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1 Introduction

This report summarizes the work done by Aalborg University (AAU) for the project “Gyro
electric energy converter theory and analysis” (Olsen, 2015). The project’s objective is to build
a theoretical knowledge about gyro electric energy conversion systems, particularly for use in
connection with wave energy.

The JolTech wave energy converter was first conceived in 2010. The Gyroscopic power
take-off (GyroPTO) has the operational principle similar to the gyroscopic hand wrist exer-
ciser (Gulick and O’Reilly, 2000). The system is made up of a spinning flywheel with its spin
axis in rolling contact to a ring (figure 1). In a synchronized state, the rotational speed of the
ring is equal to the wave angular frequency. In this state, the flywheel is running at almost
constant speed, so the generated power from the generator becomes constant as well, making
the need for additional power electronics unnecessary before the power can be supplied to the
grid.

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:

Lever

Float

Ring

Flywheel

Spin axis

a b

Fig. 1. The GyroPTO point absorber. a) Schematic view. b) Scaled model of the GyroPTO device in the lab.
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Figure 1: (a) Schematic view and (b) scaled model of the GyroPTO device, from Zhang et al.
(2017).

In a previous study (Nielsen et al., 2015), it is shown that the GyroPTO device performs
well in monochromatic waves, but synchronization of the device is easily lost in irregular waves.
Results from scaled model tests support these findings, where a capture width ratio of ap-
proximately 33% was measured in regular waves. However, a completely different picture was
obtained from irregular waves: the performance was generally very unstable, and the system
hardly absorbed any power (Kramer and Kofoed, 2016; Kramer et al., 2015).

To improve the performance of the device in irregular seas, a magnetic coupling mechanism
has been proposed between the spin axis and the flywheel, which acts as a linear viscous
damping mechanism on the flywheel. The idea of this mechanism is to reduce fluctuation of
the spinning velocity of the flywheel, and hence stabilize the synchronization of the GyroPTO
device. The performance of this mechanism is the subject of the following section.

2 Performance at Nissum Bredning

The performance of the coupling mechanism has been investigated theoretically by (Zhang et al.,
2017). The theoretical modelling of the GyroPTO was carried out using analytical rigid body
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dynamics, and linear wave theory was applied to calculate the hydrodynamic moments acting
on the float. A detailed description of the model, including the magnetic coupling mechanism,
is given in the paper. The paper has been reviewed in connection to the writing of the current
report, and a major error in the numerical code was found and corrected. The numerical results
in the paper by Zhang et al. (2017) are therefore incorrect, and so are the conclusions. In the
following, new simulations with the corrected code are included.

To have an idea of how well the device performs in typical wave climates, the perfor-
mance of GyroPTO in Nissum Bredning is investigated numerically. The numerical model
is implemented in MATLAB, and two MATLAB codes, Nonlinear 14StateVector.m and
WaveExcitationForce.m, constitute the basis of the analysis. The first code evaluates quanti-
ties such as the angular velocities and power output of the device. Among the input vari-
ables are the generator gain cg and the damping coefficient cc. The code takes as input
pre-calculated time series of the excitation moments (as .mat files), which are generated by
WaveExcitationForce.m based on the JONSWAP spectrum.

The wave scatter diagram at Nissum Bredning is provided by Nielsen and Pontes (2010,
page 28), where the sea states are described in terms of the significant wave height Hs and peak
period Tp (see figure 2). The mean wave power resource at this location is 0.22 kW/m.

Figure 2: Wave scatter diagram at Nissum Bredning (Nielsen and Pontes, 2010), showing the
probability of occurence in %.

The device at Nissum Bredning was designed to have a diameter of 1.5 m. The simulation is
performed at lab scale, where the scale of the device at Nissum Bredning relative to the lab scale
is given as 2.57 (Kramer et al., 2015, page 9). Therefore, the corresponding Hs and Tp at lab
scale are obtained by dividing the Nissum-scale Hs and Tp by 2.57 and

√
2.57, respectively. Time

series of excitation moments (at lab scale), each 2000-second long, are generated and stored for
each of the sea states having probability of occurence greater than zero. The peakedness factor
γ = 3.3 is used for the JONSWAP wave spectrum.

Three cases are considered, depending on how the damping coefficient cc and generator gain
cg are selected for each sea state. In all cases, synchronization and hence a stable power output
have not been found.

Case 1 uses constant values of (lab-scale) damping coefficient cc = cc0 = 0.052 Nms and
generator gain cg = cg0 = 3.5 × 10−4 Nms for all sea states. These were the base values used
by Zhang et al. (2017). The instantaneous captured power as a function of time, for each sea
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Figure 3: Instantaneous captured power for case 1, cc = 0.052 Nms and cg = 3.5× 10−4 Nms.
The extents of the horizontal and vertical axes of each plot are 3000 seconds and 50 W.

state, is shown in figure 3. As seen from figure 3, the power in case 1 declines quite rapidly to
zero for all sea states.

For case 2, cc = 0.052 Nms is kept constant for all sea states, while cg is optimized to
maximize the mean power output for each sea state. The MATLAB function fminbnd is used
for this purpose and so the problem is cast into a minimization problem with the objective
of minimizing the inverse of the mean power. The values of cg are kept within the interval
0.5 cg0 < cg < 2 cg0. The optimized cg values are shown in figure 4. As seen from figure 5, the
power declines quite rapidly to zero in case 2.

For case 3, both cc and cg are optimized for each sea state. The MATLAB function
fminsearch is used, and cc and cg are kept within the intervals 0.6 cc0 < cc < 1.4 cc0 and
0.5 cg0 < cg < 2 cg0, while cc = cc0 and cg = cg0 are used as the starting values. Since it is
not possible to specify the lower and upper bounds directly as arguments in fminsearch, the
bounds are enforced by letting the mean power output be very small whenever the bounds are
exceeded. The optimized cc and cg values are shown in figure 6. As seen from figure 7, the
power also declines quite rapidly to zero in case 3.
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Figure 4: Optimized cg matrix (in 10−3 Nms) for case 2, cc = 0.052 Nms.
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Figure 5: Instantaneous captured power for case 2, cc = 0.052 Nms and cg optimized.
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Figure 6: Optimized cc (in Nms) and cg (in 10−3 Nms) matrices for case 3.
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Figure 7: Instantaneous captured power for case 3, both cc and cg optimized.
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3 Conclusion

The proposed magnetic coupling mechanism has not been found able to improve the stability
(synchronization) of the GyroPTO in a realistic wave climate, i.e. Nissum Bredning. As seen
from the simulation for the three cases, the absorbed power declines quite rapidly to zero no
matter the choice of the control gains.

It appears that to improve the performance of the GyroPTO in irregular sea would require
more sophisticated solutions. Some suggestions include properly changing the value of the
generator gain in real time using a certain semi-active control law. Improving the performance
of the current device is, however, likely to be challenging. Major modifications or completely
new inventions integrated in a different setup could possibly be a better path to take, but it is
not within the project’s current scope of work to perform such investigations.
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