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Development of control strategies for novel
systems of a full-scale OWC for the WEDUSEA
project

James Kelly, Tony Lewis, Sean Barrett, Juncal Guerrero Munoz, Cristina Gonzélez Perancho,

Melanie Hau, Fabian Bonnet

Abstract—The Wave Energy Demonstration at Utility
Scale to Enable Arrays (WEDUSEA) project is a joint
venture between 14 partners spanning industry and
academia from Ireland, the UK, France, Germany, and
Spain. The main goal of the project it to deploy a 1 MW
OE35 oscillating water column wave energy converter in
Orkney, Scotland, UK for 2 years. The project is testing new
advances in the power take-off (PTO) system of the OE35.
The new additions to the OE35 platform are a Wells turbine,
4 pressure relief valves in parallel of the turbine, and a super
capacitor-based Energy Storage System. To fully realise the
new components of the PTO, new control algorithms must
be developed for each new subsystem. To help with
development and testing of the control algorithms, a wave-
to-wire mathematical model of the new OE35 system was
designed and built using MATLAB Simulink-SimScape.
The model has been used to assist with developing early-
stage algorithms for each new system.

Keywords— Wave energy, Oscillating water column,
Control, Power Quality, Wave-to-wire model

L INTRODUCTION

HE WEDUSEA project is a €19.6 million European
wide joint venture between 14 partners spanning
industry and academia from Ireland, the UK, France,
Germany, and Spain that will culminate with a two-year,
grid connected deployment of a IMW rated oscillating
water column (OWC) wave energy converter (WEC) at the
EMEC test site in Orkney, Scotland, UK. The WEDUSEA
deployment will be the second deployment of the OE35
buoy. The first deployment of the OE35 will be at the US
Navy Wave Energy Test Site (WETS) in Kane‘ohe Bay,
O’ahu, Hawaii, USA during the summer of 2023 [1].
The WEDUSEA project has three primary goals. The
first is demonstrate that wave technology is on a cost
reduction trajectory, and thus stimulate larger commercial
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array scale up and further industrialisation, through de-
risking larger scale investments. This will therefore help
meet the 1 GW target set out in the 2030 DG-ENER
Offshore Renewable Energy Strategy and the 2050 EU
renewable energy targets. The second is to boost the
development of the wave energy industry worldwide by
creating awareness of the potential of wave energy
amongst policy makers, industry, potential investors and
the public, thus directly impacting policy, public
perception and investor confidence in wave energy. The
third primary objective of WEDUSEA is to disseminate
results and outcomes which enable the capitalisation and
exploitation of the results through new innovations,

products and services, as well as feeding both
environmental databases and worldwide technical
standards.

As part of that first goal, the project will introduce
several novel systems and control strategies to the OE35
device to improve performance, annual power production,
and grid integration, which will help further cost
reduction. During the initial planning and design phases
of the project, a wave-to-wire numerical model has been
created to investigate the impact these new systems will
have on device performance and allow for the testing and
development of the control strategies necessary to operate
the IMW power take-off (PTO) system as efficiently as
possible. This paper will detail the novel systems added to
the OWC, the control strategies developed for the new
additions, and the modelled performance of the OWC.

II. OE35 NOVEL ADDITIONS

The second deployment of the OE35 allows the
opportunity to redesign subsystems of the device to
improve overall system performance. The decision to
redesign the subsystems was based on lessons learned
from the WETS project and from improvements in the
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current state of the art. The additions to the OE35 for the
WEDUSEA project Power Take-off (PTO) system include
replacing an impulse turbine for a Wells turbine, the
addition of airflow relief valves, and a super capacitor
bank for short-term energy storage.

A. Pneumatic Power Take-off

The OE35 to be deployed at WETS uses an impulse-style
turbine to convert the pneumatic energy to the mechanical
energy that drives the electrical generator. For the EMEC
deployment of the OE35, the impulse-style turbine is
replaced with a Wells turbine. The goal in the design of the
Well turbine was to achieve a design capable of producing
1 MW of mechanical output with a peak efficiency close to
75%.

