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Abstract
This paper presents the development of an electrical drive suitable for energy conversion in an ocean wave energy converter.
Two representative wave energy converters are used to design a linear generator and associated power electronic converter. The
electrical drive is built and coupled to two small scale hydrodynamic prototypes which are tested in a wave tank. The operation
of the drive, including variation of apparent damping and spring coefficients is presented and used to demonstrate automated
direct drive control via a maximum power point tracking algorithm.
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This paper describes the design and demonstration of an allelectric drive train capable of extracting power from a WEC,
including exporting electrical power and implementing
oscillation control.

Introduction

The UK’s target to have “net zero greenhouse gas emissions
by 2050” implies that interest in renewable electricity
generation is going to continue for the foreseeable future. One
option is to capture the energy contained in the surface waves
of the ocean. Over the past few decades many ‘direct-drive’
concepts of extracting wave energy have been proposed at
small scale, such as [1-3], and a handful have been
demonstrated at full scale e.g. [4-8]. However, there is no
technological consensus as to what a commercially successful
Wave Energy Converter (WEC) will look like. This is a
challenge for drive designers wishing to propose generic
power take off units in this sector.
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Type of wave energy converter

For those interested in designing an electrical drive train for
this application, research either has to align with a specific
WEC developer, or various assumptions need to be made to
produce technology of interest to a wide variety of device
concepts. In this work, two generic WEC’s have been used to
design and demonstrate the method of wave energy power
capture and the associated power take off control.

The majority of WEC devices have some form of oscillating
prime mover from which electrical power can be extracted.
The period of oscillation for high energy sites is around 10
seconds, and if a peak to peak amplitude of 4 m is assumed,
this gives a peak WEC velocity of 1.2 m/s. Such a low peak
velocity is a challenge for the power take off, especially when
compared to the air-gap speed of a typical electrical machine.
As power is the product of force and velocity, any
reciprocating motion necessarily has periods of zero power. In
addition, if there is a desire to actively control the oscillation
of the wave energy device, for example to maximise power
capture, then a fully rated power converter with energy storage
and bi-directional power capability is required.

1

Demonstrating the effect of varying Kvel and Kpos is
representative of demonstrating power take off control in a
WEC and in this paper is presented at small scale for both the
buoys considered, i.e. concepts with and without a spring
force. Successful implementation implies that this approach
can be applied at full scale for a wide range of WEC designs
and concepts.

3 Linear Generator

Fig. 2. Mode of the Inset Magnet Consequent Pole Vernier
Hybrid Machine

Fig. 1 Representative heaving WEC’s. (a) A fully submerged
buoy, (b) A surface piercing buoy.
Fig. 1 (a) shows the schematic of a fully submerged buoyant
vessel and its simplified force representation. In calm water,
the buoyancy forces are in equilibrium with the mass and any
external mooring forces. Any oscillation is resisted by a
hydrodynamic damping force, and energy is extracted by
further opposing the motion with a power take off. Surface
waves exert an excitation force on the body, either due to a
change in surrounding water pressure or due to particle motion
depending on the depth. The amount of power extracted can
be altered by controlling the power take off force. In many
systems, it is assumed this is proportional to velocity and so
the power take off acts as an additional damping force, and
control is achieved by varying the effective damping
coefficient. This buoy is representative of Carnegie’s CETO
device [8] and other wave energy devices.

In either of the buoys of Fig. 1, for power take off systems with
just one degree of freedom, e.g. through a mooring line, the
majority of useful power is derived from the buoy’s oscillating
motion with a relatively low speed and high force. This motion
is not well suited to utilizing a rotary electrical machine
without some form of gearing. A linear generator such as the
Vernier Hybrid Machine (VHM) is potentially well suited to
this motion. The high shear stress capability of the VHM
makes it attractive as a generator in cases where a conventional
linear or rotating machine would be physically very large. It is
a flux switching Permanent Magnet (PM) machine where the
magnets and coils are mounted on the stator, leaving the
translator to be a purely iron structure. A known limitation of
this machine class is the relatively poor power factor, which
adversely affects the power converter rating and hence system
cost.

