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Abstract—Power quality is an important issue for wave

energy developers, as the wave energy converters output
power profile presents a lot of fluctuations due to the
oscillatory nature of the waves. In order to emulate an
operating direct drive wave energy converter, study power
quality improvement and test different control strategies,
a wave-to-wire model has been developed.
Although control study for wave energy converters is often
limited to the hydrodynamic control, this paper addresses
the dynamic modeling of all the conversion stages, from
the waves to the electric network. First, the wave energy
converter used for this study is presented and a model
for the electric parts is proposed (including a back-to-
back converter). Then, control strategies are discussed, in
order to regulate the generator electromagnetic torque, the
DC-link voltage and the grid voltages and reactive power.
Simulation results considering these control strategies are
presented in the last part.

Index Terms—Wave energy, energy conversion, wave-to-
wire, torque regulation, reactive power regulation, voltage
regulation

I. INTRODUCTION

Wave energy presents a significant energetic potential
that still remains nearly unexploited: the total estimated
power of incident waves on coastal areas in the world
(neglecting the Poles and some small islands) is about 2
TW. [1]

The idea of harvesting wave energy is not new, the first
patent for a system making use of heave movement due
to the waves has been written in 1799, but it is nowadays
a highly topical issue. Numerous technologies have been
designed in order to harvest this energy but, at the present
time, none of them are ready to be commercially used.
One of the important issues encountered for wave energy
converters development is the grid integration of the
devices. Indeed, the output power profile presents a lot of
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fluctuations due to the oscillatory nature of the resource.
As an example, figure 1 shows an output power profile
from a direct drive wave energy converter, namely the
SEAREY, that has been developed at Ecole Centrale de
Nantes for a sea-state (Hs, Tp)=(3m, 9s) (wave height
and peak period).
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Fig. 1: Power output profile for the SEAREV for a sea
state Hs=3m and Tp=9s

A wave energy converter is composed of three
different parts: a reaction mechanism, set in motion
by the waves (energy capture device ECD), a system
to convert mechanical energy into electrical energy
(power take-off PTO) and a control system aimed
to adjust the dynamic behavior of the wave energy
converter to the incident wave. For floating systems,
different PTO can be considered. Two main principles
are emerging: indirect conversion (hydraulic PTO) and
direct conversion (electric PTO). This study focuses on
direct drive wave energy converters.

Power quality is especially an issue for direct drive wave
energy converters [2]. Indeed, if the direct conversion
of mechanical energy into electrical energy through
a generator is more efficient and provides less losses
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than a conversion using a hydraulic interface, there is
no power smoothing as the one accomplished by the
hydraulic part.

Control of wave energy converters often focuses on
hydrodynamic control to absorb maximum power from
the ocean waves, and generally simplifies significantly
the performances of the power take-off. This paper
considers the incorporation of all the conversion stages
(from the wave to the grid) to an hydrodynamical
wave energy converter model. This model is referred
to as a wave-to-wire model. It has been developed
using Simulink and more specifically the toolboxes
Simscape and SimPowerSystems, which are made for
electrotechnics systems and power electronics modeling.
Figure 2 shows a scheme of the model.

The wave-to-wire model aims to be used to test and
validate control strategies for a grid-connected wave
energy farm, to study power quality of wave energy
converter devices and to access all information needed
(voltages and currents, active and reactive power and
electromagnetic torque among others).

[SEAREV]

Fig. 2: scheme of the wave to wire simulink model

II. A WAVE-TO-WIRE MODEL
A. The wave energy converter

The chosen case study is the SEAREYV, a wave energy
converter developed by the LHEEA laboratory at Ecole
Centrale de Nantes [3]. The principle of this device
is a floating body enclosing a heavy horizontal axis
wheel. The center of gravity of the wheel being off-
centered, this component behaves mechanically like a
pendulum with the wave’s action. Two Power Take-Off
(PTO) have been considered for this device, a hydraulic
one and a direct-drive. The last one is studied here:
the rotational motion of the pendular wheel relative
to the hull activates a permanent magnets synchronous
generator, as described in [4].

Figure 3 gives an illustration of the SEAREV.

