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Abstract: The Wavestar Wave Energy Converter (WEC) is a multiple di®oconcept,
consisting of 20 hemisphere shaped floats attached to aegatafform. The heart of the
Wavestar WEC is the Power Take-Off (PTO) system, convettiagvave induced motion of
the floats into a steady power output to the grid. In the prteaserk, a PTO based on a novel
discrete displacement fluid power technology is exploredfe Wavestar WEC. Absorption
of power from the floats is performed by hydraulic cylindexgpplying power to a common
fixed pressure system with accumulators for energy smagtfihe stored pressure energy
is converted into electricity at a steady pace by hydraulatars and generators. The
storage, thereby, decouples the complicated process @& p@ver absorption from power
generation. The core for enabling this PTO technology idémenting a near loss-free force
control of the energy absorbing cylinders. This is achidwedsing special multi-chambered
cylinders, where the different chambers may be connectdtetavailable system pressures
using fast on/off valves. Resultantly, a Discrete Disphaest Cylinder (DDC) is created,
allowing near loss free discrete force control. This papes@nts a complete PTO system for
a 20 float Wavestar based on the DDC. The WEC and PTO is rigigrousdeled from
incident waves to the electric output to the grid. The resglimodel of +600 states is
simulated in different irregular seas, showing that povegversion efficiencies above 70%
from input power to electrical power is achievable for alexant sea conditions.
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Nomenclature:

Dot Effective bulk modulus of a volume of fluid [Pa]

Ap Pressure difference across motor ports [Pa]

Tw Wave height [m]

Me Efficiency of cylinder [-]

NPTO PTO conversion efficiency from input to output avide versa [-]

Ttot Ratio of input and output energy of the PTO []

TIbcc Average conversion efficiency of DCC [-]
Control input to reduce power absorption [-]

v Kinematic viscosity of fluid [m?/s]

Oarm Angular position of arm [rad]

Ow Approach angle of incoming waves [rad]

p Density of hydraulic fluid [kg/m?]

o Variance [-]

Ta Thermal time constant of accumulator [s]

TaH Thermal time constant of accumulator [s]

TArch Torque on arm due to Archimedes force [Nm]

TG Torque on arm due to gravity on float and arm [Nm]

Text Torque on arm due to wave excitation [Nm]

Trad Torque on arm due to wave radiation [Nm]

TAL Thermal time constant of low pressure acc. (accumulatogrgy storage [s]

TAM Thermal time constant of mid pressure acc., energy storage s] |

TAH Thermal time constant of high pressure acc., energy storage [S]

TaL Thermal time constant of low pressure acc., manifold [S]

TaM Thermal time constant of mid pressure acc., manifold [s]

TaH Thermal time constant of high pressure acc., manifold [s]

™ Hydraulic motor output torque [Nm]

TPTO Applied PTO load torque [Nm]

Warm Angular velocity of float arm [rad/s]

Weharge Charge motor speed [rad/s]

W Angular velocity of hydraulic motors and generators [rdd/s

&a1 Fitting loss coefficient at chamber 1 inlet [-]

EMin Fitting coefficient in connections from manifold to pressiine [-]

Em Fitting loss coefficient for internal connections in maitfo [-]

&p1, Ep2 Fitting loss coefficients for fitting in pressure lines [-]

Ap Opening area of accumulator inlet, energy storage A m

Ay Piston area of chamber 1 [m?]

Ap Piston area of chamber 2 [m?]

Az Piston area of chamber 3 [m?]

Aa Opening area of accumulator inlet, manifold Im
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An

Aot

A02

A03

Bpro
Cr1+,C72,C73,Cr4
CQ1

Cy

D,

chharge

Pout

P exts P har
pL

Pm

Opening area of accumulator inlet, energy storage
Opening area of valves to chamber 1
Opening area of valves to chamber 2
Opening area of valves to chamber 3
Damping coefficient of PTO load torque
Friction coefficients for hydraulic motor
Flow loss coefficient for hydraulic motor
Gas specific heat at constant volume
Main hyd. motor displacement

Charge motor displacement

Cylinder moment arm

Diameter of hose to cylinder chamber 1
Diameter of hose to cylinder chamber 2
Diameter of hose to cylinder chamber 3
Inner diameter of low pressure connection, manifold to nhais
Inner diameter of mid pressure connection, manifold to niaas
Inner diameter of high pressure connection, manifold tarliaes
Inner diameter of pressure lines

Cylinder friction force

Force applied by PTO cylinder

Frequency

significant wave height

Impulse response relating, and ey

Hyd. motor inertia

Mass moment of inertia of float and arm

Added mass moment of inertia

Added inertia of float for oscillation frequency going to mty
Radiation force impulse response function

Stiffness coefficient of linearized hydrostatic restoriagjue
Virtual spring coefficient emulated by PTO

Length of of pressure lines between manifold nodes

Length of hose to chamber 1

Length of hose to chamber 2

Length of hose to chamber 3

Length of low pressure hose from manifold to pressure lines
Length of mid pressure hose from manifold to pressure lines
Length of high pressure hose from manifold to pressure lines
Instantaneous electrical power output of PTO

Instantaneous absorbed/extracted power

Pressure in low pressure line

Pressure in intermediate line

4003

1[m
2Im
2Im
2Im
[kdts]

[Nm],[Nm/Pa],fiW(rad/s)],[Nm/(rad/s)

[(trs)/Pa]
[J/(kg K)]
[m?]
[m?3/rad]
[m]
[m]
[m]
[m]
[m]
[m]
[m]
[m]
[N]
[N]
[Hz]
[m]
[Nm/(sm)]
[kgm?]
[kgim
[kgm?]
[kgm?]
[Nm]
[Nm/rad]
[Nm/rad]

[m]
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PH
y4i
Px
D¢
PomL
Pomm
PomH
PoL
Pom
PoH

QVXX

Lc,max

Pressure in high pressure line

Total pressure drop of line with fittings and hoses
Pressure drop of line

Pressure drop of fitting

Pre-charge pressure of low pressure acc. manifold
Pre-charge pressure of mid pressure acc. manifold
Pre-charge pressure of high pressure acc. manifold
Pre-charge pressure of low pressure acc., energy storage
Pre-charge pressure of mid pressure acc., energy storage
Pre-charge pressure of high pressure acc., energy storage
Valve flows in manifold

Ideal gas constant

Reynolds number

Power density spectrum of sea state

Peak wave period

Gas temperature

Accumulator wall temperature

Valve opening and closing time

Valve opening reference

Current gas volume in accumulator

Sizes of manifold accumulators

Cylinder piston velocity

Current cylinder stroke

Max stroke length of cylinder

4004

[Pa]
[Pa]

[Pa]

[Pa]
[Pa]
[Pa]
[Pa]
a [P
a [P

Pa] |

[m3/s]

[kgm?/(s’K)]

[-]
*firtz]

[s]

[K]

[K]

[s]

[-]

[m?]

[m?]

[m/s]

[m]

1. Introduction

A large group of Wave Energy Converter (WEC) concepts aredas extracting energy from ocean
waves using the principle of placing buoyant bodies in the s&s waves pass the bodies, these are
forced to oscillate. This is illustrated in Figute showing different version of such WECs; sde?]
for a survey. The body movements are converted into el@gtby a system called the Power Take-Off
(PTO); see Figur@a or Figure3a.

The development of an efficient and reliable PTO system isia ofallenge for WECs. The problem
faced is that the movement or oscillations of bodies caugeseh waves are very slow, bidirectional
and irregular. An example is given in FiguPa, showing the resulting velocities of a 5 m diameter
point absorber from the Wavestar concept. The toraphe, is the load torque applied by the PTO in
order to extract energy from the absorber’s pivoting matidhe graphs in Figur@b shows the slow
oscillation &5s period), resulting in a requirement of a 1 MNm bi-diretibload torque for extracting
an average of 27 kW. In comparison, a wind turbine operatiagparoximately 13 RPM would produce
1.4 MW when loading the main rotor shaft with 1 MNm. Hence, tbejue density requirement for
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wave power is immense. Furthermore, the incoming wave paswararacterized by having more than
a factor of 10 between mean and peak power, as seen in FRAguiiéhe peak contributes heavily to the
overall productiond] and may not simply be discarded. Fig@ealso shows that the energy is grouped.
Resultantly, energy storage is required to store the enmrglgs and use them for maintaining production

between wave groups.

Figure 1. Different embodiments of Wave Energy Converters (WECsptwang wave
energy using buoyant oscillating bodies.

Y, First part of PTO sYstem, absorbing
the energy in oscillating motion

s
~
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Figure 2. (a) a Wavestar absorbeh) velocities and PTO load in typical production waves;
and ), instantaneous power during two minutes production fongle absorber.
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Figure 3. (a) the definition of Power Take-Off (PTO) systenb—{l), different fluid power
based transmission in PTO systems.
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To incorporate this, power absorption requires a PTO haaiogmplex transmission with a very high
gearing ratio in order to make ocean waves power a geneidtmeover, to extract adequate amounts
of energy from waves, the PTO load fordesro, or torque,mpro, as in Figure2b, applied by the PTO
should be controlled as a function of incident wave and bodyement. Finally, to fully maximize
energy extraction, the PTO should be able to operate in foadgant mode. Four quadrant mode means
that all four combination of force and velocity directionositd be provided, as the PTO sometimes is
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required to aid the float motion (reactive control strategiédn overview of required PTO characteristics
are well described in3.

The controllability and four quadrant behavior is requitedompensate for the inherit off-resonance
behavior of point absorbers. Frequency-wise, point aleserlre characterized by being narrow-banded
with an under-damped resonance. To correct this deficigheyforce or torquerpro, applied by the
PTO to the absorber is controlled as a feedback of the ab%orbetion, allowing the PTO to adjust
the absorber’s resonance frequency to match the wave fiegyé5]. Optimal energy transfer from
wave to an absorber is obtained when the incident wave freyumatches the resonance frequency of
the absorber.

Regarding implementation of PTO systems for wave energyerak investigations have been
performed on using linear generators driven directly by @bsorbers’ movement. However, due to
the slow linear velocities (peak linear velocity about 2 yntonventional permanent magnet linear
generators would become very large. Typical achievablgagr sheer-stress levels between stator
and translator is about 20-25 kN/rf6]. Resultantly, a linear generator for a Wavestar float of 5 m
diameter, requiring a load force of 400 kN, would be equintk® a generator with 16—-20 “nof
active air-gap surface. 7], the weight of active magnetic material alone (coppem il@mminations,
magnets and back-iron) is estimated to be 1500 KgMNeglecting the required support structure, the
material requirements still is 24—-30 tons, rendering tHetsm infeasible. Resultantly, effort is put into
using a transmission combined with more conventional geoes. Mechanical transmissions have been
explored. However, these would be too massive, as a geatiog which is a factor of 10 higher than a
wind turbine transmission, is required, along with hangiirnbidirectional input.

