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Abstract

One of the biggest challenges in converting wave energy is to enable the use
of low frequency waves, since the highest waves in typical sea states have low
frequencies, as can be seen from the corresponding wave spectra, such as the
Pierson-Moskowitz or JONSWAP spectra. In this paper, we show that this
challenge is indeed achievable for the operation of small autonomous drifting
sensor platforms. We present the design and optimization of a compact wave
energy converter that freely floats in random sea waves. An optimization
of the dynamical behavior as well as the electromagnetic power take-off is
conducted based on simulations and experiments. The platform has com-
pact dimensions of 50 cm draft and 50 cm diameter, which leads to special
requirements for size and appearance. To meet these requirements, a two-
body self-reacting point absorber is designed and a flux switching permanent
magnet linear machine is developed for the power take-off. The developed
system is validated by experiments in a wave flume and the linear genera-
tor is analyzed on a test bench. A coupled model is used to simulate and
optimize the corresponding mechanical system, which leads to an increased
output power from below 10 mW for the simulated initial setup to a power
output of more than 100 mW in the simulation. Simulations and experiments
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are performed for regular and random waves in order to provide realistic ap-
proximations of the total output power.

Keywords: Wave Energy Converter, Linear Generator, Drifter, energy
harvesting, SRPA, FSPMLM

1. Introduction

As the climate crisis progresses, high-resolution climate models and reli-
able in situ measurement data from the ocean become more and more vital
to us. One possibility to obtain measurement data with high spatial resolu-
tion is to use low-cost sensor Drifters. These relatively small sensor platforms
(Fig. 1) are deployed in large quantities in the ocean in order to observe ocean
currents and collect measurement parameters that are valuable for marine
science and meteorology. As instrumentation increases, so do the power re-
quirements of these sensor Drifters. Drifters powered only by batteries have
a limited life span, which requires long-term applications that span months
and even years to take advantage of energy harvesting [1]. While solar en-
ergy is a common choice for drifting sensor platforms, wave energy with its
high availability becomes particularly interesting for long-term applications
of small platforms with little space for solar panels or for applications in
polar regions with limited sunlight. In the scope of this work, the Drifter
design shown in Fig. 1 is extended by a wave energy converter (WEC) for
ocean Drifters.

(a) (b)

Buoy

Drogue

(c)

Figure 1: a: Deployed multi-sensor Drifter swimming in the water; b: Drifter in the air
before deployment; c: 3D model of a Drifter with annotations.
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1.1. State of the Art
The conversion of ocean energy is becoming increasingly relevant as a

renewable energy source. A particular interest is addressed to large WECs
used in big power plants [2] but due to its high availability, ocean wave en-
ergy harvesting is more and more considered in the field of ocean monitoring.
Underwater glider are autonomous underwater vehicles (AUVs) that demon-
strate potential methods of energy harvesting in the ocean. A prominent
example is the wave glider [3], which uses wave energy for its propulsion.
Other gliders use various methods of kinetic [4] or thermal [5] energy har-
vesting. Moored sensor buoys, used to monitor fixed offshore points, can use
the concept of a point absorber, where the mooring line is used as a rigid
reference point, allowing to harvest large amounts of energy from the relative
motion in the wave [6].
In this paper, we are concerned with freely drifting sensor buoys without
mooring as a rigid reference. One example is a ball-shaped wave Drifter, for
which different means of kinetic energy harvesting were developed. Caran-
dell et al. [7] first presented a small kinetic energy harvester based on a
gyro pendulum and later presented a different approach of a rolling mass
energy harvester [8]. Similar approaches are presented by Shi et al. [9] using
piezoelectric vibrational energy harvesting and Li et al. [10] using a swing
body mechanism. Spherical Drifters are more suitable for wave studies and
near-shore applications [11]. Drifters for surface current measurements, such
as those discussed in this paper, require a drogue (Fig. 1c) to reduce wind-
and wave-induced influence [12, 13]. The drogue serves as a sail in the water
current and has a stabilizing effect, which significantly reduces the platform
roll. The relationship between the electrical output and the pitch degree of
freedom was studied by Rodrigues et al. [14] who investigated triboelectric
nanogenerators for kinetic wave energy harvesting. A significant dependency
of the platforms dynamics on the power output indicates that kinetic energy
harvesting from rolling might be a good solution for buoys but is much less
efficient for an upright sensor Drifter with drogue.
Other energy harvesting concepts for upright floating sensor buoys make use
of the relative motion in the water. Joe et al. [15] implemented a self-
rectifying wave-induced turbine below the water surface which is powered
from the up and down motions in the waves. A similar concept was ap-
plied to a Drifter of the Surface Velocity Program (SVP) [16] by Wu et al.
[1]. In that work it is shown that a counter-rotating wave energy converter
can be used to power a small scale drifting sensor buoy. The presented pre-
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vious works require a comparably high constructional effort, which hinders
a cost-effective manufacturing and the exposed turbines and rotors can be
susceptible to contamination.

In this paper, we propose a novel, low-cost approach for wave energy
harvesting on mooringless sensor buoys by applying a minimalistic concept
of a self-reacting point absorber (SRPA) [17] to the sensor Drifter. The
SRPA is a two-body system for wave energy conversion that requires relative
motion between the buoy and the drogue, which then both act as float and
reacting body respectively. Numerous experimental and simulative studies
have been conducted to investigate the hydrodynamic excitation forces acting
on the plate and buoy, see for example [17, 18, 19, 20]. The corresponding
motion of the two components was analyzed with reduced complexity. Most
simulations and experiments so far have been performed for regular waves and
the considered mechanical system has been studied only in larger dimensions
and power classes, e.g. [17, 21, 22].

The power take-off of the WEC can be implemented by an electrical gen-
erator in the buoy. Since the motion of an SRPA is linear, a direct-drive
linear generator has the great advantage of a simple design and implementa-
tion. A transmission of the motion into a rotation is not considered to reduce
complexity and a direct-drive linear generator is developed. Linear genera-
tors for kinetic wave energy harvesting use various generator concepts, but
the functionality at low translation speeds and high thrust forces is a critical
design factor [23]. To provide a brief overview, a distinction can be made
between three basic functional principles.

The synchronous permanent magnet linear machine (SPMLM)
is most commonly used as a motor but can also function as a generator. In
its special variant as a double-sided generator [24] or with Halbach array
configuration [25], the machine can be specially adapted for wave energy
conversion. With a SPMLM, the magnets are located on the translator,
which increases the weight, constructional effort and costs of the translator,
especially when being in Halbach configuration. With the aim for a simple
and low-cost system, the placement of magnets and coils on the shorter
armature - the stator- is therefore a more appropriate choice.

This is given by two other linear generators types considered here, the
variable reluctance linear machine (VRLM) and the flux switching
permanent magnet linear machine (FSPMLM). The low efficiency of
traditional VRLMs makes this design unsuitable for ocean environments that
have high thrust force and low speed [26]. On the other hand, FSPMLMs

4



have the advantage of high switching frequencies at low translator speed and
are therefore often used as WEC. The design principles for a flux switching
machine were first introduced by Rauch et al. [27] and optimized in several
publications on flux switching rotary machines [28, 29]. For linear applica-
tions, the FSPMLM is implemented as either a planar machine [30, 31], the
related vernier hybrid machine [23] or as tubular machine [32, 33]. A tubular
FSPMLM [34] is due to its high power density and efficiency superior to the
planar linear structures [35]. Furthermore, the manufacturing of a tubular
structure is more cost-efficient and the design is simple and easy to integrate
into the Drifter’s housing. Therefore, the concept of a tubular FSPMLM is
selected and designed in the following.

