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The AOE Accumulated Ocean Energy Inc. (AOE) wave energy converter (WEC) is a
cascaded pneumatic system, in which air is successively compressed through three point
absorber devices on the way to shore; this air is then used to drive an electricity generator. To
better quantify the performance of this device, this thesis presents a dynamically coupled model
architecture of the AOE WEC, which was developed using the finite element solver ProteusDS
and MATLAB/Simulink. This model is subsequently applied for the development and
implementation of control in the AOE WEC. At each control stage, comprehensive power matrix
data is generated to assess power production as a function of control complexity.

The nature of the AOE WEC presented a series of novel challenges, centered on the
significant residency time of air within the power take-off (PTO). As a result, control
implementation was broken into two stages: passive and active control. The first stage, passive
control, was realized as an optimization of eight critical PTO parameters with the objective of
maximizing exergy output. After only 15 generations, the genetic algorithm optimization led to
an increase of 330.4% over an initial, informed estimate of the optimal design, such that the
annually-averaged power output was 29.37 kW. However, a disparity in power production
between low and moderate energy sea-states was identified, which informed the development of
an active control strategy for the increase of power production in low energy sea-states. To this
aim, a recirculation-based control strategy was developed, in which three accumulator tanks
were used to selectively pressurize and de-pressurize the piston at opportune times, thereby
increasing the continuity of air throughput. Under the influence of active control, sea-states with
significant wave heights between 0.75 m — 1.75 m, which on average encompass 55.93% of the

year at the Amphitrite Bank deployment location, saw a 16.3% increase in energy production.



Table of Contents

N o1 = Tod OSSPSR ii
TADIE OF CONENTS ...ttt bbbt b e n e s e e iv
LIS OF TADIES ... ettt et e et st enreeteene e vii
LIST OF FIQUIES ...ttt ettt et et e e s et e e s e ebe e beenteeneenteeneennes IX
NOMENCIATUIE ... bbb b e bbbt b st et et et e st e b b e Xii
ACKNOWIBAGMENES. ... .ottt e et e e e s be et e e seesraenenreesreeneens XVii
D=1 [ o= U1 o] o ISP Xviil
(@8 T o) = R [ 01 £ T (1T £ o] BSOS 1
IO R = 7 o 1 |01 3T PSP TS 2
1.2 Accumulated Ocean ENergy CONVEITET .........ccuiiiieierierienie et 4
IR T O o =T £ =T OSSR 8
I S o o | o0 (o] OSSR PTURPRPRPRPR 9
15 TRESIS OULIING .ottt et neenreenes 10
Chapter 2. Modelling FrameWOIK ..........cccooiiiiiiiccece e 11
2.1  Modelling Techniques for Wave Energy CONVEIErS........cccccvveieerieiiieieerieseeseeie e 12
2.1.1  Hydrodynamic Modelling of Point-Absorber WECS ..........cccooveieienenineneen 12
2.1.2  WEC System MOdelling ........ccceoiiiiiiiee e 14

2.2 Model Of the AOE CONVEITEN ......cceiiiieieiieiie ettt ens 16
2.3 Hydrodynamic MOEL ..........ccoiiiiiiiiie s 19
2.3.1  Calculation of Hydrodynamic CoeffiCients ............ccceveiiiiieieiic i 19
2.3.2  Time Domain ProteusDS SimUIAtioN............cooveieiiiiiiieiesieee e 22

2.4 Power Take-Off MOEI .........covoieiieice e 29
St R O3, 10T [T USRS 32
O N G (o1 - To o - 10| SRR 34
2.4.3  CONNECLING PIPES ...ttt bbbt a bbb 35
244 VAIVES ... et r e e 36

2.5 ON-Shore Generator SYSEM.......ccuiiiiiiie et e e reeane e 39
2.5.1  On-shore Generation ArChitECtUIE .........c.evvevveieieece e 39
2.5.2  Design Constraints on CAES SYSIEMS ......c.uviiieiiiiiieiie e 40

2.6 Calculation of Power Output: FIOW EXErgY .......ccccieiiiieiieiiieiie e 43

2.7 Summary of the AOE Model ArchiteCtUre .........cooueoveiieiinenesisese e 44



Chapter 3. Passive Control: Problem FOrmulation............cccccevveieiieenieeie e 45