Fluid power is a suitable technology for implementing thgquieed transmission, as it is capable
of producing high controllable forces at low velocities aasily “rectify” the bidirectional movement
with compact actuators (cylinders). Unfortunately, flumyer systems are often characterized by poor
efficiencies when operating at part load, which is cruciahwhe high ratio between peak and mean
power in wave energy.

A conventional hydraulic transmission for wave energy e&ns@ Figure8b, where a cylinder operates
as a pump, producing a bi-directional flow, which drives arbutic motor. The motor adapts to the flow
and rectifies the flow into a unidirectional turning of the getor. However, an optimization of such a
PTO from wave-to-grid is performed i8] for the Wavestar converter, showing an overall PTO power
conversion efficiency below 65% at the optimum point, quiakiopping to 45% in smaller waves. The
system in Figur&b also has the shortcoming of not allowing energy storagadsinmg.

PTO systems with the cylinder operating as a passive punipsigasteady pressure, as in FigBce
have been used i®[10], where energy smoothing may be performed using hydractiamulators. This
allows operating the hydraulic motor and generator at dyfaonstant load, yielding a PTO efficiency
of up to 80%. However, the cylinder is limited to providing aWlomb-like force load, reducing the
amount of absorbed energy/]].

If the active valves are used instead of the passive chevkyal Figurec, the absorber motion may
be controlled though latching to improve energy captd.[The latching control prolongs the natural
period of the absorber motion non-linearly by locking the@ber's movement in parts of an oscillation
cycle. This may be implemented by closing the valves, blogkihe cylinder and absorber motion. This
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may yield the same or higher energy extraction as a load farotolled as a linear damper. b3, itis
suggested that the energy capture of Figarmay be increased by modifying with an extra accumulator
with a controllable on/off valve. By, in turn, storing andaasing energy from the accumulator, the
motion amplitude of the absorber may be improved.

In Figure3c, a PTO is shown based on a hydraulic transforrhdy, [capable of controlling the force
of the cylinder, while having a fixed system pressure withrgmemoothing accumulators. However,
the part load efficiency of the hydraulic transformer is p@arit is basically two variable displacement
pump/motors back-to-back.

It would be desirable to combine the positive features ofth@ve system characteristicg,, having
a PTO with a common fixed pressure system with accumulatorsifergy smoothing, combined with
an efficient force control of the cylinders. This has beergtigated for the Wavestar system 1p[16],
where the force control of a hydraulic cylinder is based onnexting the chambers to different fixed
system pressures using an arrangement of on/off valespassh Figureda.

In Figure4a, a cylinder with four chambers is attached to a manifolchveiight on/off valves.
By either having system pressure (red) or low pressure \biuthe chambers, 16 different pressure
and chamber combinations are achievable for this partiemdodiment, yielding 16 different available
PTO forces, as shown in Figutb. This corresponds to having 16 different gears availaliies, during
a wave, the PTO force is varied discretely, as shown in Figaréy shifting “gear” every half second,
thereby approximating a continuous force reference. Thaltiag PTO force fpro, iS generated as the
sum of forces produced by the different cylinder chambers:

Foro = —pa1A1 + pa2As — pasAs + pasAy (1)

As the “gear” shifting is actually a discrete variation oétbylinder displacements using the valve
system, the cylinder with manifold is referred to as a Diszi@isplacement Cylinder (DDC).

Figure 4. (a) the discrete PTO system based on discrete displacememniocah a
multi-chambered cylinder (Discrete Displacement Cylm@@DC)-system); I§) the forces,
Fpro, the PTO may produce; and)(how Fpro is discretely varied using the DDC-system
during a wave.
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In[15], it was shown that despite assuming infinite fast and langeeking valves, a certain amount of
energy will always be lost when shifting force due to the coespibility of the fluid. To assess whether
a PTO system may be feasible with this unavoidable commre$sss, an estimate of the PTO efficiency
was calculated for the Wavestar WEC irb]. This was performed for different wave conditions, shagvin
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that an efficiency above 90% was reachable for the DDC1@h jt was shown that if the opening and
closing time of the valves was kept less than 15 ms, the mimags could almost be assumed, thereby
making the DDC feasible for a PTO solution.

Discrete control of a hydraulic cylinder has also been ihgased for mobile hydraulics in1|7],
showing promising energy saving compared to, e.g., coimaaitload sensing systems. A PTO system
with a similar approach, utilizing two asymmetric cylinddnas previously been discussed i8][
The efficiency of controlling the force of the cylinders byepsure shifting was found to be between
88% and 94%, excluding the friction of the cylinder. CurtgrtL9] has shown a hydraulic transmission
with accumulators for power smoothing operating at 70% iefficy. A similar system as inlp] is
suggested inJ0]. The system of20] is tested in a scaled version 1], capable of applying a torque
of 16 kKNm. The PTO is tested in a test-rig, simulating regulaves. The overall efficiency is estimated
to be from 69% to 80%. Estimates were given, as the test-rggneafully operational.

Figure 5. (a) full-scale Wavestar C5 prototype with two float2]; (b) Wavestar
C-concept with 20 floats totalg) Wavestar SC-concept integration with wind turbine.

Wavestar C Concept Wavestar SC Windfarm Integration Concept

The PTO system presented in this paper is based on the res|l&16] and is a complete PTO for
the 20 float Wavestar C-concept shown in Figbibewith 5 m diameter floats. The C-concept consists
of semi-submerged hemisphere-shaped floats mounted oratepams. Each arm is mounted and
rotationally supported by a common platform, which is megton the sea bed through a number of piles.
One advantage of a multiple point absorber is the increasegpsmoothing achieved when the waves
passes through the systems. The PTO components are madhbgeth within the main structure; only
the cylinder is mounted externally. The PTO is based on adufdr transmission, using a fluid that
is biodegradable in the marine environment. For all comptsmside the structure, an extra level of
protection is provided, such that in the rare case of legkthgefluid is contained inside the WEC. For
the cylinder outside the machine, a sump is mounted belowimeder, connected to automated suction
lines from inside the WEC. In case of registering oil in thengu the cylinder and float is lifted into
storm protection and taken out of service until maintenance

For storm protection and extreme seas, the Wavestar comogpporates a jacking-system, allowing
the floats and platform to be lifted out of the water. Restilyathe PTO system and structure only have
to be designed for “production” waves (which, for the C5, isn3significant wave height). Wavestar
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has in 2009 installed a two-float prototype of the 600 kW Cesgt at Hanstholm at the West coast
of Denmark, which has been in operation ever sirfZ#8.[ The C-concept is a part of the strategy for
integration of wave power into wind farms, as shown in Figeoewith the SC-concept (star concept).
This reduces both establishment, installation and maames cost, while having an energy park with
a higher power density and a more stable energy output.

A key property of the presented PTO concept is being scalableture multi-megawatt Wavestar
systems in Figuréc.

2. Methods

The evaluation and presentation of the PTO is performed ts¢ @iescribing the layout and
main components of the PTO. This description also preshatmain features of PTO and explains the
overall operation.

After the PTO description, the modeling of the system isaléel. The modeling covers wave models,
hydrodynamic-model, hydraulic system and electric systéninas not been possible to use standard
component simulation software, as the system is very ndigtiplinary. Additionally, complete insight
of the components models is required to avoid simulatingeaassary dynamics. Otherwise, poorly
conditioned stiff systems may be obtained with slow executimes. Resultantly, modeling of all
systems to the required detail level has been performedmpimented in 8/ULINK ®. Using this
approach, the model still ends up having more than 600 statie$s able to simulate about a factor of
4 slower than real time on a reasonable work station. The@nadde execution time is important, as the
model presented in the paper is used for optimizing the desig

After the modeling section, the basic control of the systempresented. This consists of two parts:
The Wave Power Extraction Algorithm (WPEA), which coversvra float should be loaded to extract
wave power, maximizing the PTO energy production. The pregskealgorithm is based on reactive
control methods. The second part of the control sectiorcbksthow the PTO is controlled to implement
the chosen WPEA algorithm, while ensuring high efficiencgt arstable power output to the grid.

Finally, simulation results for the 20 floats system in opfieraare given for different sea states,
evaluating the performance of the PTO system. The simulsfoesented are of relative short duration
(approximately 100) wave periods. However, based on a nuoflgenerated short waves, a selection
of short wave series have been tested to give approximéielyame average power extraction and PTO
performance results compared to long simulation of appnakely 1000 wave periods. Resultantly,
these short wave series are applicable for comparing amthtalg design iterations.

For complete statistical background of performance evalna final simulations with more
subsystems and more complex wave models are required. §hwever, not a part of the scope
of this paper.

For the reader not interested in the detailed modeling oPfh®, the paper is constructed such that
after the PTO layout section, the reader may move directiiggaontrol section and results.
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3. PTO Layout

The PTO concept isillustrated in Figuéor a 20 float Wavestar with 5 m diameter floats. As seenin
Figure6a, each float arm is equipped with a Discrete Displacemenh@st (DDC)-system, consisting
of a multi-chambered cylinder with integrated shifting nfalal, controlling the resulting forcefpro.
These DDCs provide independent force control of the floatsDRCs supply oil flow into a common
pressure line system, consisting of three pressure lines:

e Low pressure linep.: 10 bar-30 bar;
e Mid-(intermediate) pressure lingy: 70 bar-170 bar;

e High pressure lingyy: 150 bar-320 bar.

These pressure lines run through the entire main tube lihedlecting all the extracted power into
common hydraulic energy storages. Hydraulic motors aneigg¢ors convert the stored pressure energy
to electricity. In this way, the complicated wave power apson process and the electricity generation
becomes decoupled.

3.1. Hydraulic Motors and Generators

Four main pairs of hydraulic motors and generators are glacethe high pressure line for power
generation. These generators are strategically distéibatross the Wavestar WEC (at float row 2, 5
and 8) to minimize pipe losses. Two parallel generators keep at float row 5 for extra generator
capacity in the center of the system during high energeticssates. Each motor and generator pair
consists of a 160 kW asynchronous generator driven by a 25@-erhydraulic motor, operating the
generator at a torque of 1193 Nm at a pressure of 300 bar. Tdrailyc motors are fixed displacement
bent-axis motors, whose efficiency is about 95% in theseabipgrconditions.