In this paper, the concept of an SRPA is applied for the first time to
a small sensor platform for energy harvesting. We discuss the problems of
miniaturization and optimize both mechanical dynamics and electromagnetic
energy conversion in order to overcome them. Simulations and a series of
experiments are conducted for optimization and development. Since most
previous studies have considered only the regular sea state, we also consider
irregular seas for optimization in realistic wave conditions. The generator
design is based on the concept of a FSPMLM and proposes a novel pole
and stator arrangement that allows sufficient voltage values even at small
amplitudes and low frequencies. The objective of this paper is to present
the design and optimization of a compact and low-cost WEC based on the
concept of an SRPA, which meets the dimensions and requirements of a small
ocean Drifter, in irregular seas.

1.2. System Requirements and Application

Ongoing development of a low-cost multi-sensor platform [36, 37] shows
that typical average power demands of a Drifter ranges from 10mW (GPS
-tracking every 5 minutes) to above 100mW (multiple sensors and satellite
transmission every 5 minutes). The size of a Drifter depends on its applica-
tion. The dimensions for low-cost platforms are essentially limited to allow
good handling, while deploying large quantities from a ship. Established
solutions show a diameter of 20 cm to 40 cm for the floating buoy and an im-
mersion depth of 40 cm to 60 cm [38, 13]. The lower part of the Drifter, the
drogue, has a vertical cross-section of about 40 cm. To keep the Drifter afford-
able for massive deployments, the design should follow a simplistic approach.
The WEC to be developed should therefore be simple and cost-effective.
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1.3. Outline

The content of this work is as follows: First, the equations of motion of
the considered system are derived and validated through a series of exper-
iments in section 2. Then a linear generator is designed and optimized for
the electromagnetic power take-off of the WEC in section 3. The generator
design is selected based on conceptual considerations and a parametric FEM
simulation analysis. The generator is implemented and tested on a testbench
to validate the FEM results and show the potential power output of the de-
veloped system. In section 4, the mechanical and electromagnetic model are
coupled to allow optimization of the mechanical setup for different sea con-
ditions. Thereby, the power output of the optimized system in irregular seas
is estimated based on simulations. Finally, this work ends with a conclusion
in section 5.

2. Modeling of a Two-Body Wave Energy Converter Excited by
Water Waves

The Drifter design considered here is inspired by established designs for
compact and affordable Drifter, such as CARTHE Drifter [38] or the Drifter
of Meyerjürgens et al. [13]. The simplified adaptation of the design is shown
in Fig. 2a and consists of a cylindrical buoy with a submerged circular plate,
which replaces the Drifters drogue. The effects of the vertical plates on the
drogue are not considered in this stage, since their influence on the vertical
motion is small. Reducing the model complexity allows an analytic analysis
of the construction, which leads to insights that can be taken into account
in the design of the WEC-Drifter. Thereby, the pitch motion of the system
is neglected and only the heave motion of the buoy and plate is considered.
Both parts of this two-body wave energy converter are forced by respective
hydrodynamic forces, which appear in the corresponding equations of motion
and have to be calculated first.

2.1. Description of the Mechanical System

The buoy is located at the water surface and connected to the submerged
plate by means of a connecting rod and a spring. The connection rod runs
through the buoy and is also present above the water surface. The buoy,
connection rod, and plate have a radius of Rb, Rc and Rp, respectively.
The respected distances between the water surface and the lower boundary
of the buoy, connection rod, and plate are b, e1 and e2. The coordinate
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system (x, y, z) is located at the water surface in the absence of any water
wave and the water depth is denoted by h. A sketch of the resulting two-
body wave energy converter is shown in Fig. 2b. Due to an installed power
take-off system, energy can be extracted from the relative motion between
the floating and submerged body. This energy extraction induces electrical
damping in the system. In combination with the mechanical friction, this
overall damping is considered by means of a damper fixed between the two
bodies. Thereby, a linear and nonlinear damping force is assumed. Fig. 2c
visualises the resulting connection of the two bodies.

Buoy

Connection
Rod

Plate

(a)

he2e1

Rp

Rc Rb
bz

x
y

(b)
Translator

Stator

(c)

Figure 2: a: Simplified Drifter design for WEC-analysis with descriptions; b: Parameter
names for the parameterised model of the two-body WEC; c: Concept sketch of the WEC
buoy with spring and electromagnetic damping.

2.2. The Equations of Motion of the Mechanical System in Regular Waves

In order to gain first insights in the system dynamics, the pitch motion
of the system is neglected and only the heave motion of the buoy and plate
is considered. Then the corresponding equations of motion are given by

m1ξ̈1 = −m1g + Fs + Fd − λexp,1ξ̇1 +

∫∫
S1

p(x, y, z, t)n3dS,

m2ξ̈2 = −m2g − Fs − Fd − λexp,2ξ̇2 +

∫∫
S2

p(x, y, z, t)n3dS,

(1)

whereby ξ1 and ξ2 are the respective heave displacement of the buoy and
plate with respect to the equilibrium position in still water, at which ξ1
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and ξ2 are zero; m1 and m2 are the respective masses of the buoy and the
combination of the rod and the plate; S1 and S2 are the respective wetted
surfaces of the buoy and plate; g is the acceleration due to gravity; p is
the hydrodynamic pressure, which acts on the corresponding bodies; n3 is
the vertical normal vector, which points out of the fluid; Fs and Fd are the
spring and damping forces, which are acting at the connection points; λexp,1
and λexp,2 are the respective tuning parameters, which are used in order to
make simulation and experimental results comparable.

In this section, only regular waves are considered. For this, the water
displacement of amplitude A, frequency ω and wave number ke is given by

η(x, t) = Re{A exp(i(kex− ωt))} with ω2 = keg tanh(keh). (2)

In section 2.6, the system behavior is validated in a wave flume with a small
water depth. Therefore, water depth h has been incorporated into Eq. 2,
even though the mechanical system is deployed primarily in deep water. The
computation of the corresponding pressure p is described in Appendix 1.
Thereby, potential flow theory and the results of Olaya et al. [20] are used.

Using a linear stiffness force

Fs = F0 + κs(ξ2 − ξ1) (3)

with stiffness constant κs, the equations of motion can be written as[
m1 + µ1,1 µ2,1

µ1,2 m2 + µ2,2

] ¨(ξ1
ξ2

)
+

[
λ1,1 + λexp,1 λ2,1

λ1,2 λ2,2 + λexp,2

] ˙(ξ1
ξ2

)
+

[
ρπg(R2

b −R2
c) + κs −κs

−κs ρπgR2
c + κs

](
ξ1
ξ2

)
= Re

{[
Af1e

−iωt

Af2e
−iωt

]}
+

(
Fd

−Fd

)
.