3.1  Literature Review of WEC OptimIZatioN..........cccuoveieieienienieieseseseeeeneese e 46
3.2 OptiMIZAtioN PrOCEAUIE. ........oiiiiiieieie et 50
3.2.1  DeSigN VariabIeS........ocouiiiiiiciice e 51
3.2.2  Optimization AIGOITTNM .. ... 53
3.3 Summary of Passive Control Problem Formulation ............c..ccccooieiiiiiicic e 60
Chapter 4.  Passive Control: Implementation and ReSUltS ...........cccoovevvivi v, 62
4.1 OptimMIZAtioN RESUILS .....c..oiiiiiii e 63
4.1.1  Results from First Stage of Optimization ...........coccoveiiiiiinieeeee e 63
4.1.2  Results from Second Stage of Optimization...........cccceeveveiieeiisie e 69
4.2 Impact of Optimization Procedure on Quality of Converted POWer .........c.ccccceverienne 76
4.3  Impact of Optimization Procedure on End-Stop Collision Rate............cccccvevevverirnnnnne. 80
4.4 Power Matrix for Passively Controlled SyStem ...........cccoveviiieiiiie s 84
441 POWEr MatriX RESUITS......cciiiiiieiieie et 86
4.4.2  Comparison to Optimization RESUITS.........c.coveiieiiiiiiiiiieeeeee e 94
4.5  Summary of Passive Control Implementation .............c.cccevviieiieie e 95
Chapter 5.  Development of Active COoNtroller...........ccoviiiiiiiei e 97
5.1 Review of Active Control Implementation for Wave Energy Converters...................... 98
5.1.1  Theoretically Optimal CONtrol...........ccccoeiiiiiiic it 99
5.1.2  Sub-Optimal CONtrol..........ccooiiiieeie e 100
5.1.3  Control for Pneumatic or Accumulator-based WEC DesSigns .........cccccoervrvrinnnn. 101
5.2  Selection of an Active Controller for the AOE WEC ..........ccccooviiiiieiiienene e 101
5.3 ACHIVE CONrOl SrAtEOY ... .cceeivieiiiriicie ettt re e sre e 102
5.4 Controller Implementation ..o 106
5.4.1  Valve Layout and PiPiNg .......ccciieiiiieiieie ettt 106
5.4.2  Valve Timing: Upper Chamber Recirculation.............ccccccoveieeniiiicieese s 107
5.4.3  Valve Timing: Lower Chamber RecCirculation ...........c.ccccooviininiiinninenc e 108
5.4.4 Valve Timing: Peak and Trough Detection ...........cccccvvveviiieiecie i 109
545 ValIVE DESION ...ttt 113
546  TANK DBSIGN ...uiiiiiiiiiiteite sttt bbbttt bbb 114
5.5  Active Control Strategy RESUILS.........ccciiiieiiccc e 115
5.5.1  Single Recirculation Tank Controller...........ccccovveiiiic i 116
5.5.2  Double Recirculation Tank Controller..........c.cooevvivieiiersiieseese e 118

5.5.3  Triple Recirculation Tank Controller..........ccccovoiiiiiieiiic i 120



5.5.4  Quadruple Recirculation Tank Controller ...........cccocvviveiiiieiicie e 123

5.5.5 Comparison and Selection of Active Controller............c.ccoovvviiiiiieiiine 126

5.6  Power Matrix for Actively Controlled System, and Comparison to Passive System ..128
5.6.1  POWET OULPUL ..ottt nnb e e nn e e 128
5.6.2  EFFICIENCY ...eiiii ettt ettt re e 132

5.7  Summary of ACtIVE CONIOIIET .......ooiiiieiie e 140
Chapter 6. Conclusions and FULUIe WOTK ...........cooviiiiiiiiie e 141
TS A @0 o Tod 131 o] TSP PRI SPRS 141
6.2 Recommendations and FULUIe WOIK...........cccuoiiiiiiiieiie e 143
6.2.1  Model Validation and IMProvemMeNt............cceieeieiieiieie e 143
6.2.2  Future Control IMplementation.............cocooiiiiiiieie s 144

[ E =T =] 0T LTSRS 146
Appendix A: Supplementary Information for Model Development.............cccccoveveiieieciecnenee. 152
A.1 Supplemental Equations for Defining Model-Based Valve Flow Limits........................ 152
A.2 Filter Selection for Actively Controlled SyStem ... 155
A.2.1 Selection of SavitzKy—Golay FIlter..........cccooeiiiiiiiiie e 156
A.2.2 Selection of Motion Threshold Parameters...........cooevveeieniiiiecieseee e 160

