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A B S T R A C T

The Gyroscopic power take-off (GyroPTO) wave energy point absorber has the operational principle somewhat
similar to the so-called gyroscopic hand wrist exerciser. Inside the float of the GyroPTO, there is a mechanical
system made up of a spinning flywheel with its spin axis in rolling contact to a ring. At certain conditions, the
ring starts to rotate at a frequency equal to the peak angular frequency of the wave excitation. In this
synchronized state, the flywheel is running at almost constant speed, so the generated power from the generator
becomes constant as well. In this paper, the performance of GyroPTO in irregular sea waves is investigated. To
improve the stability (synchronization) margin of the device, a magnetic coupling mechanism has been added
between the spin axis and the flywheel, which also makes the semi-active control of the device possible.
Theoretical modeling of the GyroPTO is carried out using analytical rigid body dynamics, and a 4-DOF
nonlinear model is established. Further, linear wave theory has been applied to calculate the hydrodynamic
moments acting on the float. Rational approximation is performed on the frequency response function of the
radiation damping moments, leading to an extended state vector formulation of the coupled structure- wave
system. Simulation results show that magnetic coupling successfully improves the stability of the flywheel in
irregular sea states. With given significant wave height and peak frequency, it is shown that the synchronization
of the device is more easily obtained in narrow-banded wave than in broad-banded wave. As a result, larger
values of generator gain can be chosen in narrow-banded waves, leading to larger power output. Making use of
both the generator and the magnetic coupling, semi-active control algorithm might further improve the
performance of the GyroPTO in real sea.

1. Introduction

As an important renewable energy source, wave energy has recently
received significant attention in energy and policy agendas. A wave
energy converter (WEC) is defined as a dynamic system for converting
the energy in waves into mechanical energy stored in the oscillating
system. Several types of WEC devices have been proposed Falnes
(2002), leading to some commercial WEC projects that use different
buoy concepts, such as the Oscillating-water-column (OWC) plants, the
Pelamis WEC Pelamis, 2004, overtopping WEC type like the Wave
Dragon Wave Dragon, 2010, the SEAREV device Ruellan et al. (2010),
and point absorber approaches as used for the Wavestar device Wave
Star, 2003; Sichani et al. (2014).

Among others, point absorbers are the most widely investigated
WEC devices. A point absorber is a WEC that is capable of absorbing
energy from waves propagating in any direction, and with horizontal
dimensions much smaller than the dominating wave length Nielsen

et al. (2013). Different types of point absorber have been proposed,
such as the Wavestar point absorber and heave absorber Nielsen et al.
(2013). The device is typically equipped with an electric power
generator via a hydraulic force system. The reaction forces from the
hydraulic system are usually used to actively control the motion of the
point absorber in such a way that a maximum mechanical energy is
supplied to the absorber. With a certain loss due to friction in the
actuator, the control forces are then transferred to the generator, where
they are converted into electric energy. For almost all point absorbers,
the instantaneous absorbed energy varies significantly with time,
making the expensive additional power electronics mandatory before
the power can be supplied to the grid. This motivates a search for an
alternative device which is able to deliver a more constant power to the
grid without introducing power electronics.

The Gyroscopic power take-off (GyroPTO) wave energy point
absorber is a possible solution Nielsen et al. (2015). The general idea
is to use the gyroscopic moment on a spinning flywheel inside a floating
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structure, so that almost constant power output from the generator can
be obtained from the absorbed wave energy, as proposed by Kanki
et al., (2009, 2006) and Bracco et al., (2011, 2010).