(4)

In this equation, F0 is the force of the spring at equilibrium in the absence of
water waves; µj,k and λj,k are the respective added mass coefficients and hy-
drodynamic damping coefficients for heave of body k resulting from a heave
motion of body j, where j, k ∈ {1, 2}; fk is the hydrodynamic excitation force
acting on body k, whereby k ∈ {1, 2}. All added mass coefficients, hydrody-
namic damping coefficients and hydrodynamic excitation forces depend on
the geometry of the system, wave frequency ω and water depth h. For the
computation of Eqs. (4), the balance of forces in z-direction in the absence
of water waves has been incorporated:

m1g = ρπg(R2
b −R2

c)b+ F0, m2g = ρπg(R2
p(e2 − e1) +R2

ce1)− F0. (5)
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The equations of motion (4) are a generalization of the equations found
by Liang et al. [21], who have neglected the radius of the connection rod Rc.
Moreover, they assumed that the submerged body is deployed far enough
from the floating body and free surface such that the added masses (µ1,2, µ2,1)
and the hydrodynamic damping (λ1,2, λ2,1) can be neglected. In this paper,
the hydrodynamic coefficients µj,k, λj,k, and fk are computed analytically
using the approach of Olaya et al. [20]. Finally, Liang et al. [21] have assumed
a linear damping force Fd. Here, a nonlinear damping force of the form

Fd = Fel + Fmech (6)

is considered, where Fel is the damping force resulting from energy harvesting
and

Fmech = d1(ξ̇2 − ξ̇1) + d2|ξ̇2 − ξ̇1|(ξ̇2 − ξ̇1) + d3(ξ̇2 − ξ̇1)3 (7)

is the velocity dependent damping force due to friction. Thereby, the coef-
ficients d1, d2, and d3 are determined by means of free decay tests. Therefore,
Eq. (4) gets nonlinear, if the damping from Eqs. (6) and (7) is used. Details
concerning the computation of Fel are be described in section 3.

In the simulation, a cylindrical rod with constant diameter is used, such
that the hydrodynamic coefficients µj,k, λj,k, and fk can be computed analyt-
ically (see Appendix 2). However, in the experimental setup, the geometry
has a slightly different shape close to the connection between rod and buoy,
c.f. Fig. 2. This difference is accounted for by using additional parameters
λexp,k in the simulation, which can in general only be computed by matching
the response of the system with experimental results. Moreover, these pa-
rameters include the viscous damping coefficients, which represent the force
due to viscous drag. These coefficients are considered and experimentally
computed for example by Beatty et al. [17].

2.3. Computation of the Starting Position

In order to simulate the system behavior for different geometric and mass
configurations, it has to be ensured that the immersion depths of the buoy b
and the plate e1 are chosen correspondingly. Therefore, the balance of forces
in z-direction is considered once again. Defining d as the thickness of the plate
and ` as the distance between the buoy and plate for a relaxed spring, the
spring force in the absence of water waves, F0, is given by F0 = κs(`−(e1−b)).
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Inserting this in Eq. (5) leads to[
ρπg(R2

b −R2
c) + κs −κs

−κs ρπgR2
c + κs

](
b
e1

)
=

(
m1g − κs`

m2g + κs`− ρπgR2
pd

)
. (8)

In each simulation, the conditions b > 0, e1 > 0, and e1 > b have to be
ensured.

2.4. Modeling of Irregular Seas

In order to simulate a realistic sea surface, a superposition of many har-
monic waves is used. For this, waves with frequencies ω, corresponding wave
numbers ke(ω) and amplitudes A are superposed, whereby the amplitudes are
obtained from the corresponding one-sided spectral density S(ω), cf. [39, 40].
Common sea spectral densities S(ω) are the Pierson-Moskowitz spectrum for
deep water and the Joint North Sea Wave Project (JONSWAP) spectrum for
shallow water waves. Given a sea spectrum S(ω), the irregular long-crested
sea surface can be determined by

Z(x, t) =

Ncomp∑
n=1

cos(ωnt− ke(ωn)x+ ε(ωn))
√

2S(ωn)∆ωn, (9)

whereby the spectrum is discretized in Ncomp parts with respective widths
∆ωn and frequencies ωn ∈ [ωmin, ωmax], which do not need to be equidis-
tant. Furthermore, ε(ωn) is a phase shift, which is randomly distributed in
the interval [0, 2π]. In the following, results for the Pierson-Moskowitz and
JONSWAP spectrum will be used, which can both be described by the peak
frequency ωP and the significant wave height Hs. If not explicitly mentioned,
in all further calculations the peak frequency ωP = 1 rad/s and significant
wave height Hs = 2 m are selected.

2.5. Simulation of the Response of Random Waves

The motion of the buoy and the plate, which are excited by a harmonic
wave on frequency ω, can be described by solving Eq. (4). In contrast to
this, an irregular sea is described by a sum of harmonic waves, cf. Eq. (9).
Therefore the question arises of how to compute the response of the system
in irregular seas.

In this work, we compute the motion in irregular seas using a constant
average value for all µj,k and λj,k. For a given sea spectrum, µj,k and λj,k are
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determined at ω = ωP, such that the response for waves with peak frequency
ωP is accurate. Using

µ̄j,k := µj,k(ωP), λ̄j,k := λj,k(ωP) for j, k ∈ {1, 2}, (10)

the equations of motions for irregular seas given by Eq. (9) can be stated as[
m1 + µ̄1,1 µ̄2,1

µ̄1,2 m2 + µ̄2,2

] ¨(ξ1
ξ2

)
+

[
λ̄1,1 + λexp,1 λ̄2,1

λ̄1,2 λ̄2,2 + λexp,2

] ˙(ξ1
ξ2

)
−
(
Fd

−Fd

)
+

[
ρπg(R2

b −R2
c) + κs −κs

−κs ρπgR2
c + κs

](
ξ1
ξ2

)
=

Ncomp∑
n=1

Re

{[
An(ωn)f1(ωn)e−iωnt

An(ωn)f2(ωn)e−iωnt

]}
.

(11)

Here, Ncomp is the number of harmonic components in the irregular sea;
ωn is the wave frequency of the n-th harmonic component with correspond-
ing wave amplitudeAn(ωn) =

√
2S(ωn)dωeike(ωn)x+iε(ωn), wave number ke(ωn)

and phase shift ε(ωn) obtained from Eq. (9); the parameters µ̄j,k, λ̄j,k, f1(ωn)
and f2(ωn) are computed for the position of the mechanical system in still
water. Thereby, it is assumed that the mechanical system is moving around
the position in still water, such that the mean values of the mentioned param-
eters are given by their values for the position in still water. In the following,
the system is assumed to be placed at x = 0 m. In the next section, the
simulations are compared to experimental results.

2.6. Validation of Mechanical System Behavior

Before the energy output of the simulations can be investigated, the be-
havior of the mechanical system has to be validated first. In the following
the system is considered without the generators electrical damping force Fel

from Eq. (6).
In order to validate the mechanical model, an experimental setup has been

constructed, where the motions of the mechanical system corresponding to
different water waves can be measured. The experimental setup is shown
in Fig. 3a. The dimensions given in Tab. 1 are chosen to be comparable to
established drifter designs stated in section 1.2 and to fit the measurement
electronics at the same time.

The facility used to undertake the experiments is the wave flume of the
Institute of Mechanics and Ocean Engineering at Hamburg University of
Technology. Details of the wave flume are given in Tab. 2. The waves are
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Table 1: Parameter values of experimental setup.

Rb [m] Rp [m] Rc [m] m1 [kg] m2 [kg] d [m] ` [m] kf [N/m]
0.1275 0.149 0.0195 1.446 1.962 0.005 0.291 209

generated by a wave flap by a back and forth motion up to a flap angle
α. The type of movement of the flap generates different water waves, such
as harmonic and random waves. At the end of the wave flume a beach is
installed in order to reduce the reflection of water waves. A sketch of this
wave flume is shown in Fig. 3b. In all upcoming experimental results, a water
depth of h = 1.06 m has been used and the experimental setup is placed 6 m
away from the wave flap. Since Eqs. (4) and (11) only consider vertical
motions, the experimental setup is vertically guided by two rods, as shown
in Fig. 3a.