APPENAIX AL RETEIENCES ...ttt b bbb ene s 163



List of Tables

Table 1.1: Classification of wave energy devices by the nature of wave power capture. .............. 3
Table 1.2: Primary dimensions of the AOE WEC. ... 6
Table 2.1: Properties of MOOINgG lINES.........coiiiiiiiiece e e 26
Table 2.2: Values for critical parameters used in Model. ...........ccccoveviiiiiiciiccce e 31
Table 2.3: Range of air turbine/air motor industry Set-POINtS. .........ccccvvveiivereiiieieere e 42
Table 3.1: Design variables in the optimization procedure, and variable limits........................... 52
Table 3.2: Weighted average calculation for division of wave histogram. ...........cccccceverinnnnnnn. 57
Table 3.3: Selected sea-states for optimization ProCedUre............ccovevvrieieere s 58
Table 4.1: Progression of objective function in first stage of optimization.................cccccoevvennn. 64
Table 4.2: Revised set of constraints for second stage of optimization.............cccccceveiinirinnnnn. 69
Table 4.3: Progression of objective function in both stages of optimization...............c.cccccvvnenne. 70
Table 4.4: Best estimate of globally optimum set of design variables. ............ccccccevvvieiiieiennnne. 71
Table 4.5: Mean piston motion as a function of device and sea-state. .............cccccevvivevecieennnnn, 75
Table 4.6: Test cases for study of exergy production on smaller time scales..............cccccvevveennne. 77
Table 4.7: Performance data for smaller time scale analysis test Cases. .........c.cccoerererenerenennn. 77

Table 4.8: Optimum set of design variables determined using alternate objective function........ 84
Table 4.9: Summary of the efficiency and energy production of the AOE WEC as a function of
SIgNIFICANT WAVE NBIGNT. ..o ae e 93

Table 4.10: Comparison of sea-state dependent exergy in optimization and power matrix results.

....................................................................................................................................................... 94
Table 5.1: Parameters for filtering piston motion signal. ..........c..ccccooveiiiiiiici e 113
Table 5.2: Performance comparison for passive and actively controlled system using 1
FECITCUIALION TANK. .. .o sttt et eteaneenreeeeenee e 117
Table 5.3: Performance comparison for passive and actively controlled system using 1 upper
chamber and 1 lower chamber recirculation tank. ............cccooviiiiiii e 119
Table 5.4: Performance comparison for passive and actively controlled system using 1 upper
chamber and 2 lower chamber recirculation tanks. ...........ccccooeieiiniiiin 122

Table 5.5: Performance comparison for passive and actively controlled system using 2 upper

chamber and 2 lower chamber recirculation tanks. ........ooovveeviie 125



Table 5.6: Performance comparison for passive and actively controlled system using 4
FECITCUIALION TANKS. ... ettt bbbttt bbb b ens 127
Table 5.7: Annual averaged power output from each of the devices.........ccccoovveiiiiiiiiiinnns 130
Table 5.8: Summary of the efficiency and energy production of the actively controlled AOE
WEC as a function of significant wave height...........ccccoov i 138
Table 5.9: Comparison of the component of the annual energy production as a function of

significant wave height for the passive and actively controlled system. ...........c.cccooevviiiniienns 139



List of Figures

Figure 1.1: Schematic of the cascaded 3-device configuration of the AOE WEC.............ccccuee. 5
Figure 1.2: Components of the AOE WEC. ... 6
Figure 1.3: Piston dynamics during: (a) wave crest, (b) wave trough. ........cccccooevveiiiienienncienen, 7

Figure 2.1: Passing of state information during a single time step of the coupled model

L0 0 (=T (0] =TSSP RO TP PRRN 17
Figure 2.2: Key variables used to define the complete state of the system within the coupled
MOUE] AICRITECTUNE. ...ttt e e e reesbeeeesneesneenee s 18
Figure 2.3: WAMIT panel mesh for the (a) spar/stabilizer assembly and (c) float. Original
engineering drawing is shown in (b), with the mean water level indicated................ccccovevvernnnnen. 20
Figure 2.4: Frequency dependent (a) added mass and (b) added damping for the float and
Spar/stabilizer aSSEMDIY. ... s 21
Figure 2.5: Frequency dependent (a) Froude-Krylov and (b) Scattering force for the float and