Fig. 1 (b) shows the equivalent diagram for a surface piercing
buoy. Here, variation of the buoy’s position relative to the
water line varies the buoyancy force. In the force
representation, this appears as a hydrodynamic spring force.
This system now has a natural frequency, and in many devices
it is generally accepted that the most effective way of
extracting power is to operate the device near its resonant
frequency. If the power take off is fully controllable, as is the
case for a converter connected electrical machine, the resonant
frequency of the device can be altered by altering the effective
spring constant of the power take off as well as the damping
factor. i.e. making a component of the generator force a
function of buoy position and is termed mechanical reactive
power control [9]. This system behaviour is representative of
many heaving buoy type wave energy converters e.g. [4, 6-8].
In this paper the two parameters used to specify the desired
power take off force at any given time are defined as Kvel for
the velocity dependent damping and Kpos for the position
dependent spring force.
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4 Converter
The power train of a wave energy device is essentially a
variable-speed-drive, consisting of an electrical machine, an
AC/DC machine side converter, a DC bus (potentially
including energy storage) and a DC/AC grid side converter.
The generator charges the DC-link capacitor via a Voltage
Source Converter (VSC) and then a Voltage Source Inverter
(VSI) is used to convert the DC-link voltage and current into
grid frequency AC voltages and currents. For a constant speed
application this arrangement works well and the various
components can be optimally selected. However, in wave
energy there are a number of additional requirements which
influence the drive design. For example the generator is
typically accelerating from zero to full speed and back to zero
every few seconds. There is also an increased emphasis on
reliability and fault-tolerance, as servicing offshore platforms
is weather dependent and loss of the drive means a loss of
revenue. Furthermore, if it is required to control and tune the
wave energy device to maximise power output, four-quadrant
operation is required. Finally, local energy storage to smooth
fluctuating real power and also implement the active control
associated with tuning the wave energy converter requires
significant reciprocating power flows over and above the
average power being fed into the grid [9].
To address these requirements, a modular approach is
proposed for the power-take-off, whereby multiple electrical
generators are mechanically coupled and connected to
multiple power converter modules. A bespoke voltage source
converter has been built in this project and used to control the
linear machine [15].

5 Hardware Testing

Fig. 3. Build of the linear machine (a) translator laminations
(b) stator laminations and (c) fully assembled in the housing.
A consequent pole structure can be employed in this family of
PM machines for the purpose of minimising the magnet
consumption [10] and improving improved torque/ force
density [10-13]. For wave energy applications, other Vernier
machines with a consequent pole structure have been proposed
in [14].

Fig. 4. Linear machine mounted in the testing frame.
To demonstrate the power take off and control concept, a
portable test rig was fabricated to house the linear machine of
Fig. 3. The rig has the capability of applying a fixed force to
one side of the translator, in order to offset the residual
buoyancy force shown in Fig. 1 without injecting current into
the generator. This offset force is provided by a mechanical
spring, via a cam shape to remove the natural linear variation
of force with position inherent within a spring. The force is
transferred to a mechanical load via a series of pulleys and rope
and the general arrangement is shown in Fig. 4. The rig hence
allows the electrical machine to be mechanically coupled to a
scale WEC in a test tank via a cable, without being submerged
in water as shown schematically and photographically in Fig.
5. The steady-state buoy position can hence be altered without

The machine topology used in this paper comprises of two
balanced stators with identical E-cores facing each other upon
which both the PMs and windings are located, as shown in Fig.
2. The long iron laminated translator with salient teeth is
sandwiched between the stator sides prior to being mounted in
an aluminium housing as shown in Fig. 3.
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a residual force requirement from the machine. The drive is
therefore solely concerned with the bouy’s oscillation.

Fig. 6. Buoys used for testing (a) surface piercing and (b)
fully submerged

Prototypes of the submerged and and semi-submerged bouys
shown in Fig. 6 were used to excite the linear drive. Fig. 7(a)
shows the electrical power captured from the submerged buoy
in a fixed sea state whilst the controller equivalent damping is
altered. Fig. 7(b) has the equivalent diagram for the surface
piercing buoy, where both damping and spring force is varied.

Fig. 7. Power extraction experimental tests showing electrical
power output verses damping coefficient (Kvel) (a) for a range
of wave frequencies for the submerged buoy, (b) for a range
of spring constant (Kpos) for a fixed wave frequency tests for
the surface piercing buoy.
Fig. 5. Test layout (a) schematic and (b) in the wave tank

In both cases, it is shown that variation in the equivalent
damping of the generator results in a variation in net electrical
power. The maxima observed is analogous to the maximum
power transfer occurring in a generator when the internal and
external impedance are matched. There is a slight shift in the
Kvel required for maximum power with a variation in wave
frequency. This is analgous to the effect of electrical frequency
on impedance. Fig. 7(a) hence demonstrates that the damping
force of a generator can be used to maximise the output power
of a wave energy converter which has no residual
hydrodynamic spring and hence no natural frequency.
The plot of Fig. 7 (b) refers to a surface piercing bouy being
excited at 0.6 Hz, which is close to its natural frequency. In
this plot, generator force is controlled to be a function of both
position and velocity – i.e. a spring and damping force. Results
at low damping can be seen to have two peaks: corresponding
to two modes of oscillation in the tank. It demonstrates that
variation in the effective spring force of the drive can be used
to maximise the output power and that local minima exist in
the operation space.
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Efficiency of the system is calculated as electrical power out
of the machine divided by mechanical power in. A load cell
and the translator velocity measure the mechanical power. The
load cell is mounted to the base of the buoy, and so results
include the generator force plus friction in the cable, friction
in the rig and the mechanical spring force. Fig. 8 shows the
equivalent efficiency plot for the power results shown in Fig.
7 (b). It shows that the semi submerged buoy operates at
greates efficiency with no spring force (Kpos=0). There are two
things to be inferred here: firstly that control of the spring force
adversely affects machine losses, due to increased active
current. Secondly, in wave energy devices system efficiency is
not a good representation of overall device performance as a
seemingly low efficiency operating point can still generate the
most power within a given range.