Table 2: Parameter values of wave flume.

Length [m] Width [m] Depth [m]
Maximum wave

height [m]
Maximum wave
frequency [Hz]

12 1.50 1.50 0.6 2

Guidance

Buoy

Plate

(a)

wave flap still water surface beach

1.5m

6m6m

α

(b)

Figure 3: a: Key components of the two-component wave energy converter and the guid-
ance; b: Sketch of wave flume at the Institute of Mechanics and Ocean Engineering at
Hamburg University of Technology.

The guidance leads to additional damping at the buoy, induced by me-
chanical friction. Together with the mechanical damping resulting from the
friction between the two bodies, the corresponding damping coefficients are
determined by free decay tests. Using a nonlinear ansatz, the summed damp-
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ing force is assumed to be of the form

Fdamp =

(
Fd + Fguidance

−Fd

)
, (12)

whereby Fd is given by Eqs. (6) and (7) and Fguidance is assumed to be of the
form

Fguidance = −d1,gξ̇1 − d2,g|ξ̇1|ξ̇1 − d3,gξ̇1
3
. (13)

Therefore, the damping force in the equations of motion (4) and (11) has to be
extended by the damping force of the guidance, Fguidance. The corresponding
damping coefficients from Eqs. (7) and (13), which were determined by free
decay tests, are given in Tab. 3.

Table 3: Damping parameters of experimental setup.

d1

[
kg

s

]
d2

[
kg

m

]
d3

[
kg · s
m2

]
d1,g

[
kg

s

]
d2,g

[
kg

m

]
d3,g

[
kg · s
m2

]
36.2180 −289.6304 590.8650 7.4556 −17.7224 11.9825

Finally, the experimental correction parameters λexp,1 and λexp,2 have to
be determined. In order to compute them, water waves of a prescribed wave
frequency were generated in the wave flume and corresponding simulation
data were fitted to the measured relative motion of buoy and plate. Thereby
it has to be noted that even if the waves generated by the wave flap are har-
monic, the length of the wave flume is finite and the beach can not absorb all
incoming water waves. Therefore, reflections disturb the harmonic structure
of the waves. In the simulation, this is taken into account by separating the
measured water signal into its harmonic components using a Fourier series
expansion and solving Eq. (11).

Figure 4 shows the measured water surface and relative motion together
with the resulting simulated relative motion of the buoy and the plate after
a settling time of 20 s. A capacitive sensor measures the water surface in
the wave flume, while a position sensor based on a potentiometer measures
relative motion. Thereby, a flap angle of α = 35◦ and an excitation frequency
of f = 0.45 Hz have been used. For the simulation, the correction values

λexp,1 = 110.9337 kg/s, λexp,2 = 8.5299 kg/s (14)

have been considered. As can be seen, for these values the simulation data
approximate the experimental data very well.
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Figure 4: Comparison of experimental (ξmeas) and simulation data (ξsim) for a flap angle
of α = 35◦ and an excitation frequency of f = 0.45 Hz.

To determine whether the simulation with the stated values of λexp,1 and
λexp,2 matches the experiment for other waves, different flap angles and wave
frequencies are considered. Because of the reflection of the water waves in
the wave flume, the amplitude of the waves is strongly depends on the flap
angle α and wave frequency f . This can be seen in Fig. 5, which depicts the
measured wave amplitude for different flap angles α and frequencies f .

The corresponding simulated and measured maximal amplitude of the
relative motion is compared in Fig. 6. For frequencies lower than f = 0.5 Hz
the simulations closely approximate the frequency-dependent relative motion
measured in the experiments. For frequencies above f = 0.5 Hz, the differ-
ence between simulated and measured relative motion becomes larger because
the relative motion in the experimental setup reaches its physical limits in
contrast to the unconstrained simulation. In addition it is also possible that
the buoy submerges under water, which leads to additional damping and in-
ertial forces. These forces are not accounted for in the simulation, so it is not
useful to compare simulation and experimental results for frequencies higher
than f = 0.5 Hz. In any case, seawater waves are unlikely to excite the buoy
at such high frequencies. As a result, Eqs. (4) and (11) are appropriate and
validated for modeling the vertical motion of the buoy and plate.
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Figure 5: Amplitude of measured water waves for different flap angles α and frequencies f .

(a) (b)

Figure 6: Simulated (sim.) and measured (meas.) maximum amplitude of relative mo-
tion between buoy and plate for different flap angles α and wave frequencies f shown in
two plots. a: 3D plot of the response amplitude of all evaluated flap angles and wave
frequencies. b: Corresponding 2D plot of the response amplitude for α ∈ {20◦, 30◦, 40◦}.

3. Design of Electromagnetic Power Take-off

For the conversion of the relative motion into electrical energy, a gen-
erator is designed in the following. The requirements for the generator
are determined from the dynamic analysis in the previous chapter and a
parametrisation of the selected generator concept is carried out. Finally,
an implementation is tested on a testbench and used for simulation model
validation.
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3.1. Generator Requirements

It is assumed that realistic seawater waves have the highest probability
to be in the range between 0.5 and 2 rad/s, which provide a relative motion
between 0 and 1 m/s. The generator should have the lowest possible cogging
force Fel in order to limit the damping force in the mechanical system. The
available acting forces between buoy and plate can be estimated from the
masses and accelerations of the experimental setup. In order to allow dy-
namic system responses, Fel should be kept below 10 N. The output voltage
of the generator must be high enough to allow current rectification and the
power output must be maximised, with a minimum power target of 10 mW
(section 1.2).

3.2. Generator Working Principle

The fundamental functionality of an FSPMLM described in several publi-
cations [27, 32, 41] consists of the translator and the stator armature (Fig. 7a).
The passive translator has a regular arrangement of translator poles with con-

Stator

Translator

(a)

MagnetCoil

(b)

(c)

Figure 7: a: 3D representation of FSPMLM consists of the components stator and transla-
tor; b: Implementation of the stator with visualisation of magnets and coils; c: FSPMLM
concept with translator plurality, magnetic flux indicated by green arrows.

stant pole pitch, the stator consists of stator slots with alternating coils and
magnets (Fig. 7b). Starting from the position shown in Fig. 7c, movement
by half a pole pitch results in a change of flux direction through the coil
due to the opposite magnetic orientation. After a complete movement of
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the translator by the distance of the pole pitch τp, the flux direction returns
to the initial state, which describes a full generator period. A continuous
movement leads to a continuous flux linkage and thus to the induction of an
electromagnetic force (EMF) in the coil. The frequency of flux switching is
determined by the speed of the translator and the pole pitch. The selected
FSPMLM design, shown in Fig. 7c, has a plurality of translator poles and
therefore has a slot/pole ratio of 2/3. Compared to other designs [33, 41, 42],
a plurality of poles enables fast flux switching even at low amplitudes and
speeds. This feature is particularly useful for wave energy conversion and
can be seen in several existing implementations [31, 43].

Large-scale flux switching machines are designed for three-phase sinu-
soidal EMF by choosing a multiple of three for the number of coils and
adjusting the translator spacing to implement a 120◦ phase shift between
coils [32, 43]. For this small energy harvesting application, the AC output
voltage of each coil is rectified to DC to charge the Drifter’s power supply.
Therefore, a three-phase voltage is not essential, so the number of coils and
the resulting tooth pitch can be chosen to fit into the Drifters dimensions.