SPAr/StADIIZEr @SSEMBIY. ...cvieii e 22
Figure 2.6: ProteusDS panel mesh for the (a) spar/stabilizer assembly and (b) float................... 23
Figure 2.7: Tension as a function of engineering strain for spring component of mooring line. .27
Figure 2.8: Rendering of mooring lines in ProteusDS............cccoiiiiiiininiiencee e 27
Figure 2.9: Rendering of complete WEC, including mooring lines, in ProteusDS. .................... 28
Figure 2.10: Representative illustration of PTO components, including key outputs of each

(070] 0] 010§ T=T o | OO UR PPN PRIRPR 29
Figure 2.11: Summary of air turbine and air motor industry set-point data. ............ccccccccverenene 41
Figure 3.1: West Coast Wave Initiative wave buoy 10Cations. ...........ccccoeeeeiieie i v 55

Figure 3.2: Frequency of sea-state occurrence [# Hours/Year] for Amphitrite Bank, as defined by
significant wave height [m] and wave energy period [S].......ccccerrrerinininenineeee s 55
Figure 3.3: Annual wave energy flux [J / m] for Amphitrite Bank, as defined by significant wave

height [m] and wave energy Period [S]. ....ccueiiuiiiieiieiiie et 56
Figure 3.4: Division of wave histogram for optimization procedure..........cccccccevvviiieiieiieeinenn, 57
Figure 4.1: Progression of objective function within each generation. ..........ccccceovieneicicnnnnnn 64

Figure 4.2: Exergy as a function of each of the design variables for the first stage of the

(o] 01T T 2: o] PRSP SUPRRTRRPP 66



Figure 4.3: Diameter and length ratios between different devices for the first stage of the

(0] 01 L1472 UA o] o PSSR 67
Figure 4.4: Progression of objective function within both stages of optimization. ..................... 70
Figure 4.5: Exergy as a function of each of the design variables for both stages of the

(0] 01 L4472 UA o] o PSSRSO 73

Figure 4.6: Diameter and length ratios between different devices for both stages of the

OPTIMIZALTION. ...ttt b bbbt b e bt e st et e e et e b et e b e b are s 74
Figure 4.7: Contribution of sea-states to average POWEr QUEPUL. ...........ccoervrerieiienienienesesieeies 78
Figure 4.8: Time series of energy output for Te = 10.5sand Hs =2.25m (SS4).......cccccovevvennens 79
Figure 4.9: Estimated collisions per minute in real SEas..........cccevveieeiveieiieesie e see e 81
Figure 4.10: Estimated collisions per minute in power-producing S€as. .........cccccvverererererernnnns 82
Figure 4.11: Revised objective function incorporating collision effects. ..........cccoceevveiiiinnnnnn 83

Figure 4.12: Wave histogram of sea-state frequency of occurrence for Amphitrite Bank [2], in
which the sea-states used to generate power matrix are indicated............cccooveveveeieiieiecseennn, 85
Figure 4.13: Power production [W] as a function of sea-state for passively controlled system...86
Figure 4.14: Annual energy [kWh] as a function of sea-state for passively controlled system. ..87
Figure 4.15: Percentage increase in power from device 1 to device 2 as a function sea-state for
PASSIVELY CONIOIIEA SYSTEM. .....eeiiecie et et e be e ae e sae e e 87
Figure 4.16: Percentage increase in power from device 2 to device 3 as a function of sea-state for
PasSIVElY CONLIOIIEA SYSTEM. ..o 88
Figure 4.17: Absorbed power [W] as a function of Hs [m] and Te [s] for passively controlled

RV ] (=1 10 SRR 90
Figure 4.18: Conversion efficiency [%] as a function of Hs [m] and Te [s] for passively
CONTIONIEA SYSTEIM. ... bbbttt ettt b et benae b 91
Figure 4.19: Absorption efficiency [%] as a function of Hs [m] and Te [s] for passively

(o0 gL o] LYo ISV (=] o TSRS S S RSS 92

Figure 5.1: Schematic of airflow during a recirculation of the air mass in the upper piston

(010 00 < S SSPSSTSSRS 104
Figure 5.2: Schematic of airflow during a recirculation of the air mass in the lower piston
(010 00T TSP PRRTRPRRRN 105

Figure 5.3: Flowchart used to determine value of control signal Rz. .........ccccoooiiiiiiiiicicnnnn 108



Figure 5.4: Flowchart used to determine value of control signal Ri. .....cccccoevevviveiieiicicce, 109
Figure 5.5: Flowchart used to determine whether current motion constitutes a peak or trough. 110

Figure 5.6: Comparison of raw piston motion and filtered signal in Hs =1.75 m and Te = 8.5 s.