At each generator point, a storage battery of gas-loadedabiid accumulators is placed. These
accumulators perform short-term energy storage for snnmogtie extracted wave power. The size of
the storage may be increased as desired to meet the requicedisng level.

As the pressure in the lines is only slowly varying, due toabeumulators, the torque produced by the
motors is near constant, thereby driving the generatorstatde load. To adapt to the overall variation in
power input from the waves during a sea state, the speed gétierators is controlled using a converter.
Each set of generator has its own converter, allowing speattra of the generators, while feeding
690 V at 50 Hz to the grid. During less energetic seas, diffemmmbinations of generators and
converters may be closed down, such that only the requiretbeuof generators are operating.

3.1.1. Pressure Line System and Accumulators

Power generation is only performed from the high pressure, lalso having the largest storage
capacity. The hydraulic motors driving the generatorsasttpower from the high pressure line and
delivers flow back to the low pressure line in a closed-ctranmiangement. The low pressure line is
pressurized to avoid cavitation in the cylinders duringsptge shifting in the chambers.
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Figure 6. (a) an overview of the PTO concept for the Wavestar WEC in Figimgb) the
DDC-system, consisting of a multi-chambered cylinder wittegrated shifting manifold
for discrete throttle-less force controk)(a sketch of the shifting manifold; andl)(the
illustration of the 27 available forces.
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To filter the oil in the closed-circuit system and replenistfleakage in the motors, a charging pump
is installed, supplying flow into the low pressure line.

The mid-pressure line in the system is an intermediate pressvhich is used for increasing the
efficiency of the DDCs. The compression loss associated aviphessure shift in a cylinder chamber
is proportional to the square of the pressure change. Rsiylt having the option of shifting to an
intermediate pressure reduces this compression loss. Xthe @essure line also increases the force
resolution of the DDC-system fro¥ =16 to 3% =27 values.

For energy storage and stabilizing the pressure lines, dtieries of gas-loaded hydraulic piston
accumulators are placed on each line. When used for eneogggst, the round-trip efficiency of
accumulators are94% [23]. To increase utilization of the accumulators’ storageagdty, the pressure
lines are allowed to vary with a minimum factor of two in presslevel. At these conditions, a
50 L piston accumulator is able to store about 23 L oil. Thubatiery of 16 may store 375 L of
high pressure oil, which may keep a 250 %rav motor running at 1500 RPM for one minute. The low
pressure accumulator batteries each consists of 50 L accumulators, the mid-pressure batteries of
4 x 50 L accumulators and the high pressure o160 L.

3.1.2. DDC

The core technology for enabling the PTO concept with commossure lines is the DDC,
implementing the throttle-less force control of the cyknd The manifold of the DDC in Figuréa
is shown in Figuréb. The cylinder has three active chambers, where each clandyebe connected
to either low, mid- or high pressure. As the piston areas etthambers varies in siz& =27 different
resulting forcesFpro, may be generated, as illustrated in Figbde

The stroke of the cylinder is 3 m. To perform the shifting oaotber pressures, a shifting manifold,
as in Figureéc, with nine fast on/off valves is used (less than 15 ms ogeind closing time).
The pressure drop across the valves is loe, less than 3bar, at flows corresponding to a cylinder
velocity of 0.5 m/s.

The manifold is directly mounted on the cylinder to reduckeimme (compression losses) and to reduce
transmission phenomena in the pipe connections. The DB@syshifts force approximately every
400 ms. To supply/consume the short flow pulses requireddompecession or decompression of the
volumes, small accumulators are mounted directly on the Dix@ifold.

An important property of the DDC is to be able to process ex&rgpower levels with low losses,
as the cylinder chambers are directly connected to theymeeaes when in a given force configuration.
Only the compression losses are constant, which, thusnieecoore significant at lower power levels.
However, efficiency is maintained by reducing the overadissure levels, as the high DDC forces are
not required in these conditions.

Another important feature of the PTO concept with the DDMisltvays be able to reduce the load
force independent of the float velocity and position. In théy, the WEC may always reduce the power
absorption of the floats if full load capacity is reached,iEnto wind turbine pitching out of the wind.

Flow to the intermediate pressure line is only supplied aticheted by the cylinders to reduce cost.
Thus, the control of the floating intermediate pressure fopmed collectively by all DDCs, making
sure that the net-flow into the mid-pressure system is zezotowe. This means that the DDC-modules



Energies2013 6 4013

actually operate as a sort of loss-less pressure amplibeexample, the DDC first lets the float motion
supply flow into the mid-pressure line. An instant later, DIBC shifts configuration, such that the
mid-pressure and float motion are now combined to producghagriessure flow. An example of such a
cycle is illustrated in Figuréa: The cylinder is supplying fluid into the mid-pressure @ginstance (1);
At instance (2) the DDC increases the load forEe;o, using a configuration where the second chamber
is now pumping fluid into the high pressure line, while thetfalsamber now consumes flow from the
mid-pressure. In instance (3), the force is further inaedasuch that the cylinder is pumping flow into
high pressure without aid from the mid-pressure.

The different configurations of pressure and chambers aaddsulting cylinder forces are seen
in Figure7b.

Figure 7. (a) an example of how pressure and chamber connection may etdngg a
wave; p) the available cylinder forces. The numbers 1, 2 and 3 rétavehich pressure is
in the different cylinder areas in (a) (1pg, 2 =pm, 3 =pn).
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Considering energy extraction, the DCC approximates airmoous reference with discrete values.
This may affect the amount of extracted energy. However,paoimg [L5 (discrete control) andg]
(continuous control), the power extraction appears untdte The reason for the low impact of the
discrete implementation is that the 35 tons of float and amveseas an effective low pass filter, having
a break frequency around 0.28 Hz. Thus, from a load contriok jpd view, implementation of extra low
pass filters, as performed in, e.g., digital power elect®ns not required.

This concludes the overall PTO description, and the PTO ihmaglgection follows, which also further
specifies and describes the PTO. To skip the modeling seatidmove directly to control of the PTO,
see Section.

4. Modeling

An overview of the modeled sub-systems is seen in Fi§uréhese are treated in the shown order.
The derived equations are implemented in Matfimulink® and solved with a Runge-Kutta solver,
running at a fixed step time of 0.5 ms.
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Figure 8. Modeled sub-systems of the Wavestar WEC and PTO system.
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5. Wave and Float Model

An irregular wave is often characterized by two quantitibe,significant wave height/, o, and the
peak wave period/,. The significant wave heighti o, is the average wave height of the one-third
highest waves, and, is the wave period, where most energy is concentrated. Thes@arameters
along with an underlying assumption of the shape of the paeesity spectrum$(f), defines a sea

state. In this study, the Pierson-Moskowitz (PM) spectremtilized 4], describing a fully developed
sea state:

SPM(f) = 75 4 T4 4 m,0 (2)

If the PTO may control the phase of the absorber, the PM gpmctnay also be the conservative
choice in regards to power extraction. The PTO often tunesatisorber resonance to match the
peak period; however, the power in the PM spectrum is spreambsa wide band of frequencies. In
comparison, an often used spectrum, the JONSWAP (JoinbhNBe& Wave Project) spectrum, has the
energy concentrated in a more narrow frequency band (pdaneement factor larger than one). The

PM spectrum in Equatior2] is shown in Figur®a. The figure also shows the three sea states, which are
going to be used in the simulation.

Figure 9. Wave spectra for three sea states and an example of a readindf wave.
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To perform time simulation, a time realization of a wave iguieed, complying with the spectrum.
Often, the random phase method is used, where the spectaanvsrted into a finite number of regular
wave components, which are added with a random phase forceagponent. This simple method has
been experienced to be adequate for estimating average pbserption 25]. However, the method
does not reproduce, e.g., wave grouping correctly, acegrth [26]. Studies indicate that using the
method, the mean length of wave groups is too sH28}. [ Thus, the random phase generated waves
may not accurately test the PTO’s capability of, e.g., posmeoothing and absorption, as this is highly
dependent on the degree of wave grouping. Inste&i siggests that by filtering Gaussian white noise,
better representation of ocean waves may be achieved, bimcaly long series may be generated.
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The white noise method is to design a filter according to thedpklctrum, whereby the filter shapes
the power density of the white noise signal to comply withPi-spectrum. The filers are implemented
based on11,27].

If the input process to a filtery(¢), is white noise, which is defined by having a flat spectrum,
Sw(f) = o2, and the filter, H(f), is designed according to the PM-spectrum in FigBae

XX

H(f)=+/Sem(f), then:
Syy(f)= fo'|vSPM(f)|2:SPM(f) 3)

where a white noise with variance?, = 1, has been used as input. Thus, by filtering white naise,
with the filter, 7 (f) = \/Sem(f), yields a time seriegy(y), having a spectrums,,(f), agreeing with
the PM spectrum.

The generated wave with this method is shown in Figlre A spectrum analysis of the generated
wave is seen in Figur@c, showing fluctuation around the target Pierson-Moskegftectrum. This is
desired, as spectrum measurements of real sea waves aésa haa-smooth spectrum.

5.1. Absorber Model

The Wavestar absorbers are modeled using linear wave theodescribed in, e.g.24], yielding
an adequate description in the conditions in which a WEC yzed energy. The absorber is illustrated
in Figure10a, representing a single degree of freedom system exprégsisi angular motiong@aim.
The angular positiort,m, is defined to be zero when the float is horizonital, position at calm water.
A derivation of the model for single absorber may be found2®|.[ The model here is briefly restated
for a single absorber with a diameter of 5 m.

Figure 10. (a) definition of variables of the Wavestar absorbéj);fome dimensions for the
case study; anct) the moment arm of the cylinder.
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5.1.1. Single Absorber Model

In linear wave theory, the equation of motion of the absoibenbtained by superimposing the
different effects of the wave-absorber interaction:

JmectParm = Tarch — T + Trad— TPTO+ Text (4)

where the torquesacch, is due to Archimedes force; the torqueg, is caused by gravity; the torquga,g,
is the torque experienced on the absorber from radiatingesvawro is the torque applied by the PTO
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system; andcy is the wave excitation torque. The moment of inertia teffae, is the total (mechanical)
moment inertia in thé,,, rotation.
By identifying the terms in Equation Equatiof)( the following well-known expression is obtained:

. 1 .
Oarm = m <_k7res‘9arm_k7r * Harm_TPTO+7_eXt> (5)

where ks is the spring coefficient representing the hydro-staticorgsy torque; 7, Which is a
linearization of the Archimedes forcej.cn, and gravity,7y. In Equation §4), the radiation termgyag,
may be expressed as:

Trad = _Jaddooéarm _/ kr(t - T)éarm(T) dr (6)

o0

where the function; (), is the radiation-force impulse-response function dngd.. is the added inertia
at infinite high frequency.