The hydrodynamical model used for the WEC has
been developped at the LHEEA laboratory. It is a time
domain state equation model [6]. It allows, for a given
sea state (Hs, Tp), the obtaining of a movement profile
for the SEAREV and a mechanical power profile. The
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Fig. 3: scheme of the SEAREV wave energy converter
(all electric version)[5]

generator exerts a damping force on the WEC (PTO’s
force) so the electromagnetic torque created in the gen-
erator is also used as an input for the WEC model.
The rotational velocity extracted from the SEAREV
model is the input of the permanent magnet synchronous
generator model.

The generator model is a model from the Simulink Sim-
PowerSystems toolbox.The generator parameters have
been determined according to the optimization realized
by J. Aubry in [5]. Flux linkage established by magnets
(constant flux A (Wb) per poles pairs induced in the
stator) is calculated using equation 1.

_ Vpeak (1)
(2% 7* f)

Where

o Vpeak 18 the machine nominal peak voltage (V)(here,
Viaom = V2 %800 = 1131V)

o f is the system nominal frequency (Hz) (here
f=50Hz)

Parameter Value

Pole pairs 124
Stator phase resistance 24.3mS2
Armature inductance 0.4 mH
Flux linkage established by magnets | 3.7 V.s

TABLE I: Simulation parameters

B. Back-to-back converter

Variable speed generator cannot be directly connected

to the grid. Power converters help to improve the power
quality in order to meet the grid requirements while
allowing the speed to vary, to generate more power. This
allows voltage conversion as well as control of the energy
flux.
The decoupling between the generator and the electric
grid is made here by the creation of a DC bus, with a
back-to-back converter (AC-DC-AC converter), as rep-
resented in figure 2.



In this model, the rectifier is not controlled, based on the
knowledge gained from wind energy field, where diode
rectifier based unidirectional converter and back-to-back
bidirectional converter topologies are commonly used,
as a cost effective choice and because it is simpler to
implement. The drawbacks of the diode rectifier is the
large amount of harmonics produced, which can affect
the performances of the system, and the fact that the
power can only go one direction [7]. A boost chopper
adapts the voltage to the DC bus.

Electronic converters can be represented by two types of
models: switching models, representing all the switching
events, and average-value models (or middle fidelity
models).

Average value models allow to limit calculation time and
effort to the minimum during the simulations of power
electronics systems. Indeed, switching events require a
large part of the computational power used. Simulation
models including switching frequencies around 100 kHz
necessitate at least 4 calculation points with simulation
time around 10 us to calculate this switching events. The
use of average models increases the simplicity of the
implementation and use of the models, while keeping
a sufficient precision in the model validity domain. As
long as the losses are considered it can be sufficient
to consider the dynamic behavior of the converter, only
average values and RMS are calculated for currents and
voltages. Harmonics due to switching events are not
represented, as signals are averaged on a cutting period.
Average-value models represent the average behavior of
the system during two switching events. They consist in
calculating moving average on a time window T (where
= % is the switching frequency), considering two
space states: switch open (off) or close (on) [10] [9].
Power converter models can be divided into two parts:

o Linear elements, non-varying with time, whose
structure does not depend on the switching events
€L, G ..)

e Non-linear elements and control part (switches,
diodes, ...)

Non linear elements are replaced by voltage and
current controlled sources, representing the relations
between average currents and voltages (these two
sources can be modeled by an ideal transformer with
a relevant equivalent transformation ratio). For the
inductance, current variation during a cutting period
can be calculated integrating average voltage and for
capacitors voltage variation is calculated integrating
average current.

Average value models are used for the DC/DC converter
and the DC/AC converter, in this model. Figures 4 and
5 present these models in comparison with detailed

switching models.

For the inverter average model, the signal for the
controlled current source corresponds to the DC link
current, as calculated in equation 2.

Ppc
Ipc = m )
Where:
¢ Ve = Jf Lo

o Ppoc = Pac=Vap* o — Ve x I¢
e I, and I, are measured at the output of the inverter.

For the voltage signals, equations 3 are obtained from
the inverter scheme in figure 5(b) [8].