Figure 5.7: Comparison between (a) piston motion with no magnitude filter and (b) magnitude-
LT =T IR o g oSSR 112
Figure 5.8: Flowchart used to determine value of control signal R when two recirculation tanks
are used for the lower piSton ChamMDET. .........cooiiiiii e 121
Figure 5.9: Flowchart used to determine value of control signal R; when two recirculation tanks
are used for the upper piSton ChambEr. ...........coi i 124
Figure 5.10: Power production [W] as a function of sea-state for actively controlled system...128
Figure 5.11: Improvement in power production [%] from passive to actively controlled system.

Figure 5.12: Annual energy [KWh] as a function of sea-state for actively controlled system....130
Figure 5.13: Cumulative mass flow at the inlet and outlet 0f D1 ....c.cvvvvvveiceieicecseeeis 131
Figure 5.14: Absorbed power [W] as a function of sea-state for actively controlled system.....133

Figure 5.15: Conversion efficiency [%] as a function of sea-state for actively controlled system.

..................................................................................................................................................... 133
Figure 5.16: Improvement in conversion efficiency [%] from passive to actively controlled
TS (=] 1 PSP ORI 134
Figure 5.17: Absorption efficiency [%] as a function of sea-state for actively controlled system.
..................................................................................................................................................... 135
Figure 5.18: Improvement in absorption efficiency [%] from passive to actively controlled
TS (=] 1 PSP ORI 136

Figure 5.19: Improvement in total power conversion efficiency [%] from passive to actively

(o0 gL o] 1 [=To ISV (=] o PRSPPSO 137



Nomenclature

A Added mass coefficient.
Ayl Cross-sectional area of the piston.
Aorifice Cross-sectional area of the valve orifice.
Apanel Area of a particular panel in the hydrodynamic mesh.
Ay Added mass coefficient at infinite frequency.
AOE Accumulated Ocean Energy.
B Added damping coefficient.
Cq Drag coefficient.
Cp Specific heat of air at constant pressure.
Cy Specific heat of air at constant volume.
Dey, Diameter of the piston cylinder.
Dfioat Diameter of the float of the Accumulated Ocean Energy converter.
D, Diameter of the first device in the Accumulated Ocean Energy converter.
D, Diameter of the second device in the Accumulated Ocean Energy converter.
Dy Diameter of the third device in the Accumulated Ocean Energy converter.
D" First device in the Accumulated Ocean Energy converter.
D," Second device in the Accumulated Ocean Energy converter.
D;" Third device in the Accumulated Ocean Energy converter.
Efinai Total closed system exergy in the converter at the end of the simulation.
Efpyx Wave energy flux (wave power per incident metre).
Einitial Total closed system exergy in the converter at the start of the simulation.
Eiotal Total annual wave energy flux.
F Force.
Farag Drag force induced from waves.
Foxc Wave excitation force.
Frriction Force of friction acting on the motion of the piston.

Fhs

Hydrostatic force.




Fpro Power take-off force.
Froorings Mooring force.
Fraa Radiation force.
FK Froude-Krylov force.
H, Significant wave height.
_ Average significant wave height within a wave histogram grouping; used in
s the calculation of representative sea-states for the Amphitrite Bank location.
K Wave number.
L Length.
L, Length of the first device in the Accumulated Ocean Energy converter.
L, Length of the second device in the Accumulated Ocean Energy converter.
Ls Length of the third device in the Accumulated Ocean Energy converter.
Number of sea-states per section of the wave histogram; used in the
M calculation of representative sea-states for the Amphitrite Bank location.
N Number of hours of occurrence (on an annual basis) of a particular sea-state
within the wave histogram.
Nrveo Number of wave frequencies included in wave spectrum when inputted to
ProteusDS simulation.
Number of hourly occurrences throughout the year; used in the calculation of
Nnours the annual wave energy flux.
Nrotal Total number of hours throughout the year.
Orifice Ratio, defined as the ratio of the valve diameter over the piston
oK diameter.
P Pressure.
Papsorbed Power absorbed by the converter over the course of the time step.
Pomb Ambient pressure.
Py, Motion threshold needed to identify peak has been exceeded.
Pproduced Power produced by the converter over the course of the time step.
Ppr Pressure of recirculation tank.

Pupstream

Pressure of the upstream volume; used to calculate flow limits through valve.