The operational principle of the GyroPTO device is somewhat
similar to the so-called gyroscopic hand wrist exerciser Powerball
Gulick and O'Reilly (2000). As shown in Fig. 1a, it consists of a float
rigidly connected to a lever. In the other end the lever is supported by a
hinge, which allows for rotations around a horizontal axis and a vertical
axis. Inside the float is a mechanical system made up of a ring, a
spinning flywheel and a generator. The ring is free to rotate in a plane
orthogonal to the lever, while the spin axis of the flywheel is supported
by a track in the ring with a width slightly larger than the diameter of
the axis. This track forms a guidance for the precession of the spin axis,
which is assumed to roll on the inner side of the track during rotations
of the ring without slip. To start up the device, the generator of the
device is used as an electric motor, with which the flywheel can be
accelerated to a prescribed spinning speed. In operational conditions,
the wave induced pitch and roll motions of the float produce a time-
varying rotation of the ring, which combined with the spinning velocity
of the flywheel creates a gyroscopic moment. This moment produces
the necessary contact force between the spin axis and the inner side of
the track, to provide the friction force making the rolling of the spin
axis possible. Therefore, the gyroscopic moment enforces a kinematical
constrain between the rotational velocities of the spin axis and the ring.
When synchronization of the angular frequency of the ring to the peak
frequency of the wave loading takes place, the responses of the ring and
the flywheel become almost harmonic. This phenomenon is the basic
reason for the functioning of the system. At synchronization, this
means that the generated electric power becomes almost constant in
time, making the need for additional power electronics unnecessary
before the power can be supplied to the grid. In our previous study
Nielsen et al. (2015), it is shown that the GyroPTO device performs well
in monochromatic waves, and at synchronization the rotational speed
of the ring is equal to the wave angular frequency. However, synchro-
nization of the device is easily lost in irregular sea waves.

In this paper, the performance of the GyroPTO point absorber in
irregular sea waves is investigated. In order to improve the stability
(synchronization) margin of the device, a magnetic coupling mechan-
ism is added between the spin axis and the flywheel, which acts as a
linear viscous damping mechanism on the flywheel. Theoretical
modeling of the GyroPTO with magnetic coupling has been carried
out by means of analytical rigid body dynamics, and 4-degree-of-
freedom (4-DOF) nonlinear model is established. The damping con-
stant of the magnetic coupling and the generator gain turn out to be the
two design parameters that influence the stability of the device, which
in principle make the semi-active control of the device possible.
Furthermore, based on linear wave theory, the hydrodynamic moments

acting on the float are calculated as superpositions from the quasi-
static buoyancy moment, the radiation moment and the external wave
excitation moment. Rational approximation is performed on the
frequency response function of the radiation damping moments,
resulting in an extended state vector formulation of the GyroPTO-wave
system. Simulation results show that the introduced magnetic coupling
mechanism successfully improves the stability of the GyroPTO in
irregular sea waves. With given significant wave height and peak
frequency, synchronization of the device is more easily maintained in
narrow-banded waves than in broad-banded waves. This means larger
values of the generator gain can be chosen in narrow-banded waves,
leading to larger power output. Finally, influence of the generator gain
and the damping constant of the magnetic coupling on the performance
of the GyroPTO has been evaluated, considering different values of the
significant wave height. This study also enables further investigation of
semi-active control of the GyroPTO device for optimal performance in
irregular sea waves.

2. Modeling of the GyroPTO point absorber with magnetic
coupling

Based on rigid body dynamics, a 4-DOF nonlinear model is to be
established for the GyroPTO device with magnetic coupling. The DOFs
are φ t( )1

1 , φ t( )3
1 , ψ t( ) and ω t( ), where φ t( )1

1 and φ t( )3
1 represent the

rotations of the lever and float (the external structure), ψ t( ) represents
the rotational angle of the ring and ω t( ) represents the rotational angle
of the flywheel.

2.1. Kinematic constrain due to the gyroscopic moment

As show in Fig. 1, the GyroPTO point absorber consists of a lever
rigidly connected to a float with a ring and a flywheel inside. In the
other end the lever is simply supported at a point O. The float of the
GyroPTO device is made up of two semi-spheres (diameter d)
connected with a cylindrical part (height c), see Fig. 2. The spin axis
of the flywheel has the radius r1, and the inner radius of the ring is r2. If
the ring is set in motion with an angular frequency (angular velocity)
ψ t˙ ( ), a gyroscopic moment J ω t ψ t˙ ( ) ˙ ( )1

4 on the spinning flywheel is
generated according to the law of moment of momentum, where J1

4

is the polar mass moment of inertia and ω t˙ ( ) is the angular spin
frequency of the flywheel. This moment produces the necessary contact
force between the spin axis and the inner side of the track, providing
the friction force to make the rolling of spin axis possible. With the sign
definitions given in Fig. 3, the no-slip rolling of the spin axis on the
track implies the following non-holonomic constrain between the
angular frequencies of the spin axis and the ring:
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Fig. 1. The GyroPTO point absorber. a) Schematic view. b) Scaled model of the GyroPTO device in the lab.
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