3.3. Generator Design

In order to keep manufacturing costs low, the assembly consists of parts
easy to manufacture. Only rings, discs and inexpensive off the-shelf magnets
are used for the overall construction of the stator. The rectangular shape of
the poles simplifies the machining of the translator. Previous publications
[44] have shown how the magnetic flux can be optimized in the design, which
is neglected here to avoid much higher machining effort and cost. This work
focuses on a low-cost design and therefore omits the flux optimization and
investigates what performance can still be achieved.

The dimensioning of the generator is done in three steps. First, the design
of the stator is mainly determined by the availability of the components and
the requirements for the external dimensions. Then the influence of the pole
pitch of the translator is investigated. Finally, the shape of the translator
pole is adapted to the chosen pole pitch.

The most important evaluation criterion for the overall design is the con-
version efficiency of the generator. The design aims to maximise the elec-
tromagnetic conversion and minimise the cogging forces Fel to allow high
response amplitudes for the dynamic system.
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3.3.1. Stator Optimization

Fig. 8 shows one stator segment with its coil and two opposed magnets.
At the beginning the magnet dimension is selected, because many stator
parameters depend on it. In order to keep the cost of the magnets low,
standard dimensions are used. One of the largest standard neodymium ring
magnets found has an outer diameter of 40 mm, inner diameter of 25 mm,
height of 5 mm and a unit price of less than 5 €. The inner radius of the
stator is chosen to allow for a structurally stable translator while providing
enough space for the coil windings. A plurality of translator poles requires a
uniform stator slot pitch τs, which implies that the magnet width WM and the
coil width WC must have the same length. In order to allow high induction
voltage, the number of coil turns should be increased. Using a 0.1 mm coil
wire, the installation space of one coil allows 3000 turns. With the determined
parameters, up to four stator segments in a row can be arranged in the
Drifter. The resulting stator design is shown in Fig. 8 and the dimensions
can be seen in Tab. 4.

Figure 8: Visualisation of the stator parameter slot pitch τs, coil width WC, magnet width
WM and tooth width WS.

Table 4: Stator dimensions of the designed linear generator.

Outer radius
of stator

Inner radius
of stator

Outer radius
of translator

WM WC WS τs
No. of
coils

20mm 5.5mm 5mm 5mm 5mm 2mm 7mm 4

3.3.2. Translator Pole Pitch Optimization

For the given stator design, the translator must be parameterised to min-
imise cogging forces and maximise power output. Based on the rectangular
translator poles shown in Fig. 9, three design parameters can be adjusted:
pole pitch τp, pole width WT and pole height HT. In this section we examine
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Figure 9: Visualisation of the translator parameter pole width WT, pole height HT and
pole pitch τp.

the influence of pole pitch τp and in the following section we examine pole
dimensions by its width WT and height HT.
The pole pitch is determined by the slot/pole ratio, which is chosen close to
3/2 (Fig. 7c) to ensure a plurality of poles. With an exact ratio of 3/2, the
flux linkage of all four stator segments is synchronised and the force peaks
of the individual sections would add up and lead to undesirably high total
cogging forces. In order to achieve a uniform distribution of EMF and force
peaks, a relative pole shift δ can be added to the slot/pole ratio:

τp = τs ·
2

3± δ
(15)

For a uniform EMF distribution the pole shift has to be adapted to the
number of stator sections Ns, such that

δ =
1

Ns

⇒ τp = τs ·
2

3± 1
Ns

(16)

The phase shift between the coils for the EMF induction is then given by

φ = 360◦ · δ =
360◦

Ns

(17)

A three phase generator with a coil number Ns = 3, results in a phase
shift of 120◦. For the four coil system (Ns = 4) considered here, a uniform
EMF distribution over all coils leads to a phase shift φ = 90◦. If Ns is an even
number, the pole shift can be selected to multiples of δ. The shift 2δ = 1

2
for

a four coil system would distribute the EMF over the first and second coil
uniformly and synchronize linkage of the first and the third, as well as second
and the fourth coil. With a counter-pole arrangement of the magnets, this
leads to an in-phase induction in all coils simultaneously.
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For the here considered four coil setup, four possible pole pitch configu-
rations with uniform EMF and cogging force can be calculated. With a slot
pitch of τs = 7 mm, the possible pole pitches τp are given in Tab. 5.

Table 5: Possible pole pitch configurations with uniform EMF distribution.

τs
2

3+ 1
2

τs
2

3+ 1
4

τs
2

3− 1
4

τs
2

3− 1
2

4 mm 4.3 mm 5.1 mm 5.6mm

A FEM analysis is performed using a cylindrical 2D model of the genera-
tor and the simulation software ANSYS electronics desktop. Fig. 10a shows
a plot of the model with the resulting magnetic flux densities and Fig. 10b
shows the meshing resolution applied. ANSYS transient solver is used to
solve Maxwell’s equations for a moving translator at constant speed.

(a) (b)

Figure 10: FEM-Simulation setup shows the B-Fields of the generator in (a) and the
meshing in (b).

The optimization of the pole pitch requires a joint consideration of the
parameters of pole pitch τp and pole width WT, since the time behavior of
the flux linkage is influenced by the combination of both. For now the pole
height is set to a constant value of HT = 1.5 mm and will only be varied for
the optimization of the pole dimensions in the next section.

To allow a comparison between the results of translators with different
pole pitches τp, the simulation is carried out for one generator period and
the movement is considered relative to the pole pitch. At first, the translator
velocity is set to 0.1 m/s. An impedance-matched resistance of 500 Ω is used
as the load for each coil. Fig. 11 shows the results of the simulated parameter
variation for τp and WT. No solution exists for combinations in which WT >=
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(a) (b) (c)

Figure 11: Simulation results of the parametric simulation over the pole pitch τp and pole
width WT for the a: Electrical power b: Efficiency c: Ratio of power to max. cogging
force

τp, since the pole width always has to be smaller than the pole pitch. In
Fig. 11a the average electrical Power P el as the sum of all coils is displayed:

P el =
1

tp

∫ tp

0

4∑
i=1

Vi · Ii dt, (18)

Vi and Ii represent the voltage and current of the coil i and tp is the required
time for the translator movement by one pole pitch τp. It can be seen that
the average electrical power has maximum values for a pole pitch around 4
and 5 mm and a pole width close to the stator tooth width of WS = 2 mm.
The average mechanical power Pmech is calculated by the product of cogging
force Fel and velocity v. The efficiency η shown in Fig. 11b as the ratio of
P el to Pmech:

Pmech =
1

tp

∫ tp

0

Fel · v dt and η =
P el

Pmech

(19)

It is shown that η increases to a plateau for pole pitches greater than τp =
3.8 mm.

In order to allow a simultaneous consideration of the force and power,
the ratio of the average electrical power to the maximum force is shown in
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Fig. 11c. Fel,max is given by the maximum force peak in one pole pitch period:

Fel,max = max
t∈[0,tp]

Fel(t). (20)

It is noticeable that the calculated pole pitches in Tab. 5 show good results
in Fig. 11c. In particular, the pole pitch of τp = 5.1 mm has a high ratio for
a wide range of tooth width, but shows strong degradations with only small
deviations from the pitch value. Between τp = 4.0 mm and 4.3 mm a whole
range of pitches shows good results, but in a narrower band for the pole
width. Only the pitch of τp = 5.6 mm is not represented with good results in
Fig. 11c. Due to the slot pole ratio 2/2.5, the pole spacing τp becomes too
large to implement the principles of a flux switching machine.