The wave excitation torques,y, is the torque an incoming wave applies to a float held fixeduaing
the contribution from the float diffracting the wave. A filter calculating the wave torque based on the
wave,n,, may be obtained given as an impulse response fundtiggy,). The exciting wave torque may
then be found by the convolution:

- /0 " healt — T)(r) dr )

The impulse responseéey, is non-zero fort < 0, rendering the filter non-causal. This mean that the
current excitation force depends on the future incidentesa\ his is partly due to the fact that the waves
hit the float before reaching the reference point in the cesftihe float. Furthermore, the defined wave
height is not the direct cause to the wave excitation torqueis a quantity defined model-wise. Thus,
both are caused by some unknown process, and therefonerelagion is not forced to be causal.

To solve this in the simulation, the wave excitation torgsigrie-computed before simulation by
discrete convolution:

k=n+

Text(n-Ts) = Ts Z T (k:Ts> hext((n — k)Ts) (8)
k

=—n_

where the impulse response is approximated with a finite isgpresponse, requiring_ samples of
future wave knowledge. As the excitation torque is assumddpendent of the float motion, but only
dependent on the incident wave height, the pre-computafiag, is allowed. As the entire wave signal,
nw, IS available beforehand, the non-causality is not a prable

5.1.2. Multi-Absorber Model

In an array of closely spaced absorbers, such as the Wavibstabsorbers interact. The absorbers
interact in two ways:

e By diffracting the incident wave;

e By radiating waves, interacting with neighboring absosber
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The diffraction part may be obtained by placing 20 floats endiven array and, then, identifying the
force filter, hey, for each float. The resulting diffraction effect experieddy the individual floats will
be included in their force filter for calculating the excgiwave torque for each float:

Text = / hext(t - 7)77w(7) dr, Tex= [Text,l' : 'Text,ZO]T ) hext(t) = [hext,l(t) te hext,ZO(t)]T 9)
Considering the radiation effect, the equation of motiangach float, before given as Equatié@j, (

now becomes coupled:

; 1 % .
earm = - (_Kresearm_/ Kr(t - 7—)earm(T)dT_7'PTO‘|“7'eXt) (10)
ImechT Jaddoo 0

as the matrix K (t), containing the radiation impulse responses is non-dialgon

Warm,1 kres 0 Fy l,l(t) Ky 1,2(t) ek 1120(t)
w k k t)y k ty --- k t

Warm= arm,z ’ Kres: res | ’ Kr(t) _ r 2,.1( ) r 2,2( ) | r 2,?0( ) (11)
Warm,20 0 Fres kr2oa(t) Fkraoo(t) -+ Kr2o20(t)

e.g., the impulse respongeg; »o(t), describes the cross-coupling from the velocity of float hen®0 to
force on float number 2. Note that, (1) = k;yx(t), renderingK,(t) symmetric.

With the focus on validating the PTO, the radiation crossnteare neglected in this papee.,
krxy = 0 for (x # y). Inclusion of the cross terms mostly affects how the abssrbhould be controlled
to further increase power absorption. Thus, the influenctheffloat dynamics on the PTO and the
cylinder control may be modeled with acceptable accuracudigg a single absorber hydrodynamic
model. However, it is still required to have the effect of fluats operating out of phase due to their
distributed locations. This is obtained by applying indival force filters, as mentioned previously.

5.1.3. Model Parameters

To obtain the hydro-dynamic model parameters, WAMIT haskag#plied, which is a program for
computing wave loads and motions of structures in waves.

The force excitation filters are shown in Figuréfor a wave direction ofy, = 0° andf,, = —45°.
The wave “measurement” point is shown in Figdde, along with a definition of float numbering and
wave anglef,,. The filters show that fof,, = 0°, the wave reaches the floats farthest back (numbers
10 and 20), approximately 7 s later after exciting float nunibd-rom the plot, it is also seen that there
is some amount of shadow effect, as the magnitude of the waraton filter reduces for each float.
For thef,, = 0°, the input for the float is pair-wise equal, whereas this istne for the wave angle,
Oy = —45°.

Note that the excitation torque is independent of the floateneent,i.e., the excitation torque may
be calculated “off-line” by the convolution in Equatior)(

From WAMIT, all the impulse-response functions,(t), describing the radiation-force are also
obtained, including the cross terms (# y). However, as theses are neglected, only the single
absorber radiation impulse response is used; see Flgarelo avoid performing the convolution term,
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Tradkr = ki(t) X wam(t), the term is approximated as a system of Ordinary Diffea¢riquations
(ODE). This is performed using Prony’s methd@B]. The used fifth order approximation is shown
in Figurel2a.

Figure 11. The wave excitation force filter impulse responsgesg, for different floats. &) is
for wave direction;, = 0°; (b) is for wave directiony;,, = —45°; and €), the wave
“measurement” point, float numbering and wave angjle are defined.
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Figure 12. (a) the impulse response functioh,(t), being approximated; and) Bode
diagram of Equation1(2), Oarm(s) /Text(s)-
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The absorber dynamics may now be written as the followingstiexr function:

Oarm(s) 1 (12)

Text($) — Tp10(5)  (Jmech+ Jaddoo )52 + Ki(s) - s + kres

A Bode-diagram of Equatiorilg) is given in Figurel2b with the parameters in Table The Bode
diagram shows that the system has a resonance pefk=at0.285 Hz, corresponding to a period of
3.51 s. Hence, the Wavestar point absorber will have optababrption at a wave period of 3.51 s.
At Wavestar C5 production sites, this period correspondd®ea states with the shortest peak-period,
in which a substantial part of the yearly wave energy is cotreéed.
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Table 1. Parameter values for the Wavestar C5 absorber.

Parameter Symbol Value Unit

Inertia of arm and float (with ballast water) Jmecn  2.45x105  [kgm?]
Hydrostatic restoring torque coefficient  kyes 14.0x10% [Nm/rad]
Added-inertialagg(w) for w — oo Jaddoo ~ 1.32x10%  [kgm?]

Transfer-function coefficients fdk, (s):
(bo, b1, -+ ,bs)=(0.0001, 0.0144, 0.624, 8.16, 13.1, 1.44)x 10°
(ag, a1, ,a5)=(0.0010, 0.0906, 1.67, 6.31, 13.3, 9.18)

6. Absorption System

The PTO concept is modeled as displayed in Figur€irst, the DDC-module is developed, which
connects to the pressure line system. Secondly, the pessarsystem is described, which consists of
transmission pipe lines and accumulator batteries.

6.1. Discrete Displacement Cylinder—DDC

The DDC-module is shown in Figurg3a, consisting of a cylinder, a manifold with valves,
accumulators and pipe-lines.

Figure 13. (a) diagram of DDC-system, consisting of cylinder, manifoldhanine on/off

valves, accumulators and pipe lines. Fitting are indicatedere ¢ denotes the fitting
resistance coefficientbf illustration of hose model; ana)illustration for combined valve
and hose model.
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6.1.1. Cylinder

The pressure dynamics of the cylinder chambers are deddnpthe flow continuity equation:
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. 5eff(PA1)

a1 = Al(xc,max_ xc) + VE),Al (QAl i UCAl) (13)
. Bett(pa2)

DAz = Aote+ Vora (Qaz2 — veAy) (14)
PA3 = et (pa) (Qaz — vcAz) (15)

A3(xc,max_ xc) + VO,AS

wherels ; andVj , are the volumes of the connecting hoses agds the effective bulk modulus of the
fluid as a function of pressure. The used value of the effettivk modulus is shown in Figufelb. The
cylinder force is calculated as:

tanh(ave)|Fe|(1 —ne) 5 Feve > 0

Fe= _pAlA1 + pAZA2 - pA3A3 _R‘ric,c ; E‘ric,c = (16)

1
tanh(ave)| Fel (— — 1) Feoe <0

Tlc

where the cylinder frictionFiicc, IS defined, such that the cylinder has a constant efficiefay.o
The functiontanh(av,), is used instead of sign.) to avoid discontinuity, where adjusts the steepness

around zero velocity.

Figure 14. (a) modeling a part of the pressure line system; ahyl the used bulk
modulus model.
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The moment army,, at which the cylinderf, appliesrpro is found from FigurelOc to be:

d, — asby sin(fy — ) (17)
(fEc + 02)
where:
Te = —Cy + \/—QCbsz COs (earm - O‘O) + (CL% + b%) (18)

The function is shown in Figur&Qc.

6.1.2. Transmission Line Model

Considering the pipe connection between manifold and dglirthe fast on/off valves that are utilized
may produce steep pressure transients, exciting the tiasismline dynamics. In other terms, the time
required to accelerate the mass of the fluid within the hosgsnmot be neglected.
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The applied pipe-line or transmission line model is to viée tluid within the line as a single mass
column, which is accelerated by the pressure differencéealibhe inlet and outlet; see Figulesb.
The dynamics of the line flow velocity;, may then be described using the momentum equation:

(P2 — pn) Ar — pr A = (o2 — pn) A — pe(Qn) Ay
l|pA| = QI n l|p

(19)

U =

whereps(Q)) is the pressure drop due to the total line resistance (fdtingfices, hose). Pressure drop
in a straight pipe/hose,, may be described as:

031644 1/ Q \° R 128vpli Q) _93004R
= Rd® 473 (idﬁw) (-+atann(245) ) + —T0 (3 ann(=55) ) @0

N 7
>y
Vv 4
turbulent laminar

N

TV TV
~0 for Re<2200 ~0 for Re>2400

wherel, is pipe lengthy, is the lines inner diameter andis the kinematic viscosity of the fluid. The
decision of flow regime is formed using Reynold numiee

_ uch

Re (21)

14

The use of the hyperbolic-tangent expression in Equa20pié for creating a continues transition
between linear and turbulent pressure drop for increadaebtoess of the simulatioRe= 2300 is used
as the transition number. The pressure drppsof fitting are described as:

2
P A2 1
=£&= — 22
pe = €50 (idﬁw) (22)
where¢ if a friction coefficient for a given fitting type. Thus, for eé with n fittings andk line pieces,
the pressure drops(Q)), due to the total line resistance, may be written as:

Q1) = pai (@) + -+ Par(Q1) + e (Q1) + - - 4 Pen(Q)) (23)

6.1.3. Manifold with Valves and Cylinder Pipe Connection

The valve flows,Q, «, are described by the orifice equation, here illustratedvédve vH3 (see

Figurel13c):
. 2
Qvhz = SIQN(pmH — pv,A3)CdAv(04v)\/ ;‘pMH — Dyas| (24)

where Cy = 0.65 is the discharge coefficieny is the fluid density andi,(«y) is the valve opening
area. The opening and closing of the valve is described asja fanction, which is also illustrated in
Figurel5a:

%;uv<1/\uv3H:1
ay(t) = —% s Uy > 0A Uy =0 (26)

0 ;else
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whereA, is the valve opening area when fully opened. The arggsare chosen, such that the pressure
drop across a fully open valve is 5 bar at the steady state ftmurang when the cylinder displaces
with 0.5 m/s. Thus, the actual value @f is not important in this study, as it is compensated for in the
chosenA,.