Along with the Wells turbine, there will be 4 relief
valves mounted in parallel with the turbine. The valves are
of varying diameters and together with the Wells turbine
comprise the pneumatic-to-mechanical stage of the PTO
system.

The use of a single relief valve has been utilised at the
Pico OWC in the Azores to help regulate pneumatic power
and avoid turbine stall, and it led to a significant increase
in power production through stall avoidance [2, 3]. For
WEDUSEA, the decision made was to allow for a
maximum of 1.5 MW of pneumatic power in the turbine
(around IMW of mechanical power) and 3MW of
pneumatic power in the chamber. The valves are designed
to decrease the pressure in the chamber, which in turn
releases 1.5 MW. The addition of the relief valves will
allow the system to operate in larger energy sea states
while avoiding both aerodynamic stall and over taxing of
the turbine-generator system. The valves are staggered in
size to allow the flow control system up to 16 different
variations. The potential final turbine and relief valve set
up is shown in Fig. 1.
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Fig. 1: The layout of the turbine (centre) and the relief valves (2 left,
2 right) for the WEDUSEA project.

B.  Electrical Power Take-off

The other novel addition to the OE35 system is the
introduction of a super capacitor based short-term Energy
Storage System (ESS). The electrical power produced by
the wave energy system is fluctuating by nature. These
fluctuations in power can have negative impacts on the
power quality on the grid by creating voltage variations,
such as flicker. The aim of the ESS is to buffer energy of
this fluctuating power output of the wave energy
converter. That way, the power feed-in to the electrical
grid will be smoothed and flicker will be reduced. The

PROCEEDINGS OF THE 15TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 3-7 SEPTEMBER 2023, BILBAO

WEDUSEA OWC ESS is an integral part of the electrical
PTO where it is connected to the generator via the local
DC-bus, as shown in Fig. 2. The power converter feeding
the super capacitor allows for the ESS to be a fully
controllable.

The primary objective of the super capacitor system is
to absorb power peaks and use that stored energy to
minimise energy troughs. The power output is aimed to be
levelized by mitigating fluctuations in a certain frequency
range. Along with the ability of the super capacitor to
improve power delivery to the grid, the ESS may also
facilitate improved performance and increased annual
power production by the mechanical PTO by enhancing
the turbine-generator control system flexibility.
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Fig. 2: The electrical PTO of the WEDUSEA project where the ESS
is labelled as 'SuperCap' and 'SuperCap Converter’.
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C. System Control Methodologies

To incorporate the bypass valves and the super
capacitor into the WEDUSEA OWC, more complex
algorithms will need to be created for control of the
mechanical and electrical components of the PTO. During
these early stages of control development, the turbine,
valve, and ESS control algorithms are developed and
operated separately.

The turbine control’s primary function is to maximize
the pneumatic-to-mechanical energy conversion. This
includes avoiding aerodynamic stall of the turbine, while
maximizing pneumatic-to-mechanical
efficiency. The turbine is controlled using the electrical
generator by applying a reference braking torque to the
generator via a power electronics converter. The primary
inputs to the control algorithm for the turbine are chamber
pressure and turbine angular velocity.

The valve control’s primary function is to minimise
aerodynamic stall of the turbine and allow the OE35 to
operate in more energetic sea conditions that might
typically send the device into shut down. They are
controlled via a pneumatic system that is used to open and

conversion
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close the valves as required. The main input to the valve
control is internal chamber pressure. The valve control
relies on a digital signal to open or close each valve
independently. The travel time for each valve is different,
with the smaller valves taking only 2-4 seconds to open
and close, while the larger valves require between 10-20
seconds. These discrepancies in travel time result in
different control approaches for the small and large valves.

The central goal of the ESS controller is to minimise the
fluctuations of the power injected into the grid by the
electrical PTO system while maintaining the voltage levels
of the super capacitor bank. The initial control algorithm
used to control power flow to the ESS relies on the
measured output power of the generator, the period of the
pressure fluctuations within the internal chamber of the
OE 35, and the voltage level of the capacitor bank.