the various resonances in each mode of oscillation (e.g. see
Fig. 7(b)). As with any locally minimising algorithm, the
found solution depends on the initialisation.
The ‘cycling’ MPPT algorithm that was used is an application
of a recent technique developed in [16]. This algorithm in
particular improves on the deficiencies of standard ‘perturb
and observe’ type MPPT algorithms in irregular seas. In brief,
the alogorthm operates by constantly perturbing the control
variable (e.g. damping factor) over a number of sea wave
cycles using a sinusoidal waveform. Over a prescribed interval
(e.g. taking a few cycles of the perturbation waveform), the
statistical covariance between this waveform and the output
power is established. Utilising the resulting covariance, the
control variable can hence be updated proportionally to the
‘strength’ of the relationship. The algorithm can be tuned by
varying the magnitude of the perturbation waveform to
increase the sensitivy/effective region, and, passing the
covariance result through an additional gain parameter to
modify its effect on the control variable; these can be tuned
online with relative ease. A useful trait of the algorithm is that
parallel instances using different perturbation waveform
periods can be run to control multiple variables. Further details
and examples of the cycling MPPT algorithm can be found in
[16, 17].
In practice, the cycling MPPT algorithm was able to
effectively optimise the test platform under damping control
action. Fig. 9 illustrates the experimental results of the
algorithm under a 0.75 Hz regular sea with a 0.25 m waveheight run for seven minutes. MPPT update intervals were one
minute. The results illustrate the algorithm actively adjusts the
damping coefficient to optimise the output power response,
increasing the average output by approximately 30%, and
nearly doubling the peak power, as shown. The effect of the
control solution is particularly evident in the first 200 seconds
of run-time (extending past the initial start-up transient interval
which finishes at approximately 30 seconds) where the
average and peak power outputs drastically improve.

Fig. 8. Generation efficiency for a fixed frequency sea wave
for the surface piercing bouy. Variation of damping and
spring contants corresponds to that in Fig. 7 (b).
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Control algorithm testing

In real oceanic deployment, the amplitude and frequency
combinations of the sea are continuously varying. As such, in
order to maximise the power extraction in real time, the
damping and spring parameters must be continually adapted to
match the WEC characteristics to the given sea.

Further experiemtal studies conducted under the same regular
sea conditions with combined spring-damping control were
able to demonstrate a small improvement of around 2.5%. On
review however, we believe that this result could be readily
improved. As discussed, the MPPT algorithm is a locally
minimising optimisation scheme which is sensitive to its
initialisation (i.e. the initialisation determines which solution
the algorithm will be locally convergent to). In the conducted
cases, the spring term was initialised at zero, hence, it found
local solutions that were damping dominant, and, used only a
minor degree of spring action. Characteristially, the geometry
of the given bouy tended to exhibit local optimal points at low
spring values as illustrated previously in Fig. 7b. Further
investigation of this issue is warranted, however, at least in
principle reactive power control is demonstrated.

To demonstrate the principle of automated direct drive control,
a ‘cycling’ maximum power point tracking algorithm (MPPT)
[16, 17] has be designed and implemented in the test platform.
Beyond just demonstration purposes, MPPT algorithms
provide a functionally robust and pragmatic solution to the
optimisation problem. As a non-model based algorithm, they
can be rapidly deployed and quickly tuned online, avoiding
many of the difficulties associated with model based
approaches such as accounting for complicated multidimensional dynamics [18]. Under simple conditions, such as
damping control which yields a convex mapping between the
damping factor and output power (see Fig. 7(a)), MPPT based
approaches are particularly well suited, as the gradient ascent
type algorithm is able to easily assert optimal points [16, 18,
19]. However, under more complex conditions, such as springdamping control, the performance may be compromised due
to the presence of multiple local optimal points associated with
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Fig 9. ‘Cycling’ MPPT with damping control. 0.75 Hz, 0.25
m peak-to-peak regular sea run for seven minutes. (a)
Instantaneous electrical power & 100 point moving average
electrical power, (b) damping coefficient updated
approximately every minute.
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7 Conclusion
This paper has provided an overview of the development of a
linear power take off drive for a direct drive wave energy
converter. Via small scale tank testing, it has demonstrated that
direct electrical power take off can be used to control the
electrical power that can be extracted from two generic forms
of wave energy converter by manipulating either the spring or
damping term. It has also been demonstrated that those terms
can be controlled by an automated maximum power point
tracking typw algorithm, which implies that the devices can
track the ideal operating coefficients ina varying sea state.
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