Fig. 12 shows the corresponding flux linkage of the coils over time. The
EMF in all four coils are synchronised for τp = 4 mm. The phase shift for
τp = 4.3 mm and 5.1 mm evenly distributes the flux linkage as expected. In a
generator design that produces a very small output voltage, the synchronised
coupling of τp = 4 mm could be used to connect all the coils in series to
increase the total output voltage. In any other design, an even distribution
of flux linkage is advantageous to ensure a uniform charging current on the
DC side.

Figure 12: Flux linkage of all four coils for different translator dimensions.

3.3.3. Translator Pole Dimension Optimization

In order to analyze the influence of the pole shape by the width WT

and height HT displayed in Fig. 9, a parametric simulation is performed
for the pitches τp = 4 mm, 4.3 mm and 5.1 mm. Fig. 13 shows the results
for the three translator pitches over the entire parameter range in a 3D
plot and for a constant value of WT over the parameter of HT. It can be
seen that the electrical power is similar for all three pole pitch variants.
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The biggest difference occurs in the value of the maximum cogging force.
The translators with τp = 4 mm and 4.3 mm show large cogging forces over
the majority of the parameter range with the exception of a narrow local
minimum. The translator with 5.1 mm on the other hand shows a low cogging
force for almost the entire considered range. It is likely that for the first
two translators a very specific local minimum has been found, which can
exist in an ideal implementation, but is difficult to reproduce in an actual
implementation. The pole pitch of τp = 5.1 mm might be less prone to
manufacturing inaccuracies.

Figure 13: Simulation results of the parametric simulation over pole width WT and pole
height HT in a 3D-plot (top) and for a constant value of WT over HT (bottom). The
implemented translator dimensions T4.0, T4.3 and T5.1 are marked in the lower plots.

3.4. Linear Generator Testing

In the following, the linear generator is implemented to validate the FEM
results and to test the design using the test bench shown in Fig. 14. Based on
the parametric analyzes performed, the dimensions of the translator shown
in Tab. 6 are selected for implementation. The chosen dimensions have low
values for the cogging force and at the same time have a good ratio between
electrical power and force (cf. Fig. 13).

The testbench is implemented using a LinMot linear motor, a force sen-
sor and an implementation of the FSPMLM designed above. The excitation
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Table 6: Implemented translator dimensions.

T4.0 T4.3 T5.1
τp 4.0 mm 4.3 mm 5.1 mm
HT 1.5 mm 2.0 mm 1.25 mm
WT 2.0 mm 2.0 mm 1.5 mm

Force-
Sensor

Driving
Motor

FSPMLM
Generator

Figure 14: Testbench for the implemented generator (top) and the assembly parts of the
linear generator (bottom).

and data processing is controlled by a connected PLC, which allows arbi-
trary movements and the measurement of current and voltage. The designed
FSPMLM is made of inexpensive mild steel and the stator has the dimen-
sions described in Tab. 4. Fig. 14 shows the assembly of a magnet and a coil
on the bottom left and the individual components are shown side by side on
the right.

Three translator implementations (Tab. 6) are tested for a target speed
of 0.1 m/s. Due to the cogging forces of the generator and the constraints of
the testbench control loop, the actual speed of the translator is not perfectly
constant. In order to represent the actual motion profile of the measurement
in the simulation, the FEM analysis is carried out for a range of constant
speeds and fitted to the actual speed of the translator by a linear interpo-
lation. A comparison between the measurement and the linear interpolated
FEM results is shown in Fig. 15. The results are presented over the relative
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Figure 15: Comparison between measurement and simulation data for the movement of
one generator period with three different translator dimensions. Shown curves are voltage
output of single coil Vi, total electrical power over time Pel, mean power P el, cogging force
Fel and translator velocity v.

position of the translator with respect to the pole pitch. The continuous mea-
surement series is divided into sections of equal length by taking the modulo
of the absolute position through the pole pitch. The average of the series of
measurements is represented by the dashed line. It can be seen that the volt-
age curves of the simulation and the average measurement show very good
agreement in amplitude and phase for all three translator dimensions. Same
applies to the output power, especially when considering the mean power
P el which has similar values for all three translator dimensions. Over time,
the value of Pel strongly varies between the tree translator types. The syn-
chronous flux for the translator T4.0 results in large fluctuations in the output
power. On the other hand, T5.1 has a very uniform power distribution over
time.

The smallest cogging force peaks in the measurement results can be ob-
served with T5.1. For all translators, the force measurement is significantly
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larger compared to the FEM results, whereas T5.1 shows the smallest offset.
It is suspected that the local optima for T4.0 and T4.3 were in fact not exactly
met, while the low cogging force of translator T5.1 can be achieved even with
the applied manufacturing tolerances. But even T5.1 shows a large difference
between the simulated and the measured cogging force. As a second effect,
it is assumed that a radial offset of the translator to the stator contributes
to the mismatch. The radial offset leads to strong radial forces which act on
the installed bearings and lead to strong friction and thus to an increase in
the axial forces. This suspicion is confirmed by a test with a translator of
the same material with no poles and constant diameter. The movement of
the rod should require only a small effort due to the missing air gaps but was
measured to a constant force of > 20 N. A translator rod made from non-
magnetic aluminium shows a lower constant friction force of 3 N. Despite
high accuracy requirements, such radial mismatch is difficult to avoid. This
has a particularly high impact on translators with a small air gap, as more
magnetic material is available for axial forces. To reduce friction forces in
future applications, greater attention must be paid to the cylindrical coaxi-
ality tolerance. In addition, the force transmission of the connecting rod on
the translator must be well aligned, or a joint between the connecting rod
and translator can be used to reduce the transmission of radial forces. The
influences on the dynamic behavior have to be investigated in this respect.
From the available measurements, it appears that T5.1 offers the best ratio
between power and cogging force and is therefore selected for the design of
the generator.

3.5. Design Performance and Model Correction

In order to further analyze the performance of the selected design with
the translator T5.1, the generator is tested with a range of different translator
speeds. A series of FEM simulations allows a comparison with the measure-
ment results. It can be seen in Fig. 16 that simulation and measurement
show good agreement over the entire velocity range from 0.02 to 0.6 m/s.
Thereby, VRMS,i represents the root mean square of the voltage for a single
coil and P el describes the mean power for the sum of all four coils. Due to
the large number of coil turns, the voltage output has a sufficient level even
at low translator speeds. The minimum target power of 10 mW requires a
translator speed of 0.05 m/s. At 0.2 m/s the power is about 100 mW and has
a voltage level of 3 V. Higher translator speeds bring a significant increase
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in power. It should be noted that the movement is not uniform due to the
cogging of the translator and therefore speed and power peaks occur.

Figure 16: Comparison between measurement data and simulation for the translator T5.1.
Shown curves are the rms voltage of a single coil VRMS,i and the mean electrical power
P el.

The FEM model gives a good position and velocity dependent simula-
tive estimation of the power output. Only the generator forces of the FEM
simulation do not coincide with the measurement results (Fig. 17). Further
modeling of the entire system uses interpolated measurement data to allow
the simulative coupling of the actual generator implementation with the me-
chanical model. Fig. 17 shows a comparison of the interpolation data for the
measured forces FM and the simulated forces FS, which can be used for the
generator damping force Fel in the equations of motion in Eq. 6.

4. Model Coupling and Optimization

So far, the mechanical model of the WEC and the electromagnetic model
of the generator have been considered separately. In this section, the coupled
system is analyzed for the first time to allow an estimation of the expected
power output.