I1I. MATLAB MODEL DESIGN

To help develop the control algorithms, a wave-to-wire
model of the OE35 system was developed using MATLAB
Simulink & SimScape. From the wave input through to the
mechanical behaviour of the turbine, the model utilises
Simulink. The turbine is directly coupled to the electrical
generator, and from the generator to the grid, the model
relies on SimScape electrical to model the electrical section
of the PTO, which includes the power electronics
controlling the generator-turbine and the power flow to
the ESS and grid.

The model, shown in Fig. 3, replicates the complex
interactions between the various stages of the energy
conversion chain; with the left side containing the
hydrodynamic through mechanical sections in Simulink
and the right side including the SimScape electrical model
of the electrical PTO. This section offers a brief summary
of the mathematical model used.

it}

Fig. 3: Wave-to-wire MATLAB model of the OE35 PTO.

D. Wave Input Generation

The first stage of the model is generating the irregular
sea waves that will be encountered at the deployment site
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at EMEC. The Bretschneider spectrum is used to provide a
reasonable representation of the wave climate at the EMEC
test site [4]. The wave input is thus created by selecting
values for significant wave height, Hs, and peak period, Ty,
and applying the Bretschneider spectrum to create the
changing external water surface elevation, which

represents the waves that interacts with the OE35.

E. Hydrodynamic, Pneumatic, & Mechanical Modelling

To determine the power absorbed by the passing waves,
the hydrodynamic response of the OE35 is determined by
applying the mathematical model presented in [5], which
provides the motion of the changes of the internal water
surface and the motion of the buoy itself.

However, the motions of the buoy and the internal
water surface are also influenced by the pressure
differential between the chamber and the atmosphere. The
gauge pressure inside the chamber is calculated using (1)
with minor changes [6].

av vV dp
ac wtthe=0
YPotp dt

P\ Vdp p; _
(1+yp0)dt+ypodt+ /=0, p<0

>0,
P )

Equation 1 is the original equation from [6], where V is
volume, p is chamber gauge pressure, k is damping
coefficient, po is atmospheric pressure, and y is the specific
heat ratio of air. This model includes the linear damping
from the Wells turbine, which is represented by p/k. The
relief valves are represented as several orifices, which
introduce a polynomial damping, so (1) had to be updated.

The linear damping of the Wells turbine is directly
related to the rotational speed of the turbine, and a simple
coefficient, ko, multiplied by the rotational speed provides
the damping value for the turbine, kr. The value of ko was
determined through CFD modelling of the turbine
designed for this project. The damping coefficients of the
valves are simple orifice damping values determined by
the diameter of the orifice with a discharge coefficient, Cp,
which for the current model is assumed to be 0.6. To
combine the damping of the turbine with that of the
valves, the flow for each element is added together to
determine the total flow through the OE35 system, as was
applied in [2].

The final element of the equation on the left in (1) is
replaced by

p P P P P
=L+ 24 24 2y [ Epz
Qrota kT+"k1+,/k2+1’k3+"k4'p_0'
- P _ ’—_p_ ’—_p_ ’—_p_ P
QTotal - kr Ky k, ks k4.P < 0.

where ki is damping coefficient of the valve 1, k. is

@

damping coefficient of the valve 2, ks is damping
coefficient of the valve 3, and k« is damping coefficient of
the valve 4. Combining (1) and (2) results in
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Equation (3) is solved for dp/dt and integrated to
determine chamber pressure, and the chamber pressure is
fed back into the hydrodynamic model where it influences
the motion of the internal water surface and the buoy.

To determine the mechanical torque induced in the
turbine, the flow across the turbine and the angular
velocity of the turbine are combined to determine the
turbine torque coefficient. The turbine characteristics from
CFD modelling are combine with the torque coefficient to
determine mechanical torque exerted on the turbine. These
equations have been repeatedly proven including in [3].