Figure 15. (a) the valve model; andb] the accumulator model.
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To avoid simulating the dynamics of the pressure downstrefithe valve,p, a3, which is a small
volume with fast dynamics, an algebraic relation betwggsa andpyy is assumed, which is given by
Equation R4). This yields the following combined hose and valve modelescribe the flowQuus:

if |a] > 0.05
QvH3 _ (pv,As - pAS)AI,lA3 - pf(QvHs)Al,As 27)
A3p
2 1 ’ P
Pvaz = PvH — Quna (m) 5 (28)
Pi(Qaz) = paa3(Qaz) + pem(Qaz) + Pec(Quna) (29)
else
Qurz =0 (30)

The above “if”-condition is to avoid dividing by zero whenetlopening area goes to zei®., the
pressure resistance goes to infinity. The cylinder flows aleutated ag)a; = Quir + Qumr + Quis-
The fitting resistance,y, shown in Figurel3a, is added to take into account internal pressure drops in
the manifold. The fittingss., are the cylinder inlet loss, arid; is an extra loss due to an extra bend in
this particular pipe connection.

6.1.4. Manifold Accumulators

The operating region of charging and discharging of the gasraulators will be a combination of
adiabatic processes for the fast shifting transients atvddas adiabatic and isothermal processes for the
slower energy smoothing cycles. Resultantly, modelingnefgas temperature and its energy exchange
with the surroundings is required to get an adequate estiorathe accumulator losses.

The energy balance of the gas in the accumulator may be wet§9):

mgch = hAy (Tw — T) — paigmg (31)
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and the standard gas law:

palg = RT (32)
where
h . Heat exchange coefficient between gas and environmdgt: Wall area
mg: Gas mass Tw: Wall temperature
vg . Gas specific volumelf;/myg) Vg: Gasvolume
T : Gastemperature pa. Gas pressure
¢y . Gas specific heat at constant volume R : ldeal gas constant

To simplify the expression, the thermal time constagtis defined 29:
MgCy

Ta = hA, (33)
yielding the equations:
1 T
) R_. RT.
Ug Ug

To improve simulation speed, the external volume seen byatdoemulator is combined into the
dynamics of the accumulator; see Figaf#. The volume and accumulator dynamics are combined by

letting Qv = @, and by adding the external volumé, to the accumulator oil volume. This yields the
following flow continuity equation:

Beff
VaO - Vg + Vext
whereVy is the size of the accumulatofss is the bulk modulus of fluid Ve, andVy = Vi whenp, is
below the pre-charge pressupgs.
Rewriting Equation36), Equation 84) and Equation35) yields:
VaO - Vg + Vext

Pa= (Qa+ V) (36)

Vg - _Qa + pa (37)
ﬁeff
= —pa-2 + 37T
Vg papa + T (38)
. 1 RT
T=—Ty-T)— Ve 39
Ta( w ) CV‘/g g ( )
\
. Qa 1+1R T Ta (T T)
Pa = Vao—Vg+Vext + 1 ﬁ (40)
Beft 1+£ Pa

Thus, solved in the order, Equatio#0), Equation 87) and Equation39), these equations yield the
state equations of the accumulator, including thermale®sd3 he initial conditions of the accumulator
state are related through the standard gas law:

17T
Vg paOVaO?O ZTa (41)
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wherepyo is the pre-charge pressure at temperatilige, The pressureyy, in the volume seen by the
components connected to the accumulator may then be foutiekl®xpression for the inlet orifice with
opening,Ay:

1 2
pvzpawi(CdA) : (42)
a

The inlet flow to the accumulators is given 85y = Qi1 +Qwmi2 +Qviz—QLh- The external volume,
Vext, 1S Set to half the volume of the connecting transmissioedirDepending on the lines, the volume,
Vext, 1S between 3—6 L.

6.1.5. Hoses from Manifold to Pressure Lines

The hoses are modeled as in Sectioh.2. Here shown foQy, :

. L — AmL — A
Om = (p L pML) ll\/IL pf(QML) ML (43)
ML P

The model parameters for the DDC-system are summarizedbie Za The hose connectiotyy,
length is 3 m for float 1-10 and 5 m for float 11-20. This is perfed to spread out transmission line
resonance frequencies, yielding a more steady operatesgpre line system.

Table 2. Values used for the float module, where “Par.” and “Val.” a&oate parameter and
value, respectively. * hose connection length is 3 m for fleat0 and 5 m for float 11-20.

Par. Val. Par. Val. Par. Val. Par. Val. Par Val.
Ag[em?: 111 ne[-: 0.97 p[kg/m3]: 900 daz [in]: 1.5 la[m]: 20
Ay [em?]: 196 zemax[M]: 3.0 v[m?s]: 26<1076  daz [in]: 1.5 a2 [m]:  0.40
Az[em?]: 72 &[] 1.0 &u [ 1.2 daz [in]: 1.5 Iaz[m]: 0.40
Aalecm?: 7.9 Ag [cm?]: 2.8 A [cm?: 7.7 Aoz [cm?]: 2.8  ty[ms]: 12
pomL [bar]: 10  pomm [bar]: 70  pown [bar]: 145 Vam [L]: 3.6
Tw[°Cl: 50 To[°Cl: 50 R[JIKgK]: 276 o [IKg/K]: 760  7an[s] 15
dme [in]: 2.0 v [m]: 3,5* duwm [in]: 2.0 Imm [m]: 3,5* T1am 9] 8
dmn [in]: 2.0  Iyn [M]: 3,5* &vin [-]: 0.6 v [ 1.3  7a 8] 4.5

6.2. Pressure Line System

The pressure line system is shown in FigbBe Accumulator batteries are placed in three locations in
the system. The size of accumulator batteries is seen ind=lga. The three high pressure accumulator
batteries each consist of 2650 L piston accumulators for energy storage. Each interategiressure
accumulator battery consist 0450 L, and the low pressure batteries consist 0&180 L.
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Figure 16. Pressure line system layout.
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To show how the pressure line system is modeled, a smalbseastmodeled, see Figulda, where
an example is given for a high pressure line. The same linesiramlin Sectior®.1.2. is used:

leH _ (pH1 — sz)AlH — pr(Q12n) An (44)
HP

To describe the fusion of the flows from float 1 and float 11 atTiting, a pressure at volume,
Ve= %ZHAHl + lvnAmn, IS modeled as:

PH1 = %Z;Hl) (Qmr1 + Qmr1 — Q121) (45)

As the accumulators are placed close together, they maylmasie be combined into one equivalent
accumulator, here shown for the high pressure battery:

Qar1 + ﬁ%% (Tw —1T)
Dan1 = 16~VaOH_Vg‘:Ve><t 4 Y (46)
Beft 1+c% Pa
. o Vao— Vg + Ve
Vg = —Qan1 + Pan1 © 2 e (47)
ﬁeff
. 1 RT .
T=—-(Ty,—-T)— Vz 48
T ( w ) Cv‘/g g ( )
1 T
Vg = paHo - 16VaOHT (49)
0 PaH1
1 2 p
= 2 — ) £ 50
PH2 = PaH1 + QaHl(Cd~16AA) 9 ( )
Qar1 = Q120 — Qmis — Q23n + Qmrz + Qmniz — QF (51)

The model parameters for the pressure line system are supathan Tables.

Table 3. Parameter values used for the pressure line system, wharé “Bnd “Val.
abbreviate parameter and value, respectively.

Par. Val. Par. Val. Par. Val. Par. Val. Val. Par.

Ap[cm?]: 11.4 dp]in]: 20 Ip[m]: 6 &l 1.14  &po[]: 1.14
pou [bar]l: 10  pow[bar]l: 70 pun [bar]: 145 Vpu[L]: 50  Vom[L]: 50
TAL [S]I 23 TAM [S]Z 34 TAH [S]I 50 VE)L [L]I 50
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6.3. Generation System

In this section, the four identical modules of a motor, gatar inverter and grid inverter are described
and modeled.

6.3.1. Hydraulic Motor

The hydraulic motors in the system are all 250 cc fixed disggtaent closed-circuit bent-axis
motors. The model in this simulation is based on the effigigplots for a Sauer-Danfoss 250 cc
Series 51-1 bent-axis motor at full displacement. The efficy plot is seen in Figurgé7a. Using
the Schloesser formul&(] for friction and flow loss, the following expression give®tar torque and
flow inlet:

Qm(wm, Ap) = Dywm — ApCa (52)
™ (wm, Ap) = DyAp — (Cry + CraAp + Crywm + Crawny) (53)

The efficiency of the fitted model is seen in Figdrd. Bent-axis motors at frame size 250 cc are
allowed to operate at up to 2200 RPM continuously.

Figure 17. (a) efficiency plots (from datasheet) of a Sauer-Danfoss 25@ares 51-1
bent-axis motor at full displacement)(the efficiency of the modelled motor; and) the
efficiency of a generator when inverter control is configuigdptimal efficiency.

Efficiency of series 51-1 250cc Efficiency of modelled motor G1e0rberator efficiency wtih optimised inv. control
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To replenish the fluid leaked by the motor and to give the reargslushing and filtering, a charge
pump is installed in the system. The pump is set t26% of the total motor displacement; thus,
Deharge= 200 cc. The speed of the pump is controlled by a motor with an tevelThe power consumed
for flushing is calculated as:

1
wehargelL &eharedh 950,95 - 0.97

where it is assumed that the flushing pump has an efficienc%f, $he electric motor an efficiency of
95% and the converter an efficiency of 97%.