4.1. Model Coupling

For the coupling of the two systems, the developed equations of motion
of the dynamic model are joined with the generator damping force Fel. The
power output of the generator is calculated based on the WEC motion and a
FEM-Model data interpolation. Fig. 18 shows the excitation of the coupled
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Figure 17: Comparison between the measured cogging Force FM and the simulated cogging
Force FS of translator T5.1. The red and blue surface plot represents the interpolation of
the simulated or measured data points.

system with a regular wave at ω = 1 rad/s and an amplitude of 1 m. The
relative motion ξ2 − ξ1 results from the motions of the buoy ξ1 and the
plate ξ2 in relation to each other. To analyze the influence of the generator
damping force on the system dynamics, Fig. 18 compares two simulation
results with different generator forces. An ideal generator simulation with
very low cogging forces Fel = FS shows a larger system response than the
simulation based on the measured generator interpolation with Fel = FM.
This can also be seen in the power average Pavg over the considered time
period, as the simulation using the higher force interpolation FM produces
a lower power average of 150 mW compared to 200 mW generated by the
system using lower force interpolation FS. To allow a realistic approximation,
the generator force is implemented by the interpolation of the measured force
Fel = FM in the following.

4.2. Optimization of System Parameters

Since the electrical power output is related to the relative velocity, the
question arises how the system parameters stated in Tab. 1 can be influenced
such that the response amplitude of the relative velocity between the buoy
and the plate increases. Therefore, the relative velocity in irregular seas with
a broadband sea spectrum is studied. Using Monte-Carlo simulations, the
optimal system parameters are determined in the following way:

1. For a prescribed peak frequency ωP ∈ [ωmin, ωmax] and significant wave
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Figure 18: Simulation results of the coupled system. Relative displacement ξ2 − ξ1 (top);
Electrical power output Pel and average over time Pavg (middle); Generator damping force
Fel (bottom).

height Hs, generate an irregular seas for times t ≤ Tend.

2. Compute the corresponding relative velocities by solving Eq. (11) and
calculating the differences ξ̇1 − ξ̇2.

3. Compute the corresponding upper envelope of the relative velocity,
which is a smooth curve outlining the maxima of the relative velocity.

4. Compute a histogram over the generated envelope and normalize it by
the number N of all data points. Then

1

N

I∑
i=1

hi = 1. (21)

Thereby, hi denotes the number of times the relative velocity has a
value in the interval [(i − 1/2)vmax

I
, (i + 1/2)vmax

I
] for i ∈ {1, . . . , I},

whereby vmax is the maximal reached velocity and I is the number of
velocity intervals.

5. Do the first four steps for R ∈ N different peak frequencies ωP ∈
[ωmin, ωmax]. Sum up all counts in the R different histograms, where the
corresponding relative velocities are higher than a prescribed number Γ.
This sum is denoted by G.
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In point 3. of the simulation scheme, the envelope of the velocity is
used because by this means the maximal velocity values are represented and
can be optimized. In the following, the system parameters from Tab. 1 are
optimized with respect to the objective function:

maximizeG =
R∑

j=1

1

Nj

Ij∑
i=1

hi,j, for hi,j considering only relative velocities > Γ.

(22)
Thereby, hi,j, Nj and Ij are the respective values of hi, N and I from point 4.
of the simulation scheme for the j-th peak frequency ωP,j, j = 1, . . . , R. By
choosing Γ, the amount of relative velocities higher than Γ is optimized. If Γ
would be set to zero, then the velocities could also be very close to zero and
the optimization condition would be fulfilled, although no relative velocities
would occur in the system.

It has to be ensured that the geometry of the optimized system still meets
the requirements of compact Drifter dimensions. Therefore, in the optimiza-
tion process the optimization parameters are restricted. For the computation
of this optimization problem the interior-point method is used, see e.g. [45].
But also other gradient based optimization methods for the computation of
nonlinear programming problems can be used for the described optimization
problem. Tab. 7 summarizes the optimized system parameters for two dif-
ferent cases. In both cases, all radii are forced to be smaller than 0.5 m,
distance ` smaller than 0.5 m, thickness of the plate smaller than 0.2 m, both
masses smaller than 5 kg and the spring constant kf smaller than 300 N/m.
Moreover, the optimization is performed with respect to seas with a Pierson-
Moskowitz spectrum with peak frequencies [ωmin, ωmax] = [0.8, 1.2] rad/s and
fixed significant wave height Hs = 2 m or Hs = 3 m. Optimizations with these
two values for Hs lead to almost the same results for the optimized system
parameters, if starting from the optimized parameter values for Hs = 2 m.
Thereby, irregular seas with Ncomp = 100 harmonic components are simu-
lated for Tend = 40 000 s. The optimization algorithm maximizes the number
of counts in the histograms, where the corresponding relative velocities are
higher than 0.4 m/s, i.e. Γ = 0.4 m/s. For all simulations, damping param-
eters summarized in Tab. 3 and Eq. (14) are used. The electrical damping
force Fel from Eq. (6) is represented by the interpolation of the measured
generator force FM from section 3.

Fig. 19 compares the geometries of the resulting optimized WECs with
the experimental setup, whereby still water is considered. It can be seen that
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the system parameters of WEC A are more comparable with parameters of
the WEC in the experiment than the parameters of WEC B, which has a
small ratio of Rb/Rp and a far higher mass m1.

In order to compare the improved behavior of the optimized WECs and
the experimental setup of the WEC, Fig. 20 shows the corresponding normal-
ized histograms for peak frequencies ωP ∈ [0.1, 4] rad/s and Hs = 2 m for the
experimental WEC setup and the optimized WECs from two different per-
spectives. It is illustrated that the mechanical system corresponding to the
optimized parameters leads to a more broadband distribution of simulated
relative velocities for given peak frequencies than the initial experimental
WEC setup. Moreover, for frequencies lower than 1.5 rad/s, the optimized
parameters lead to higher relative velocities. Therefore, much more energy
can be harvested for a broadband sea spectrum from the WECs designed
with the optimized system parameters than with the parameters of the ex-
perimental WEC. In the next section, the amount of harvested energy is
studied.

Table 7: Parameter values of optimized system regarding a Pierson-Moskowitz spectrum
with peak frequency ωP ∈ [0.8, 1.2] rad/s and significant wave heights Hs = 2 m.

System Rb [m] Rp [m] Rc [m] m1 [kg] m2 [kg] d [m] ` [m] kf [N/m]
A 0.120 0.250 0.01 1.188 4.351 0.017 0.418 192.07
B 0.085 0.289 0.01 4.991 4.794 0.017 0.455 127.80

WEC Exp. WEC Opt. BWEC Opt. A

0
.5
m

Figure 19: Comparison of the dimensions between the implemented WEC prototype from
the experiments to the parameters of the optimized WECs. WEC from experiments on
the left, optimized WECs on the right.

It has to be noted that the maximal velocities are not reached by the opti-
mized WECs at frequencies around ωP ≈ 1 rad/s, for which the optimization
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Figure 20: Probability of response amplitude of relative velocity for different peak fre-
quencies ωP using the Pierson-Moskowitz sea spectrum. Results for the test system with
system parameters given in Tab. 1 on the left. Results for the optimized system with sys-
tem parameters given in Tab. 7 shown on the right. The results are given for a significant
wave height of Hs = 2 m.

has been performed but at frequencies around 3.5 rad/s. This is due to the
fact that for ωP ≈ 1 rad/s, both bodies have a large relative motion. But
since they are excited by waves with small wave frequency, the relative ve-
locity is slow. This can be optimized further if optimization parameters like
the distance ` are allowed to be bigger than the prescribed values, which
is conflicting with the compact Drifter dimensions. Moreover, it may hap-
pen in the simulations that the two bodies collide. Then, the simulation is
restarted, since at the time of the collision, extra impact forces would need
to be considered. The corresponding computations would need a very accu-
rate simulation of the impact itself, since the contact time is very short and
therefore the simulation of the impact needs a very short time step [46, 47].
This would make the simulation very time consuming. In addition to this,
the bodies only collide for a high relative motion, which rarely occurs.