1

Vs1 = 5 * 22U, — Uy —Us) * 1) (3a)
1

=g UL+ —Us)+Vy  (3b)
1

Ve = G * (—Up — U+ 2U3) * 1) (3¢)

Where:

o V4i (i being the inverter branch number as defined
in figure 5(b)) are the inverter’s AC voltages relative
to the grid neutral.

o U; are the switching functions ranging between -1
and +1.

o 1p is the DC bus voltage.

Voltage signals used in this model are calculated in
equations 4 and 5

1
Vap = Va1 — Vo = o Vo* (U — Us) 4)

. 1 .
Voe = Vao — Va3 = 3 * Vo * (Ua — Us) (5)

C. Wires and electrical grid

Three phase transmission lines are represented with a
PI sections, which implies that the R, L and C parameters
are gathered in a single section and not uniformly
distributed in the line. The use of PI sections leads
us to work with a finite number of states and then to
compute a linear state-space model, whereas distributed
lines models imply an infinite number of states. This
model is valid for only one frequency of interest and
one particular line length.

Figure 6 illustrates the PI section as it is modeled in
the SimPowerSystems block. R; and R,, are the self
and mutual resistances of the three coupled inductors,
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Fig. 4: Boost converter average (a) and switching (b) models
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Fig. 6: PI section

Ly and Ly, their self and mutual inductances and C),
and C; are the phase and ground capacitances.

Here, the cable is considered as 10km long.

The electrical grid is modeled with a three-phase
voltage source in series with an impedance. Here, the
grid impedance angle is 35°(X/R=0.7), the base voltage
is 20kV and the 3-phase short circuit level at base voltage
is SOMVA.

IIT. CONTROL STRATEGIES
A. Torque regulation

The electromagnetic torque generated by the
synchronous machine is controlled by the boost
converter in order to recover the optimal amount of
energy for each state encountered by the wave energy
converter. The regulation is done using boost inductor
current. The control scheme is represented in figure 7.

The optimal electromagnetic torque at each time step
is calculated using equation (6), where w is the pendulum
rotational velocity (rad.s™') and [Bop is the optimal
damping coefficient (Nm/(rad.s~')). This last one has
been determined by maximization of the mechanical
mean power using the SEAREV hydrodynamical model
for each sea-state (Hs, Tp).

Tem* = Bopt * w(t) (©6)

A power clipping is also introduced here (algorithm 1)
in order to decrease the output peak power and thus the
sizing of the power electronics, whitout loosing too much
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mean power [5].

if Peiec(t) < Peiipping then Tep(t) = Bopt * w( )
else if Peec(t) > Puipping then Trep(t) = sl
Algorithm 1: Power clipping

L 2 b

(r‘)

Once the reference torque is calculated, it is used
to determine the reference current with the help of the
generator characteristic /7 = f(T'em™,w). This function
has been determined for one specific parameters batch
for the generator model, by measuring the output torque
from the generator for different couples(w, Ir).

The reference current corresponds to the boost
inductance current (I7). The control is based on a
classical PI controller, as shown in figure7.

B. DC link voltage and reactive power regulation

In this model, vector current control has been used
for DC link voltage and reactive power regulation. The
principle of this regulation is to control instantaneous
active and reactive grid currents independently [11]
Current and voltage signals are transposed from the abc
frame to the dq frame with a Clark-Park transformation.
Three phase components are described as vectors in a
stationary (a 3) frame (Clarke transformation), then they
are transformed to the rotating (dq) coordinate system
(Park transformation) (figure 8). The Clarke transforma-
tion is performed using relation 7.

2 (1
M =3
ug 310
Vectors u, and ug, representing the stationary frame,
rotate with the angular speed w(t). 6 is the angle defined

by integrating w(t). Park transformation can be written
as in equation 8.The matrix presented in equation 9 is

i

~17 | a
_f/gl up (7)
2

C axis

Fig. 8: Combined reference frames for Park transforma-
tion

then obtained.

Udgq = Xope ™ )
] - [, ) <[] o

Reactive current ¢, is used to control reactive power
flow into the grid while active current 74 is used to
control the DC-link voltage level.