F.  Electrical Modelling

The electrical generator is modelled in the combination
with its power electronics converters in a common way,
which does not take the type of the generator into account.
Modelling the system this way leads to a direct conversion
of mechanical rotational energy into electrical DC energy.
The part between converter and generator is not modelled
directly since it depends on the type of generator, but it is
modelled indirectly by assuming separate efficiency
factors for converter and generator.

The main reason for this simplification is to maintain
short simulation run times. In electrical systems, typically,
small time constants occur, which require small simulation
time steps to produce accurate calculations. This dissents
to short simulation run times. To find a compromise on
this problem, the electrical part between converter and
generator was not modelled.

The DC-side of the combined generator-converter
model is connected to a DC-Bus, which can be seen as a
backbone for transferring electrical energy within the
electrical PTO system. All other electrical main
components are connected to this DC-Bus. This includes
the grid-side converter for transferring energy to the
public grid, the super capacitor DC-DC converter for
smoothing power fluctuations and the braking resistor
power converter.

The concept and basic modelling of the different
converters is the same. Since the goal of the PTO-Model is
to simulate power flow, system behaviour
development of operation control strategies, the focus on
converter- and component-modelling lies on power
transferring as fundamental size. Each power converter
has two electrical interfaces that are modelled as ideal
controlled current sources. To transfer power from one
side to the other, converter control is implemented that
measures voltage, current, and power on both sides of the
converter. These signals then are used to maintain the
power conservation law in every simulation time step. The
converter control also ensures that the electrical signals do
not exceed their specified limits.

As mentioned above, the modelling of the generator and
its power converter was done in a combined model. Here,
one side of the inverter represents the electrical side with
voltage, current, and electrical power, while the other side

and
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(W, VvV
dt  ypy+pdt

p\dV
(1 +—)— +
Ybo/ dt

represents the mechanical side, modelled by torque,
rotational speed, and mechanical power.

All power electronics converters can be controlled by
direct power setpoint and additionally by other converter-
specific setpoints, such as torque- or speed-controller for
the combined generator-converter or voltage- and current-
controllers for the electrical-only power converters.

+ Qrotar = 0, p=0,

v dp 3
vpodt Qrota = 0,p < 0.

Internally, each controller translates the current control
mode setpoint to a power value, which has to be
transferred from one side to the other side of the power
converter. The direction of power flow through each
converter is determined by the sign of the power setpoint
or by internal rules in case of other setpoint modes.
Additionally, the power flow direction can be restricted if
needed, e.g., to disallow feeding electrical energy from the
public grid into the DC-Bus, if DC-Bus voltage is low and
the grid converter is operated in DC-voltage control mode.

V. CONTROL DEVELOPMENT, SIMULATIONS, & RESULTS

G. Turbine Control

The electrical early development of the control focused
on generator torque control, where the reference torque of
the generator is set based on input parameters. The initial
input parameters were selected as turbine rotational speed
and average and instantaneous pressure inside the
chamber. These initial input parameters were selected
based on work that showed both methods to be simple and
effective [7]. The basic equations for both approaches are
shown below with (4) based on speed and (5) based on
pressure.

Trer = A10% 4+ 0,02 + a3 4)
Tref = blﬁ + b2|p - ﬁl (5)

where 7rfis reference torque, (2 is rotational speed in
rads/s, p is pressure, p is a moving average of chamber
pressure, and a and b are constants determined from
turbine characteristics extracted from CFD modelling.

These control algorithms were tested using the
MATLAB Simulink-SimScape model over a range of sea
states based on the scatter diagram for the EMEC test site
where the OE35 will eventually be deployed. Table I shows
the scatter diagram for EMEC, while Table II indicates the
sea state conditions simulated during development of the
turbine control algorithm. The initial turbine control
algorithm testing was conducted only under conditions
with an Hs of 3.5 m because in higher energy sea states, the
relief valves will be required, and relief valve testing was
carried out in a different phase of testing.
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TABLEI
SCATTER DIAGRAM FOR EMEC TEST SITE
Hs/Tp 6 7 8 9 10 11 12 13 14 15 16

