] roll acceleration of the gyroscope
[rad]
phasor of roll position of the gyroscope
[rad/s]
spin velocity of the gyroscope
[rad/s]
wave frequency
[W/m]
wave power density
[W]
power absorbed by the damper

3.

The ISWEC prototype

k
c
Tε

δ
δ&
δ0
ε
ε&
ε&&
ε0
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ω

3.1 System dynamics
A mathematical model describing the behavior of the
system along the axis of the PTO (ε) has been derived.
Eq.1 represents the equation of free motion along ε.
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nominal rest position whilst providing enough
compliance to let the system move freely in pitch. The
main outcome of the test in Edinburgh was with regard
to the relative capture-width of the prototype. The
relative capture-width value for the reference wave
conditions was found experimentally to be 14.3% well below the 100% hypothesis. This suggested
making a wide float that would capture more wave
energy, and one was made on the spot from a slab of
Divinycell foam. The best test result was then obtained
with a float 1.2 m wide in a wave carrying 12 W/m of
power density. The device absorbed an average of 2.06
W in this wave. The angle of pitching δ0 in these
conditions was about 2.5 deg and the angle of
oscillation of the shaft of the PTO was around 60 deg.

Wave height
Wave frequency
δ0
ε0
Pd
Tε,max
Gyro mass
J

100 mm
1 Hz
2 deg
70 deg
2.2 W
0.83 Nm
2.1 kg
0.016 kgm2
ϕ&
2000 rpm
Total mass
14.5 kg
Diameter = 230 mm,
External dimensions
Length = 560 mm
Table 1: Prototype main parameters.

Figure 5: Time histories of the best test done in Edinburgh.

The wave height against the glass window of the tank
was estimated through the image processing of a low
resolution video shot only for documentation, therefore
resulting in a not very accurate measurement. The
angle of pitching was also evaluated through indirect
measurement: by rewriting the equations of motion and
knowing the inertial features of the device, it was
possible to make an estimate of δ from the motion ε.
The results thus gave only a first assessment of the
ISWEC performance and so tests with more accurate
measurement of the wave and the float pitching angle
were required.

Figure 3: Solid model of the small scale tank prototype.

4.

Tank test

The small scale prototype was tested in the wave tank
at the University of Edinburgh in July 2009 [14]. The
tank is designed to work at a nominal scale of 1/100
compared with north-east Atlantic waves, and so the
wave heights are relatively small (maximum around
110 mm) and the frequency range quite high
(principally between 0.5 and 1.6Hz). The tank depth is
1.2 m and as this is much greater than half of the design
wavelength, the waves can be considered to be in deep
water.

Figure 6: The ISWEC prototype under test in the wave tank
at the University of Edinburgh.

5.

Flume test

Figure 4: The Edinburgh wave tank.

The model was moored to the floor of the tank with a
float and sinker arrangement, which maintained its

Figure 7: The wave maker.
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The Edinburgh tests were repeated in a wave flume in
the Department of Hydraulics at the Politecnico di
Torino. This flume is 630 mm wide, 50.4 m long with a
water depth of 500 mm. As this was less than half of
the depth of Edinburgh tank, the wave height was
reduced from 100 mm to 80 mm for these experiments.
In these tests the float was equipped with an MTi
gyroscopic sensor to measure the instantaneous angle
and velocity of pitching. The wave was measured using
a high resolution (1088x1920) camcorder recording the
wave shape through the acrylic flume walls at 25
frames per second with a spatial resolution of 0.5 mm
(the water was been tinted with a pink biodegradable
colourant to improve the profile capture). A frame from
the camera record is shown in Fig. 8.

Figure 11: Absorbed power and angle ε time histories (gyro
spinning at 520 rpm).

ϕ&

[rpm]

Pd [W]
PD [W/m]
Incident power
[W]
Relative capture
width [%]
δrms [deg]

330
0.7
6.59

520
0.89
7.21

1000
0.41
6.54

1500
0.28
5.53

2000
0.11
5

3.76

4.11

3.73

3.15

2.85

18.6

21.6

13.6

8.7

3.6

5.9

4.9

2.1

1.2

0.6

Table 2: Test with variation of the gyro speed ϕ& .

Figure 8: A shot from the camera record.

Figure 12: Absorbed power Pd as a function of gyro
rotational speed. ϕ& .
Figure 9: Cross section of the hull used for the wave flume
test (wave coming from left to right).

Figure 10: Wave height time history (gyro spinning at 520
rpm).

The test used a purpose designed hull whose
dimensions are shown in Fig. 9 (hull width 600 mm).
Its width is almost the same as that of the flume and
during the tests its interaction with the incoming wave
produced reflections. The result was a low frequency
standing wave between the device and the wave maker.
This low frequency (about 0.1 Hz) phenomenon
induced low frequency variations to the absorbed
power.

Figure 13: Front view of the prototype deployed in the flume
at Politecnico di Torino.

With the 80 mm wave at 1 Hz and the gyro spinning at
the rated speed of 2000 rpm, the power absorbed from
the device was 0.17 W. Since in these test it was not
possible to increase the float width, it was decided to
reduce the gyro angular velocity ϕ& . In this way the
gyroscopic torque along the coordinate of pitch δ was
4
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[4] I. Russell, H.C. Sorensen. (2007): Wave Dragon :
Results From UK EIA and Consenting Process.
Proceedings of the 7th European Wave and Tidal
Energy Conference, Porto, Portugal.

reduced allowing the device to pitch more freely. Since,
due to the wave-float interactions, the increase on the
angle of pitch was bigger than the decrease of the gyro
angular velocity, the absorbed power increased. The
test showed a maximum absorbed power of 0.89 W at
520 rpm. In these conditions, the relative capture width
improved to a value of 21.6% compared to the 14.3%
obtained in Edinburgh.

6.

[5] F. Neumann, A. Brito-Melo, E. Didier, A. Sarmento.
(2007): Pico OWC Recovery Project: Recent Activities
and Performance Data. Proceedings of the 7th European
Wave and Tidal Energy Conference, Porto, Portugal.
[6] M.G. de Sousa Prado, F. Gardner, M. Damen, H.
Polinder. (2006): Modelling and test results of the
Archimedes wave swing. Proceedings of the Institution
of Mechanical Engineers, Part A: Journal of Power and
Energy, Vol. 220 (8), pp. 855 – 868.

Conclusions

In this paper a brief review of the work carried out at
the University of Edinburgh and at the Politecnico di
Torino has been given. Starting from a linearized
model and some assumptions on float hydrodynamics,
a small scale prototype was designed and built. The
model underwent wave tank and flume tests. The
outcome of the test allowed an assessment of the real
values of two important design parameters, the relative
capture width and the float’s angle of pitching. In
particular in the flume test, the device proved capable
of catching roughly 40 % of the rated power with 25 %
of the rated gyro speed.
More investigation is needed to get a better
understanding of the system behavior and further work
with different float shapes, gyro parameters and wave
conditions are going to be done.
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