The control loop is presented in figure 9, where [, is
the current measured after the inverter and e4 and ¢, are
grid neutral voltages.

The reference voltages vy and vy from the PI
controllers are transposed into the (abc) frame using
the Clarke-Park inverse transformation and the voltage
reference Ug. is used to calculate Uy, and Uy for the
inverter average model, as presented in equations 4 and
5.

In this model, the reactive power regulation is coupled
with a grid-voltage regulation (VAR/Volt regulation).
The goal of VAR/Volt regulation is to ensure that the
electrical utilities deliver power within appropriate
voltage limits so that consumers equipment operates
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Fig. 9: Grid converter current control loop

properly, and that the power has an optimal power
factor in order to minimize losses.

Block diagrams for reactive power regulation and DC
link voltage regulation can be seen in figures 10 and 11.

Fig. 10: Reactive power and grid voltage regulator block
diagram

Vs N

Fig. 11: DC voltage regulator block diagram

IV. SIMULATION RESULTS

This section illustrates a simulation performed with
the wave-to-wire model (figure 2 and figure 12) de-
scribed in this article.

The wave energy converter is the SEAREV and the
sea-state considered for the results presented in this
section is constant:(Hs, Tp)=(3m, 9s). The users have
the possibility to choose a constant sea-state (that can
be changed at any time during the simulation) or a time
serie of pre-saved sea-states, corresponding to the sea-
states measured during one year at the SEM-REV marine
energy test site (located west of Le Croisic peninsula, in
the north-west of France).

The goal of the control strategies implemented on the
wave-to-wire model is to keep the grid voltage, power
and frequency in compliance with the grid codes, and

to optimize the energy quantity harvested with the wave
energy converter.

The parameters used for the simulation are presented in
table IL.

Parameter Value
Sea state (Hs, Tp) (3m, 9s)
Optimal viscous damping coefficient 6.10°(Nm/(rad.s~ "))
Clipping power 0.5MW
Grid frequency 50Hz
Grid-side converter nominal AC voltage 500 V
Nominal DC bus voltage 1100V

TABLE II: Simulation parameters

The pendulum rotational velocity is presented in figure
13. This is also the permanent magnet synchronous
generator rotor speed.
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Fig. 13: Rotor speed (rad.s™1)

Torque regulation is illustrated on figure 14. This
regulation is performed by regulating the boost
inductance current (figure 15). It can be observed
that the torque is responding well to this control
and the clipping is respected. The clipping power is
set to 0.5SMW in this study. Figure 16 is a zoom of
figure 14. It shows how the regulation is done when
the mechanical power exceeds the clipping power.
It can be seen that there is a small time window
during which the torque is not regulated as well as
the rest of the time (when the reference torque ramp
is elevated, for high velocity). This explains that the
power clipping is not perfectly performed due to the
torque overshoot during the regulation at high velocity.
The power overshoot exceeds 30% of the clipping power.

Figure 18 shows the DC link regulation. A very stress-
ful start-up occurs with the DC-link voltage reaching
2900V. Some measures need to be taken to avoid this
peak. The response of the dc voltage is slow (2.5 Hz).
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Figures 19 and 20 present the reactive power and grid
voltage regulations. The reference reactive power is set
to OVAR.

V. CONCLUSION

This article presented a complete wave-to-wire model,
with a wave energy converter example: the SEAREV.
Control strategies have been implemented to this wave-
to-wire model in order to optimize the energy quantity

wave-to-wire model
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Fig. 16: Permanent magnet synchronous generator output
torque and reference torque when the power exceeds the

clipping power
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Fig. 17: Mechanical power extracted from the SEAREV
(MW)

harvested with the wave energy converter.

Simulations results and regulation performances are pre-
sented.

This complete wave-to-wire model can be used to study
wave energy quality, and more particularly fast voltage
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Fig. 18: DC-link voltage regulation performance
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Fig. 19: Reactive power regulation
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fluctuations (or flicker), that can cause variations in light
source intensity and bring disturbances for the users and
lead to a dysfunction or an early ageing process of the
electrical equipments. In order to improve energy quality,
it may be necessary to introduce an energy storage
system on the DC-link, as batteries or supercapacitors.
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