0 013% 039% 034% 025% 016% 005% 002% 001% 001% 0.00%]0.00%
05 1.02% 243%347% 297% 220% 108% 0.67% 025% 012% 006% 0.07%
1065% 1.82% 227% 158% 073% 032% 015% 013%
15 066% 109% 212% 3.04% 240% 186% 092% 049% 019% 013%
2 042% 081% 121% 188% 248% 198% 106% 055% 019% 0.14%
25 009% 050% 079% 115% 190% 177% 166% 0.82% 050% 018% 0.11%
3 001% 019% 054% 083% 121% 119% 128% 085% 038% 0.17% 0.11%
35[I000% 003% 028% 057% 0.87% 086% 101% 0.62% 034% 016% 011%
4 000% 000% 008% 035% 061% 059% 065% 048% 026% 0.12% 0.08%
001% 0.12% 046% 043% 049% 039% 020% 0.08% 0.06%
0.00% 000% 003% 027% 037% 039% 026% 0.18% 009% 0.06%
000% 0.11% 026% 026% 021% 012% 0.06% 0.04%
0.00% 013% 022% 016% 0.09% 0.04% 0.02%
003% 0.14% 011% 006% 002% 001%
001% 006% 009% 0.04% 0.02% 001%
000% 0.02% 004% 003% 001% 001%
0.00% 003% 0.03% 001% 0.00%

TABLEII
SEA CONDITIONS APPLIED FOR TURBINE CONTROL DEVELOPMENT
Hy(m) 233 233 350 350 350 3.50
Tp (s) 6.11 13.76 7.64 9.16 1146 1527

SS# BO1 B18 B02 B04 B06  BI2

The critical goal of the turbine control algorithms during
this phase was to avoid aerodynamic stall, so that the
system could operate without the use of the relief valves.
By avoiding the use of the relief valves in lower energy sea
conditions, the PTO will be able to maintain its maximum
efficiency.

Sea State B12: Turbine Flow Coeff

T
Speed-Torque
Pressure-Torque

Eo.s

| |
‘ | ik ! i 1 1
0 il i“.\ l“ N A T U'JH‘L. [l H‘ih il ’nn:. 1}
0 200 400 600 800 1000 1200 1400 1600 1800
Time (seconds)
Sea State B18: Turbine Flow Coeff

T
Speed-Torque
Pressure-Torque

ol ‘1 ]Jmlh it LR R0 SR 1w YR
0 200 400 600 800 1000 1200 1400
Time (seconds)

Fig. 4: Flow coefficient values during initial testing of speed and
pressure-based control algorithm.

The flow coefficient, ¢, for the turbine is used to
determine if the turbine entered aerodynamic stall during
modelling. At values of ¢ > 0.48, the Wells turbine being
modelled in this system will enter stall. Fig. 4 above shows
the values of ¢ for a 30-minute simulation under sea state
conditions B12 and B18 with both the speed-torque and the
pressure-torque control algorithms. In both tests shown
and all 6 sea conditions tested, the turbine enters stall
under either control algorithm, with the pressure-torque
algorithm performing noticeable better. This is true even
at the lowest energy sea states that the OE35 will operate
under. These results indicate that the original algorithms
chosen for turbine control are inadequate for controlling a
Wells turbine. As the types of algorithms tested were
initially developed for a bi-radial impulse turbine which
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does not encounter aerodynamic stall, this result is not
unexpected, but the algorithms did provide a good
starting point for control development.

The initial algorithms were repeatedly adjusted, first by
adjusting the coefficients, then by adding additional inputs
to the system. During further development and trials, it
was determined that combining the two algorithms led to
the best optimisation of the turbine performance.

The new algorithm inputs include pressure, average
pressure, rotational speed, and a new term, optimum
rotational speed. The optimum rotational speed is
determined by average pressure and the turbine
characteristics extracted from CFD modelling of the
turbine. A moving speed floor was also added to the
turbine control. The original control algorithms had a
speed floor at the minimum speed of the generator, while
the new hybrid algorithm as a moving speed floor based
on the calculated optimum speed. Equation (6) is a
mathematical representation of the updated hybrid
algorithm.