Pflush =D (54)
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6.3.2. Generator and Inverter

The generator setup consists of an asynchronous genenatar@nverter for a grid connection and
to enable variable speed control. The input to the geneisatbe hydraulic motor torque, and the output
of the power system is the angular velocity of the generaigy,

The transient behavior of the electrical part of the gewera neglected. This is assumed
acceptable, as the inverter-generator closed loop dysaangcfast compared to the slow load variation.
An equivalent circuit for a phase of a three-ph@seonnected induction motor is seen in Figa®&b,
where~y denotes the motor slip. The slip is defined as:

~y =1 [peon (55)
Wy
wheren,, is the number of pole pairs and, is the frequency of the supply voltage. The resistor,
RQPT’Y, represents the mechanical power input to the geneliaorrg wen = IQRQPT’Y; for reference,
see e.g.,31].
As the current]; > Iy, the generator torque is given as:

3nppRy VRQMS

w 2 2 (56)
T (Rl + Ry + 177’”1%2) + (wv(Ly + Ly))

TGn =

whereViys Is the RMS (Root-Mean-Square)-value of the line-to-lindage.
The steady-state phase currefpf,of the generator is given as:

- %Yﬁ Henljooy) = 2 = Z282als) ) (57)

Ip Za(s)+ Zu(s)
whereZ, = Ry + Lis; Zy = %2 + Lys; andZy = pf=a.

The electrical output power of the generator is three-tithegpower per phase:

Ip

s=jwy

Pon,out= 3Vplpcos(LHgn(jwy)) = \/§VL]L cos(ZHgn(jwv)) (58)

As the chosen hydraulic motors have their best efficiencyhm fange of 500-2000 RPM, a
four-poled generator is used. The chosen generator in tigation is a asynchronous high-efficiency
four-pole 160 kW generator, where the parameters of thevalguit circuit have been obtained. The
efficiency result is seen in Figulisc, where the efficiency is plotted as a function of load at 50ahkid
400 V.

Figure 18. (@) Delta-connected induction motorb)( per phase equivalent circuit; and
(c) efficiency as a function of load relative to rated torque@tfz and 400 V.
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The angular velocity of the generator is given by:

1

_ ~ 59
JGn+J|\/| (TM TGn) ( )

an
whereJg, and.Jy are the moment of inertia of the generator and the hydrauitomrespectively.

The torque of the generator is controlled by an inverter. dotl the torque of the generator,
the expressions for finding the appropriate voltage andageltfrequency for the generator is
implemented in the inverter; see Figur@ The control of the inverter is set to optimize the generator
efficiency,i.e., the voltage is reduced and the slip increased at lower spgeegduce losses. Using the
control, the generator efficiency seen in Figli'e is obtained, widening the high efficiency region of
the generator.

The inverter loses are modeled as an efficiency mafwy, Pnv). Based on the data-sheet for a
160 kW Danfoss VLT-Drive, a look-up table of the inverter@#ncy in Figurd 9o has been constructed.
Finally, the inverter to grid is assumed to have a constditiefcy of in,gia = 97%. The parameters
are summarized in Tabke

Figure 19. (a) torque control of the generator and inverter model; dn)dHhe efficiency map
used for the inverter.
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Table 4. Parameter values used for the hydraulic motor, generatbinaarter system, where
“Par.” and “Val.” abbreviate parameter and value, respebti

Par. Val. Par. Val. Par. Val. Par. Val.

Cr1 [Nm] : 11.22  C,[Nm/Pa]:  0.17107% (C,3[Nms]: 0.0085 C.,[Nms?*]: 0.681073
Cg1 [m?/s/Pa]:  5.4107'2 D, [m3/rad]: 39.7910° Ju [kgm?]: 0.048

7. PTO Control

The PTO control may be divided into two parts, as shown in l@0. The first part is the float
control, Figure20a, which controls a DDC-system, compromising between raaiimtg efficiency and
proper power absorption. A Wave Power Extraction AlgoriththPEA) generates the force reference
for optimizing power extraction, while taking into accouhé PTO efficiency.

The second part is the system control, Fig2@e, which handles the overall control of pressure lines
and power generation,e., the numbers of active generators and their speed refesendee system
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control may also manipulate the float control to put more ss Bow into the mid-pressure line (control
parametery) or to reduce the power absorption if the pressure linesaiteaed.

7.1. Wave Power Extraction Algorithm

The power extracted by the absorbers from the wakg, is the product of the applied PTO
torque, 7p1o, @and arm velocityﬁ'arm (or -F; - v¢). To maximize the extracted power, the float velocity
should be in phase with the exiting wave torqug, i.e., the natural frequency of the float and arm
should match the incoming wave. However, frequency-wiset@bsorbers are narrow-banded with an
under-damped resonance frequency, as seen in FighreAccordingly, point absorbers are prone to
operate off-resonance, as the wave period varies wave te.\&v a larger time scale, the average wave
period also varies from sea state to sea state, as seen fwaveespectra in Figure

Figure 20. (a) float control (20 parallel system), handling the manifotthtrol to track
the generated force reference to extract wave power; @nsly§tem control for controlling
generation and pressure lines.
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To improve the behavior of point absorbers, it is well esthidd that control of the PTO load force
may be used, increasing the amount of energy extracted fravesv},5]. Basically, the torquerpro,
applied to the absorber is controlled as a feedback of therlaéss motion as:

TPTO = bPTOéarm + kptofam (60)

allowing the PTO to adjust the absorber’s resonance frexyuenmatch the wave frequency. The term,
kptofarm, IS the reactive term and imposes the PTO to implement aalisforing element, changing the
external experienced dynamics of the absorber.

Optimally, the feedback ensures that the velocity of theodies is always in phase with the wave
excitation force and the PTO damping matching the absorbgdsodynamic damping4]. However,
this requires future knowledge gf, for some timets,wre, rendering the control non-causal. The required
wave prediction horizon to remove the non-causal part iscpmately the same as the settling time of
the system4].

A causal and more robust control described for Wavest&t8hi$ to continuously gather statistically
information of the current sea state over a window of 100 oranwaves. The absorbers narrow
frequency response is then widened and adjusted to a fixedaese frequency, yielding the best average
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abortion in the current sea state. This may be implementduhling fixed control coefficients in the
feedback law Equatio®(Q). This is a suboptimal approach, but has been applied witkl gerformance
results, as reported i13g).

Optimal adjustment of the absorbers frequency, as the albegeires the PTO to transfer energy to
the absorber (assisting its movement) in parts of an osoitlaycle. Thus, the above WPEASs are termed
reactive strategies and require a PTO capable of four-gnatiehavior to supply the reactive power. If
reactive control is not offered by the PTO, the reactive geahthe control are removed and damping
control remainsi.e., for linear damping control only the coefficiemro, is non-zero in Equatior6().
Linear damping is only optimal when the wave frequency aedtbsorber’s resonance frequency match
by other means.

For the Wavestar concept, it has been verified from prototyeasurement2p] that increased
production is obtained through reactive control; see FE@la. Each point is an average of extracted
power over a 10 min measurement, where both linear dampidgeactive control have been tested.
The measured average power results are given as a functggroficant wave height. Consequently,
some of the scatter is due to the different wave periods. ppbkel control is as in Equatio6(), where
the coefficients are fixed for a given sea state. The systetmcouosly gather statistically information
of the current sea state over a window of 100 or more wavesthad, choose the coefficients yielding
the best average abortion in the current sea state.

Figure 21. (a) average extracted power measurements for a single absdéribe prototype
in Figure5a [22]. Each point is a 10 min measuremert) €comparison of power extraction
of linear damping and reaction as a function of efficiency sea state with/,,o=1.75m
and7,=4.5s [11]; and (), yearly production of a single absorber at the prototype[&6]
as a function of PTO torque limitation and efficiendy].
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When optimizing reactive control schemes, it is importartake into account PTO power conversion
efficiency, as power is lost in each conversion. Hence, lgargactive power oscillating between float
and PTO consumes energy. The control in EquatOnhghould always optimize the power output to the
grid and not the amount of extracted power.

In [8,28], it is shown how the PTO force constraints and conversifinieficy may be included into
the control design. The results are a map of control parasyétgeo andkpro, as a function of sea state
and PTO efficiency. For detailed information on the metheds, [L1].
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Figure 22. (a) model for reactive control optimizatio®], and () control parameters for
two sea states as a function of PTO power conversion effigiegeo.
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The optimal parameters i8R8] are found by numerically optimizing the output of the siedidn
model shown in Figur@2. The model includes the absorber dynamics, and the inpbetotbdel is an
irregular sea wavey,. The PTO is characterized by a force limitation and an efiicye The PTO power
output may then be formulated as a function of the extract®eep Pex(t):

Pout( ) _ { Pext(t) nPTO Pext(t) >0 (61)

Pext(t) ; Pext(t) <0

nPTO

The optimal control parameters for Equati@®) is then found as the arguments maximizing the
energy output of the PTO:

tf
arg max / Pou(t)dt (62)
0

kpTo,bPTO

The optimal values obpro and kpto for two sea states are shown in Fig@2b. These results are
from [11]. Here, it is seen as expected, that when the PTO conversiiaieBcy, 7pto, IS reduced,
the reactive partkpro) reduces and the resistive part increases. To furthefyjust reactive control,
a comparison of reactive control and linear damping is shiowkigure21b [11]. It shows that despite
having a power conversion efficiency of, e.g., 70%, 50%, nporeer is produced to the grid compared
to linear damping.

The torque requirement of the PTO is chosen td MNm, which is a compromise made according
to Figure21c, as the PTO efficiency is expected to be about 70%. In Figioethe yearly production
for a single absorber has been computed.iij by calculating the average power output for all sea states
and, then, assuming a yearly wave distribution.

To summarize, given the sea state and PTO informatiflp,o, 7p. 7p10), the force reference to the
cylinder is calculated as:

b
da(‘garm)

whered, is the moment arm angdis a coefficient, which the system control may use to redue@dtiwer
absorption if the pressure lines are saturated. To redueermpabsorption, a method could also have
been to reduce the efficiency input to the WPEA algorithmgifay the WPEA to move towards linear
damping, thereby reducing power absorption and systerssstre

The actual PTO efficiency is not independent of the WPEA ddfineEquation 63). Adjusting
the reactive power may either improve or reduce componemvipeances, depending on whether the

Fret =7 (bPTO(H m,0, Lp, ﬁPTO)éarm + kpro(Hm,o0, Tp, ﬁPTO)‘garm) (63)
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increased power level brings the components closer to fiéeid/optimum power level. To this account,
an initial efficiency estimate is given to find the WPEA, andotigh simulation of the PTO, a new
efficiency is obtained, which is used to update the WPEA. A Ineinof iterations have been performed
to find the proper settings. This is also discusse@]iidr the Wavestar converter.