4.3. Overall Power Output

In the following, the power output of the coupled system in irregular waves
is considered. In order to determine the expected value of the power output in
irregular waves, a series of simulations is performed for each peak frequency
ωP. As a result, the expected average power Pavg along with 95% confidence
intervals is shown in Fig. 21. The expected power output values for the
model from the experiment and the optimized designs A and B including the
coupling with the generator are compared. It is obvious that the optimized
systems represent a strong improvement in output power. Looking at the
wave spectra, the starting frequency for the experimental setup is relatively
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high at about 1 rad/s, which means that the expected output is insufficient
in typical ocean waves. For the optimized models A and B, this starting
frequency is lowered to about 0.5 rad/s, which promises a significantly higher
output power and enables the use in real seas. A real sea state with peak
frequency ωP = 1 rad/s and significant wave height of Hs = 2 m leads to
an expected power output of about 130 mW for system A and 180 mW for
system B.

It should be noted that the performance calculated here results only from
model simulations and actual implementation may yield lower performance,
especially when rectification, electrical circuits and power storage are taken
into account. However, the minimum performance requirements are much
lower and therefore can be met with both optimized systems. With its lower
mass and dimensions closer to the original system, model A is the preferred
variant, but using model B as an example, it can be shown that further
mechanical optimization is possible through variations in shape, weight and
spring constant. In the electromagnetic domain, further optimization should
consider the number of coil turns to adapt the voltage level for efficient
rectification and energy storage.

Figure 21: Simulation result comparison for the power output of the experiment system
with the optimized systems A and B in random waves with different peak frequencies ωP

using the Pierson-Moskowitz sea spectrum and a significant wave height of Hs = 2 m.

5. Conclusion

The aim of this work is to develop and optimize a wave energy converter
that can be integrated into a small, free-floating sensor Drifter. Specific de-
velopment criteria in terms of power, size and cost have been established. The
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mechanical and electromagnetic implementation of the WEC has been inves-
tigated using experimental and simulation results. It has been found that
the equations of motion and the generator model are largely consistent with
the experimental results. Furthermore, the electrical modeling has enabled
the design of a linear generator that meets the performance requirements
of the WEC and provides sufficient voltage levels at low translator speeds.
Coupling the mechanical and electrical model has allowed an optimization
of the mechanical system parameters achieving a high system response even
at low wave frequencies and amplitudes. Providing a simulated potential
power output of 130 mW in random waves with a peak frequency of 1 rad/s
and a significant wave height of Hs = 2 m, the developed WEC meets the
requirements in terms of performance and dimensioning and can be adapted
to be used in sensor Drifters. It is the first time that the proposed WEC
type is designed and optimized for drifting sensor platforms. In future work,
the fully coupled system will be build and tested in experiments in order to
further investigate the wave energy conversion for small drifting platforms in
realistic sea waves.
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Appendix 1 Hydrodynamic Forces

Assuming an unsteady, irrotational flow and using potential flow theory,
the pressure p can be computed from Bernoulli’s equation [48]

p(x, y, z, t) = −ρ∂Φ(x, y, z, t)

∂t
− ρgz, (23)

whereby Φ is the velocity potential, ρ is the density of the water and g is the
acceleration due to gravity. In Eq. (23), a linearization in Φ has been done.

In the following, only regular waves are considered. For this, the water
displacement of amplitude A, frequency ω and wave number ke are given by

η(x, t) = Re{A exp(i(kex− ωt))} with ω2 = keg tanh(keh). (24)

Considering only the vertical motion of the buoy and plate, the overall
velocity potential Φ can be written in the form [20]

Φ(x, y, z, t) = Re{A[φ0(x, y, z) + φ7(x, y, z)] exp(−iωt)

+ (−iω)(A1ϕ3,1(x, y, z) +A2ϕ3,2(x, y, z)) exp(−iωt)}.
(25)

Thereby, φ0 is the incident potential of the wave, which is not disturbed by
the mechanical system; φ7 is the scattering potential that has been introduced
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in order to represent the disturbances of the incident waves by the fixed
system; ϕ3,1 and ϕ3,2 are the respective radiation potentials, which represent
the velocity potential of rigid body motion with unit amplitude in the vertical
direction in the absence of incident waves; A1 and A2 are the respective
complex amplitudes of the vertical motion of the buoy and plate:

ξk(x, t) = Re{Ak exp(−iωt)}, k ∈ {1, 2}. (26)

Plugging Eq. (23), Eq, (25) and Eq. (26) into Eq. (1) results in

m1ξ̈1 = Re{Af1 exp(−iωt)} − µ1,1ξ̈1 − λ1,1ξ̇1 − µ2,1ξ̈2 − λ2,1ξ̇2

−
∫∫

S1

ρgzn3dS −m1g + Fs + Fd − λexp,1ξ̇1,

m2ξ̈2 = Re{Af2 exp(−iωt)} − µ2,2ξ̈2 − λ2,2ξ̇2 − µ1,2ξ̈1 − λ1,2ξ̇1

−
∫∫

S2

ρgzn3dS −m2g − Fs − Fd − λexp,2ξ̇2,

whereby the excitation force fk has been defined as

fk := iωρ

∫∫
Sk

[φ0 + φ7]n3dS, k ∈ {1, 2}. (27)

and the added mass coefficients µj,k and hydrodynamic damping coefficients
λj,k from body k resulting from the motion of body j are given by

µj,k + i
λj,k
ω

:= ρ

∫∫
Sk

ϕ3,jn3dS with µj,k, λj,k ∈ R, j, k ∈ {1, 2}. (28)

The values of fk, µj,k and λj,k are dependent on the geometry of the system,
wave frequency ω and the water depth h, respectively.

Appendix 2 Computation of Hydrodynamic Coefficients

In this following, the approach for the computation of the hydrodynamic
coefficients µj,k, λj,k, and fk is sketched. In order to compute them for
cylindrical bodies analytically, the matched eigenfunction method is used.
The majority of research works has studied systems, where the radius of the
buoy and of the cylindrical plate are the same, see for example [18, 19, 49, 50].
In this paper, we refer to the work of Olaya et al. [20], who have presented
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an analytical way to compute the coefficients for different radii of the buoy,
plate, and connection rod for the case of heave motion.

In order to compute the values of µj,k, λj,k, and fk, the velocity potentials
φ7, ϕ3,1, and ϕ3,2 have to be computed, see Eqs. (27) and (28). For the heave
motion, they have to satisfy Laplace’s equation, a linearized free-surface con-
dition, and the following body boundary conditions

∂ϕ3,k

∂z
= δj,k,

∂φ7

∂z
= −∂φ0

∂z
on Sj, (29)

whereby δjk is the dirac-delta operator. The incident potential φ0 corresponds
to the incoming wave and is assumed to be known.

In order to fulfil all these equations, the water domain is separated into
three or four subdomains, depending on the plate radius size. For details,
we refer to the work of Olaya et al. [20]. In each subdomain, analytical
expressions for the different velocity potentials are obtained using the variable
separation method and by expressing them as infinite series of orthogonal
functions, which fulfil the different boundary conditions. Thereby, continuity
of the overall velocity potential is ensured by means of appropriate transition
conditions.
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