_ _ (0-4,
Tref = C1P + clp —pl * (#)i Dope 2 300 (6)

The updated hybrid algorithm nearly eliminated
hydrodynamic stall in each of the six sea states model
tested during phase one testing. Fig. 5 shows the plots of ¢
again with the inclusion of the new hybrid algorithm, and
in both simulations the turbine avoids aerodynamic with
the new control algorithm.

1
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Fig. 5: Flow coefficient values during initial testing of hybrid
control algorithm.

0

H. Relief Valve Control

With the turbine control algorithm developed to operate
in the lower sea state conditions, the next stage in the
control development for the OE35 was the operation of the
relief valves. When controlling the relief valves, the goal is
to keep the maximum pneumatic power in the turbine
below 1.5 MW (1 MW of mechanical power approx.)
Opening the valves during operation will both lower the
overall pressure within the plenum chamber and allow a
portion of the air flow to escape the chamber without
passing through the turbine.
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The CFD modelling of the turbine rotor indicates that
for speeds above 1600 rpm the turbine will achieve approx.
1 MW of mechanical power when the pressure in the
chamber is about 11 kPa. At this point the relief valves
shall be opened, with the express goal to keep the
maximum chamber pressure below 11 kPa.

Additional CFD testing was performed to determine
how each valve, as well as combinations of valves,
impacted chamber pressure and air flow through the
turbine. Fig. 6 is an example of the CFD results. The
pressure relief in the chamber was evaluated for different
situations and set-ups. The pressure values were
computed in the chamber for three different air flows
going outside the turbine, considering all valves closed,
one unique valve open or all valves open (as applicable).
Table III below shows the results from tests with the flow
set to 250 m3/s.

Open DN300 and DNA0O

Fig. 6: CFD modeling of flow through the system with DN300 and
DN400 open.

TABLE III
CFD VALVE TEST RESULTS WITH FLOWS SET TO 250 M"3/s

Valves DM300 DM400 DM600 DMS800
Measurement Closed ~ Open Open Open Open
Max Hull Pressure (Pa) 20544 17960 16311 13521 11658
Pressure change AP Hull (Pa) N/A 2584 4233 7023 8886
Volumetric Turbine Flow (m3/s)  276.43  258.75  247.92 22892  215.06

Based on the CFD simulations, the pressures at which
each valve should be opened and when they should be
closed was determined. It was discovered from the CFD
results that an individual valve will result in a consistent
percentage of pressure drop within the plenum chamber
when it is open, and this ratio can be used to determine the
opening and closing of the valves. As a result, the opening
and closing of the valves are based on the maximum
pressure readings in the chamber.

The command to open or close a valve was based on a
maximum pressure measured within the plenum
chamber. Table IV shows the percentage of pressure
released by opening an individual valve, along with
pressure measurements that will result in opening or
closing a valve as well as the stroke times for the opening
and closing of each valve. To initiate the opening of a
valve, a maximum pressure must be measured that falls
above a valve’s opening pressure while following below
the next valves opening pressure, and this measurement
must occur within a specific time window. Once a valve is
open, it will not close again, unless a set period of time has
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elapsed where the maximum pressure never reaches the
suggested closing pressure.

TABLE IV
OPENING AND CLOSING PRESSURE & STROKE TIMES FOR EACH VALVE

Pressure  Opening  Closing Opening Closing
Valve Release % Press (Pa) Press (Pa) Time (s) Time (s)
DM300 10 12000 5000 2.9 3.4
DM400 20 13000 6000 2.9 3.4
DM600 35 15000 10000 9 11
DMB800 44 19000 14000 18 20

The valve control algorithms testing was carried out
under sea states B05, B07, B08, B09, B13, and B15. The
corresponding sea conditions for the sea states list above
are provided in Table V. During simulation trials, it was
discovered that the opening of valves as a pressure release
had more significantly impacted the hydrodynamic
response than initially anticipated. While the opening of
the valves did lower the pressure in the plenum chamber,
the lower pressures resulted in increased movement of
internal water surface and thereby increased flow. This
resulted in the anticipated pressures and flows shown in
modelling to be much larger than those determined during
CFD modelling.