The force control is going to be implemented discretegy, the continuous reference generated by
Equation 63) is subjected to a quantification. To investigate the infbi@ercomparison of a continuous
control and a discrete control has been performed.

The continuous control is simulated as in FigRBa, with the optimum parameters, a PTO efficiency
of 70% and a maximum torque @1 MNm. The simulation of the discrete version is implemented
likewise with the same WPEA parameters, but the PTO torqgeasitified before being applied to the
float. The available torque values besides zero are setetenly spaced values betwegii MNm.
Moreover, a limit is set on the shift rate, limiting the fortmeshift at maximum one time per 300 ms.
Thus, after a shift has occurred, the force value is locked3@® ms, whereafter the quantification
process may choose the force closest to the continuougneter This avoids the risk of jittering and
PWM (Pulse Width Modulated)-like behavior and keeps the bpemnof shifts at a reasonable level. The
results are seen in Figugs, showing the two power matrices of average produced powese&n, the
difference is relatively low despite the relatively roughagtization. Thus, the force approximation of
the DCC having 27 force values will be adequate.

Figure 23. Power matrices of average produced power in [kW]. The megrare shown for
a continuous torque control and a discrete control withforce values.
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The reason for the low impact of the discrete variation i$ tha 35 tons of the float and arm system
serve as an effective low pass filter, having a break frequaraund 0.28 Hz¢.f. the earlier calculated
natural period of 3.5 s. Thus, from a load control point ofwienplementation of extra dampers/low
pass filters is not required.

Another aspect is the compliance of the mechanical streatlren performing the rapid load force
changes; however, these issues are not treated in this @apeaspect to notice, though, is that the force
steps are relatively small, e.g., a single step from zeroawimum is never performed.
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7.2. DDC Control—Force Shifting Algorithm (FSA)

The purpose of the Force Shifting Algorithm (FSA), contirgdithe DDC, is to choose the appropriate
force level to approximate the referendgys, generated by the WPEA. However, always shifting to the
force closest to the continuous referengg;, may not energy-wise be optimal, as some force-shifts are
more energy-expensive than others, due to the compresssifl;. The minimum compression loss of
a volume when shifting\p, independent of the pipe line dynami&s], is given as 16]:

Es=-A (64)

This loss is illustrated in Figur@a for a system consisting of four system pressures and a syimome
cylinder. The figure shows the compression loss in [kJ] frdmfting between forces. The forces are
sorted according to size. As illustrated, if the currentéois force number 9 and an increase in force is
desired, it is cheaper to shift to force number 11 insteadot ikewise, from number 11, itis cheaper to
shift to number 14 and skip 12 and 13. Thus, to avoid doing egpensive force shifts, a more suitable
strategy is to calculate the energy expense of possiblefshdts and make a compromise between
tracking and energy-cost. This is the basis of the FSAgjyadeveloped in15] and which is also used
in this study. Note that the loss matrix changes with presand cylinder position.

Figure 24. (@) illustration of the shifting loses due to compressioh) {llustration of
the force shifting algorithm; andc) the opening and closing procedure of the valves
during shifting.
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The shifting loss from shifting from force to y is found summing the losses Equatid@) for
pressure changes in the individual volumes:

Eshite(%,y) = 3 (pav.old— PALnew) % + L (paz,old— PAznew)” VAZT(%) + 1 (Pas.oid —pAs,new)w“T(“) (65)

Note that the pressuregax od= Paxnews» May be equal, as the pressure is not necessarily shifted in
all chambers.

To allow compromising between force tracking and perfogniess expensive force shifts,
a maximum allowed tracking errof, is defined, meaning thaf, must stay within a band ofF},
aboutFier. However, within the band, the FSA may choose the force stgipsthe lowest shift cost.
A fixed time limit, T,n, on how frequently shifting is allowed is also added to rexinacking cost.

The FSA algorithm is illustrated in Figugb. The valuesk_ andk,, are the numbers of the forces,
which are the cheapest to shift to within the batid},. As seen, these are continuously updated. When
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the force reference comes closer to one of the forkesr k., a shift is performed, and a new lock
down period ofl}, is initiated.

Based on the optimization procedure 9], it has been found thafi, = 150 KN and 7, = 350 ms
for optimizing the power output of the Wavestar C5.

Thus, when a force shift is initiated, the control sends omdrix, u., of control values for the nine
on/off valves, corresponding to the desired pressure aaraigpn. Regarding valve timing, it was found
in [16] that a small amount of overlap between opening and cloditigeovalves for a single volume was
desirable; thus, a 3 ms overlap is used. As the valves havesidening and closing time, the signal to
the opening valve is delayed 9 ms. This is illustrated in Fe@4c.

To help in controlling the pressure in the mid-pressure, lite FSA continuously identifies the
force combinations that would currently supply or consurae firom the mid-pressure line. For these
configurations, an “artificial” energy losg, may be added in Equatio6%) by the system control to
either penalize supplying or consuming flow from the midsgree line.

7.3. System Control

The purpose of the system control is to:

Avoid the high pressure accumulator storage from depieir saturation;
Keep the mid-pressure line floating between high and |@ssure;
Ensure as steady a power production as possible, whiséysiag) 1 and 2;
Choose the proper number of generators for a given sea stat
Reduce power absorption when full load capacity is reédiche

a s wnN e

To maintain a stable power production, the generators &te setially produce the expected average
POWET, pavg expected IN the current sea state. An initial guess is given basetemurrent sea state when
starting production, whereafter a moving average is useddan the absorbed power over a window
of 5 min. The number of active generatokgy, is then chosen, such that generation capacity is roughly
Pavg,expectedPlUs 30%. All active generators are operated at the samel spge

To avoid the high pressure accumulator storage from degletr saturating, the power generation
is increased or decreased based on the pressure in the datamu This is performed through the
coefficient,s). The speed reference is then givensas:

1
Davg,expected;, - (0
prkenDwm

(66)

WGN,ref =

where Dy, is the total active motor displacement inffmad]. AS payg expectedS the absorber power, the
efficiency from cylinder to power out of the generatgs.cn, iS required to calculate the average generator
power. The maximum allowed speed is set according to 180 kMgemerator, which is 15% overload.
The lowest speed is set to 400 RPM.

The high pressures are set to be between 150 bar and 300 bsy;thle map in Figur@5 for
is used. Finally, if pressure is still reaching 300 bar, thkig,~, is manipulated, such that the float
reduces power absorption; see FigR¥e This is similar to turbines pitching out of the wind wheneet
production is reached.
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Figure 25. Maps for the different system control parametersy and-y.
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The mid-pressure is to be floating between high and low pregsuoptimizing the DDC efficiency.

Hence, the “referencej ref, for the mid-pressure line is:

PH —QF pL (67)

PM,ref =

Based on this, the penalty valug,is set according to Figui2b.

8. Results and Discussion

The modeled PTO system is evaluated for the three sea stlat2sand 3, which were defined in
Figure9. These correspond to small, medium and high productiorscasspectively. To evaluate the
PTO, a test wave has been created using the described wiste method. The first 100 periods of
the wave have been checked to have a representative enarggncoomplying to the PM-spectrum.
Additionally, the test wave contains both high intensitgk& and calm periods between wave groups.
To compare the simulations, this wave is reused for all teesestates by scaling it in time and height
correspondingly. The results are shown for an incoming veange off,, =0°. The PTO performance is
nearly independent of wave direction, as the accumulatomgle the wave-to-wave power fluctuation.

First, the PTO is overall evaluated for the three sea statéierwards, the cylinder force tracking,
and control performance is inspected.

8.1. Overall System Performance

In Figure26, approximately 6 min have been simulated of the completegdtav C5 for sea state 1.
The power absorption is the instantaneous mechanical poywet to the 20 cylinders. For sea state 1
with an average power production of about 120 kW, two gepnesaire active, namely, generators 1 and
3, such that pipe losses are reduced.

As seen in Figur@6, the PTO system is capable of smoothing out the varying p@lesorption
using the accumulators, whereby the power output to theigfalrly stable. Note that at around times,
t=>50 s andt =150 s, long periods of almost no absorbed power are experieboéthe system is able
to maintain output. The results show that all available kppawer” of the waves is extracted, as the
high pressure, and, thereby, the accumulators’ storagey saturatesp(t) <320 bar]. The control
system stabilizes the mid-pressure between high and losspre as desired. Note that at small waves,
the high pressure level is kept a bit lower to reduce compresssses, as the highest cylinder forces are
not required during smaller waves.
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Figure 26. (a) PTO simulation results for Wavestar C5 for sea staté/, = 1.00 m,
and iJ) PTO simulation results for Wavestar

T, = 45 s;
Hpo=175mT,=55s.
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The generators are operated at the same speed, which isrsdleam bottom of Figur@6. The
speed is slowly varying between 850 to 1,200 RPM,; likewise,denerator input torque is also stable
around 800 Nm. Thus, the operating conditions for hydramlitors, generators and inverters are very
favorable. Hence, the PTO strategy of using the hydrautiamlators and DDCs effectively separates
the generation from the complicated and highly fluctuatimyevpower absorption process. Looking at
the power absorption of a single float, the factor betweertk p&a average power is 12, whereas the
fluctuation of output power is withie:50% of mean output.

In the simulation for sea state 2 in Figu26, all four generators are active. Compared to the PTO
behavior in sea sate 1, the storage capacity is now almdgtuséd, with the high pressure varying
between 160 bar and 300 bar. This means that the full stogggcity of the accumulator battery is
being utilized. The system completely absorbs the 10 s loMM2 peak, while maintaining a steady
production around 400 kW.

Moving to sea state 3 (Figui®?), the system is operating at full load most of the time. Assee
from the pressure, the storage saturates; however, thensystkept below the maximum of 320 bar
by reducing the load force on the absorber. Thus, no extraggmeas to be dissipated internally in the
system using, e.g., relief valves, although these areliedtd_ooking at the power absorption of a single
float, the mean power is 45 kW and the peak power is 600 kW, ivigld factor of 12 between mean
and peak power.

Figure 27. PTO simulation results for Wavestar C5 for sea staté3¢=2.50 m,7,=6.5 s.
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To evaluate how efficiently the PTO converts the absorbedepale power input and output of the

different sub systems have been integrated during the atralto identify the sub-system losses.
1 tend 1 tend P,
Pin,avg = — P (t>dt ) Pout,avg: — Pout(t)dt , N = mL (68)
lend 0 lend 0 }%n,avg

The system is divided as shown in Fig@&a, where the flushing and charging power consumption
Is also taken into account. The results are summarized ile Bdbr the different sea state, showing the
average power inputs and outputs.