TABLE V
SEA CONDITIONS APPLIED FOR VALVE CONTROL DEVELOPMENT
H;(m) 583 583 875 583 583 817
Ty () 9.16 11.46 1146 13.76 15.27 19.10
SS# B05 B07 BO08 B09 B15 B13
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Fig. 7: Simulations for relief valve control development under sea
state BO5 showing chamber pressure, IWS level, Turbine Air Flow,
and Turbine Flow Coefficient with relief valves non-operational
(blue) and operational (orange).

Fig. 7 shows the results from simulations performed for
sea state B05. In Fig. 7, the data in blue are the results from
simulating the system with the valves closed and the data
in orange is from simulating it with the required valves, in
this case DN400 and DN600, open. Opening the two valves
should result in a pressure drop of 55%. However, the
results indicate minimal pressure drop, but they do show
a significant increase in the movement of the internal water
surface. While the results of this modelling suggest that the
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relief valves are not operating as intended, small scale tank
testing and prior real applications with relief valves for
OWCs [2] suggest that the model is not properly
simulating device response during valve operation.
Further work is required to ensure that the model is
properly representing real device behaviour.

I.  Energy Storage System Control

As introduced in section B, the aim of the ESS is to
reduce short-term fluctuations in the power feed-in to the
grid. This is the focus of the early development of control
for the ESS. Furthermore, a suitable sizing of the ESS had
to be identified, based on this development.

The initial turbine control algorithm testing was
conducted only under conditions with a significant wave
height (Hs) of 3.5 m because in higher energy sea states, the
relief valves will be required. However, the optimization
for the valve control is still under development, and it has
not yet been developed well enough to work with the ESS
control. Table II again shows the sea conditions simulated
when testing the ESS.

A simple controller has been developed, Fig. 8 shows
the schematic of the structure. The power to be fed into or
fed out of the super capacitor system (Pzsc) is calculated
from the measured generator power, Pgn. This input is
available in the generator-side inverter. The control aim is
to charge/discharge the ESS with the fluctuating share of
the generated power, while the smoothed rest of the
generator power will be fed into the grid. For this, a filter
is included in the left part, with time constant Tei.

In the right-hand part, any negative value of P*xc, ie.
any discharging power request, is multiplied by the ESS
system efficiency, nsc. This keeps the the state of charge of
the capacitor on a constant level in average. In a further
development, this state will be considered as an input to
the control.

1 | if=0 (charge) |
T[m' s+ 1

*
P 25C

- —
Pgen - ™ PZSC

o

| if <0 (discharge) ‘

Fig. 8: Schematic of the simple control strategy to load / unload the
super capacitor system in order to reduce short term fluctuations in
the power feed-in to the grid.

The developed control strategy has been tested using a
simple system model, in order to assess its capability to
reduce the short-term power fluctuations in the feed-in to
the grid.

The simulation input was the generator power as arising
from sea state B12. The ESS efficiency has been assumed
90%, including its inverter losses. Note that delays due to
communication, measurement and controller hardware
have not yet been considered.
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Two different values of Teu1., 1.5 and 2.5 have been applied,
Fig. 9 and Fig. 10 show the results. Each upper diagram
contains the generator power, as well as the power fed into
the grid. The smoothing effect of the control can be clearly
seen, where the higher the filter time constant, the stronger
will be the smoothing effect.

The according power fed into /out of the capacitor system
is shown in the second diagram. The bottom is the
resulting available energy in the super capacitor.
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Fig. 9: Power feed-in to the grid (top), power through super capacitor
(middle), and stored energy (bottom) for Sea State B12 and
controller with Teri =1.5 applied.

Power Generator

_ C . T Power to Grid
=600
==
= 400 F N
2 200}, / \ ‘
SR T\ a LN
0 50 100 150 200
— Power to SC
< 200 1
=
g 0 /MJ\’
&£ -200 F 1
0 50 100 150 200
=04 T T —— Energy level SC
H
Lozt .
=2
2
w 0 s N 1

0 50 100 150 200
Time [s]

Fig. 10: Power feed-in to the grid (top), power through super
capacitor (middle), and stored energy (bottom) for Sea State B12 and
controller with Ter =2.5 applied.

In order to see the effect of the capacitor system on the
power quality more clearly, the power spectral density has
been calculated both for the generator power and power
feed-in to the grid. Fig. 11 and Fig. 12 show the results for
the two controller parameters, respectively.

Comparing the two data sets in the upper diagrams of
these figures, we see that in each case, the generator power
fluctuations between 0.2 and 0.3 Hz (blue) are mitigated
almost to zero for the feed-in to the grid (red), i.e., they are
not visible in the signal. For both parameters, the
fluctuations between 0.05 Hz and 0.1 Hz are additionally
reduced, where the reduction is stronger with Tex=2.5.
Clearly, the super capacitor has
charging/discharging cycles in the according frequency
range for Tn=2.5, see the second diagrams of each figure.

more
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Fig. 11: Power spectral density of generator power and power feed-
in to the grid with Ten=1.5 applied.
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Fig. 12: Power spectral density of generator power and power feed-
in to the grid with Ten=2.5 applied.

Naturally, for Tan = 2.5 with the stronger smoothing
effect, the super capacitor system needs a higher power
feed-in capability, as well a larger storage capability. These
data are listed in Table VI and are the base for sizing the
ESS.

TABLE VI
MAXIMUM POWER AND MAXIMUM STORED ENERGY FOR THE TWO
CONTROLLER PARAMETERS, FOR SEA STATE B12
Control Strategy PT1_T15 PTI T25
Maximum Power (kW) 210 238
Stored Energy (kWh) 0.24 0.37

Further simulations have been carried out for sea states
with both lower and higher waves than B12. They have
shown that the introduced control approach will suffice
for lower energy seas as well. However, at sea states with
higher available energy, the storage capacity of the ESS as
derived according to Table VI will not be large enough to
accommodate the power swings the PTO will encounter.
Further development of the control algorithms is
necessary to use the same ESS sizing under those higher
energy conditions.

V. CONCLUSIONS & FUTURE WORK

The results for early development and testing of the
control algorithms for the various new additions to the
OE35 PTO system provided mix results. The turbine and
ESS control development produced effective algorithms
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that improved performance of both systems, and the
foundational algorithms created will be key building
blocks for the overall PTO control system.

The development of the relief valve control has resulted
in minimal progress. The results of simulation testing of
the valves using the model do not match observed results
from model tank testing. These results intimate that
further investigation of the hydrodynamic and pneumatic
models developed for this project.

To improve the accuracy of the Simulink model, small
scale tank testing will be performed on a scale model of the
OE35 with the relief valve included. The data from tank
testing will be used to tune the MATLAB Simulink model.
After the MATLAB model is tuned, the model testing will
be re-simulated, and the control algorithms will be
re-evaluated and adjusted.

Additionally, to assist the aforementioned WETS project
and to further evaluate the model, it will be reconfigured
to match the OE35 PTO system for the upcoming WETS
data collected from the WETS
deployment will be used to further verify the model. This
will allow for a second opportunity to tune the
hydrodynamic and pneumatic models for the WEDUSEA
project.

With the planned deployment of the WEDUSEA is for
summer of 2024, the development of the control
algorithms for each PTO subsystem, as well as the overall

deployment. The

control strategy will continue at pace, alongside the
continued development of the model. The objective is to
have the comprehensive control system for the OE35 PTO
developed, tested, and operational from the first day of the
deployment. Throughout the planned two-year
deployment, both the model and the control algorithms
will continue to be refined in parallel. The data gathered
during deployment will be used to improve the model,
and simulations will be utilised to continue to adjust the
control algorithms as necessary. Two of the secondary
outcomes of the WEDUSEA project are to have a mature
and verified system model along with a proven, efficient,
and robust control for the OE35. This will help reach one
of the stated three primary goals of the project, which is to
reduce cost and enable future deployment of multiple
units within an array.
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