Figure 28. (a) the definition of average power input and output of the d#ifeé subsystems;
and ) how the difference in stored energy is calculated.
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Table 5. Efficiencies of subsystems in Figuz8. SS1, SS2 and SS3 are abbreviations of the
three tested sea states (1, 2, 3).

DDC-System Pressure Lines & Accumulators Hyd. Motors Generators Inverters Total

In Out | Eff. In Out Eff.|| In Out | Eff.|| In Out | Eff. In Out Eff. || Out | Eff.

S
=
@
2
<
=
w
<
(ol
n

Py |Pppc|moc|| Popc| Pen |Painit| Pn Pac | e Pae | Pyo| o Pypo| Pan | on || Pan | Pene | Py | v Pyria | ot

&

113.6] 100.1|0.88 | 100.1| 4.49|17.8 | 4.00 | 116.5]0.98|| 116.5| 109.2| 0.94|| 109.2| 103.7{0.95]| 103.7| 5.00 | 103.8]0.95/|94.1 |0.70

[ss1]

‘ 460.7‘ 416.8‘0.90“ 416.8‘ 5.49‘ 12.45‘ 5.36 ‘ 415.8‘ 0.97H 415.8‘ 389.6‘ 0.94H 389.6‘ 372.0‘ 0.96H 372.0‘ 6.08 ‘ 372.0‘ 0.95

347.9‘ 0.73‘

644.5]0.95 0.93|] 595.5

‘ 747.4‘ 6702‘0.90“ 670.2‘ 6.0 ‘ 5.87‘ 6.35

644.5‘ 595.5

559.3‘ 0.96‘ ‘ 569.3‘ 6.66

56943‘ 0.95

534.8‘ 0471‘

To calculate efficiency accurately, it is required to taki iaccount that the stored pressure energy
in accumulators and oil volumes is not the same at the irstak and at simulation end. Resultantly, a
post-simulation is performed on the pressure line systetmaemnifold using the end states. Here, how
much energy is required to fill or drain the pressure lineseitg the initial state is simulated, which
is illustrated in Figure8b. The difference in energy is then mapped into an equivaeatage power
input, Painit, to the pressure line system.

In Tableb5, the total PTO efficiencyyy, is defined as the ratio between total absorbed energy and the
energy to grid, taking into account the difference in theesdeenergy:

Z;gﬂd _ Afbﬂd
Ein + EAinitnDﬁ P + Paint——

7IbbC

(69)

Thot =

In the above expression, the difference in stored endtgyy, is scaled withnDl—DC, such that it seems
that it has been absorbed from the waves.
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From Table5, it is seen that the total PTO efficienayy, is 70%, 73%, 71% for the three sea states,
respectively. Thus, despite the varying power levels ad®f of 10 between the mean and peak power,
the PTO system is able to maintain efficiency.

The motors and generator all operate around 94% and 95%pastex in the operating conditions.
Most important in the results is that the DDC-system is ablentintain an overall efficiency of
nooc = 90%, which is the core technology for enabling the PTO concepe dctual power conversion
efficiency is actually higher, as reactive control is beiegfprmed, making the average processed power
larger than the average input power. This may be viewed ftansingle float power absorption, which
is periodically negative. The average negative powsg,, and average positivésy +, power have been
calculated for float 1 in the three sea states:

e Sea state 1F,;.=0.57kW and Pey += 7.5 KW: Ratio of reactive and real power:= % =0.075;

e Sea state 2P, .=2.5 kW and Pe +=19.5 KW: Ratio of reactive and real power:= % =0.088;

e Sea state 3FPuy-=3.1kW and Peyx +=49.0KW: Ratio of reactive and real power= 1;—11 =0.063.

Assuming equal power conversion efficiency in both direttithe relation of the actual power
conversion efficiency of the DDC-systemy;, and the ‘measured’ average efficiengypc, IS given as:

Pext +7act — n%dpext,— nooc(l — ¢) + \/77|23DC(1 —c)? +4c
= Tact =
Pext,+ - Pext,- 2

Tbbc = (70)
The actual power conversion efficiency for the manifold aylthder is, thus90%, 92% and91% for
the sea states, 1, 2 and 3, respectively.

8.2. Control System Performance

In Figure29, the operation of the cylinder and manifold of float numbes Ehown. The control
tracks the force reference with the discrete steps addguemte is excellent at not performing extra
unnecessary shifts, when the variation in force referescemall, for example, at time 160 s and
at time 166 s.

Looking at the pressures within the three chambers, thérghidlgorithm optimizes efficiency by
mostly shifting one pressure at a time and using the midspresas an intermediate level. The chamber,
A2, is the largest chamber and, thereby, the most energy expdosshift. This is seen in the control
output, asA?2 is the chamber that experiences the lowest number of peeshiits, whereas the smallest
chamberA3, experiences the most pressure shifts.

In the zoom in on the pressure, the shifting transients isque may be seen. The fast oscillatory
behavior in the transients are due to the fact that the flowasailate between the cylinder chamber and
manifold accumulator, due to the pipe line between the vahecylinder. These are most pronounced
for the A1 chamber, as this chamber has the longest pipe connectenebthincreasing the effect of
pipe “inductance”. The slower oscillation in pressupgsandpy, are likewise caused by flow oscillating
between the small manifold accumulators and the largegtaracumulator batteries.
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Figure 29. Force tracking of cylinder.
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In Figure 30, the system control performance is shown. The mid-presgiezence py ref, IS Set
between low and high pressure, and the mid-pressure igieéfigckept floating around this reference
by manipulating the force shifting algorithms. This was lempented by giving a penalty for shifting to
force configuration, which will take the mid-pressure fenrtlaway from the reference. The penalizing
“energy” input,y, to the force shifting algorithms is seen in the figure.

Figure 30. Controller performance and gas temperature of accumslator
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In Figure 30, the temperature variation in one of the high pressure géoseccumulators is seen.
The process is not isothermal, as the temperature is higinjyng, and the process is not purely adiabatic
either, as the temperature and pressure do not always retdine same initial conditions. Thus, the
inclusion of heat transfer between accumulator and enmieot in the model is justified.

Finally, Figure30 shows how the system control uses thieput to downscale the aggressiveness of
the float absorption, such that high pressure stays belowa0

9. Conclusions

The paper has demonstrated a PTO-system for the Wavestar wép@ble of solving the
following challenges:

e Handling peak power input, which is a factor of 12 higher tina@an power, while maintaining
component efficiency-the DDC maintains above 90% in these conditions, and the ir@nta
components are above 94% in efficiency, each

e Full controllability of load force on absorbers and four duent mode—the DDC offers 27 force
steps and four quadrant mode

e Incorporating a short-term storage for supplying reagtimeer—eactive power is only processed
by DDCs and accumulatoys

e Incorporating an efficient energy storage for power smaogghigenerators are operated
independent of the wave absorption; energy storage foraipey generators at 1500 RPM for
one minute

e Maintaining PTO efficiency in small waves when operating %%lof full load capacity—total
efficiency maintained above 70% in all sea states

e Being able to reduce power absorption when full load capasitreached-the DDCs reduce
absorption when the WEC reaches full lgad

e Being scalable to future multi-MW systems.

Based on rigorously modeling the system from wave-to-witie,overall efficiency of the PTO was
found to beyond 70% in all sea conditions, while providingedient power absorption.

The utilized power absorption algorithms (WPEA) were bagedeactive control methods, tuning
the resonance of the system. The algorithms were tunedeartekaccount the efficiency of the PTO to
maximize electrical power production.

The WPEA determined load force reference was applied ubmgpecially developed DDC-modules
mounted on each float, consisting of discrete controlledinsbbmbered cylinders. The DDC modules
directly convert and store the absorbed wave power as higgspre energy in the accumulators with a
loss less than 10%.

The implemented PTO system had an extra intermediate pecksse for improved efficiency of the
DCC. It was shown that by overall system control, the net flowhe intermediate line could be kept at
zero; hence, extra pumps and motors for supporting thisaieenot required. The simulations verified
that when reaching full load capacity, the system would cedhe power absorption using the DDCs,
such that full load is sustained, but no extra energy has thdsgpated internally in the system.
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Regarding scalability, the DDC-modules are fully scalatidebe increased to larger systems.
Currently, commercial valves with the required transieperng and closing times<(l5 ms) are
available with only 2% loss at.8 MW and with a peak power level of more than 4 MW. This is more
than required for, e.g., a 6 MW Wavestar system with 20 fldatsthermore, valves may be easily used
in parallel, thereby also increasing redundancy. Reggrdyaraulic motors, commercial 1000 cc high
speed motors are available, producing 750 kW at 300 bar a@@ E°M. Within the wind turbine
industry, hydraulic transmission are also being investidaleading to development of fast multi-MW
motors with high efficiency; see, e.g., Digital Displacefetechnology. These variable displacement
also shows high part load efficiency, leading to the optiooprating at a fixed generator speed of the
1500 RPM, thereby potentially removing the power convsrter

The size of the storage may be increased as desired. Thgestgir® is a cost optimization problem
between power smoothness and accumulator cost. Incret@rgforage does not reduce the overall
efficiency, as the round-trip efficiency of accumulatorsrisuaad 97%. Instead, increasing storage may
increase efficiency and durability, as it narrows/stabgithe operating region of the remaining PTO
components, thereby making them operate near their optipain at a constant load.

Looking at potential improvements, the control of the DD@eules presented in this paper is
a simplified version, not taking into account, e.g., cylindelocity and simultaneous shifting of
multiple-chambers. The system control is also a very siinegliversion, which does not use the energy
storage at full potential to stabilize and increase energguyrction. Additionally, further optimization
on the pressure line network may be performed, reducinglpgses and improving transient behavior.
Improved hydraulic motor-efficiencies are also obtainawith commercial available components
(96% efficiency) and coming digital displacement motors.ingghe rigid-body assumption, it was
through simulation verified that the discrete force congiglded approximately the same energy
extraction performance as a continuous control. Howeweganding compliance of the mechanical
system, the presented work did not cover this issue. For pkeanwhen using the DDC, there is a
risk of exciting the structural eigen-frequencies. Thubgew applying the described DDC, a detailed
dynamical mapping of the mechanical system should be peddras a part of the DDC design.

With the potential improvements, the PTO concept has besgsasd to be able to reach about 80%
efficiency from mechanical input to electrical output.
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