Pproduced Power produced by the converter over the course of the time step.
PTO Power take-off.
Ry Individual gas constant of air.
R, Control signal used to define the flow direction in the lower piston chamber.
R, Control signal used to define the flow direction in the upper piston chamber.
RT Recirculation tank.
Scattering force.
T Temperature.
Toump Ambient air temperature.
Tin Motion threshold needed to identify trough has been exceeded.
Temperature of the upstream volume; used to calculate flow limits through a
Tupstream
valve.
T, Wave energy period.
_ Average wave energy period within a wave histogram grouping; used in the
e calculation of representative sea-states for the Amphitrite Bank location.
T, Wave peak period.
Ty Ambient water temperature.
|4 Volume.
WEC Wave energy converter.
a Surface area
Cend—stop Damping coefficient used in the application of end-stop forces.
e Flow exergy.
g Acceleration due to gravity.
hamb Enthalpy of the ambient air; used in the calculation of the flow exergy.
Rout Enthalpy of the outlet flow; used in the calculation of the flow exergy.
kena-stop Spring constant used in the application of end-stop forces.
ks Hydrostatic stiffness.
k, Impulse response kernel function.

Mass.




Meyr Mass in the piston cylinder.
Equivalent mass, due to the deflection of surrounding fluid as the body
Moo moves (added mass).
m Mass flow through a valve.
. Flow rate limit through the valves, based on the application of an active
Hcontrol control strategy.
. Flow rate limit through the valves, based on the state of air and dimension of
Mimax the valve.
. Flow rate limit through the valves, based on an artificial model-based flow
Himodel constraint that is used to ensure numerical stability.
n Normal vector
Samb Entropy of the ambient air; used in the calculation of the flow exergy.
Sout Entropy of the outlet flow; used in the calculation of the flow exergy.
t Current time step.
trotal Total time period.
t* Current time, used in the calculation of the radiation force.
v Velocity in an arbitrary direction.
z Position in the vertical (heave) direction.
Vertical limit on the motion of the float; used in the application of end-stop
Plimit forces.
Minimum motion from last trough/peak needed in order for current motion to
“m be identified as a peak/trough respectively.
Zmean Mean water level of the Accumulated Ocean Energy converter.
Zpeak Vertical position of the latest peak in piston motion.
Ztrough Vertical position of the latest trough in piston motion.
Z Velocity in the vertical (heave) direction.
. Relative velocity in the vertical (heave) direction between the float and spar,
Tret which defines the velocity of the piston.
Z Acceleration in the vertical (heave) direction.




Pressure ratio across the valve, defined as the downstream pressure over the

P upstream pressure.
Wave phase, which is defined for each frequency in the wave spectrum when
? inputted to ProteusDS simulation.
At Simulation time step.
AU Change in internal energy; used in the calculation of the absorbed energy.
y Ratio of specific heats of air.
n Current height of the wave, used in the calculation of hydrostatic force.
Wave direction, which is defined for each frequency in the wave spectrum
f when inputted to ProteusDS simulation.
p Density.
Time interval measured from the start of the simulation, which is used in the
‘ calculation of the radiation force.
) Wave frequency.
Subscripts
cyl Cylinder.
cyl,ch.1 Cylinder, chamber 1; this is the lower chamber of the cylinder.
cyl,ch.?2 Cylinder, chamber 2; this is the upper chamber of the cylinder.
Referring to the collision of the piston with the ends of the piston chamber.
end — stop The high/low motion limit refer to the top and bottom of the cylinder
chamber, respectively.
Used in the calculation of model-based flow limits, to denote the optimal case
opt in which the maximum flow rate between the upstream and downstream

volume occurs.
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Chapter 1. Introduction

Global energy demands are increasing year over year, and coupled with increasingly
restrictive international emissions policies, there is a growing mandate for the use of renewable
energy sources to meet demand. While current commercial renewable energy activities are
focused on wind and solar resources, the dual impact of increased energy demand and lower
emissions allowances has generated interest in largely underdeveloped renewable sources such
as wave energy. Baseline estimates of the global wave resource suggest that the annual wave
power incident on ocean-facing coastlines is 2.11 TW [1]. Furthermore, the resource has several
advantageous characteristics when compared to solar and wind energy, such as a higher power
density, greater predictability, as well as a strong temporal [2] and spatial correlation between the
resource and demand (37% of the world’s population lives within 90 km of the coast) [3].
Consequently, this resource represents a valuable option in the global renewable energy
portfolio. However, the large-scale deployment of wave energy devices is hampered by the high
costs of physical testing, which has led to a lack of long-term test deployments and uncertainty in
wave energy converter (WEC) power production estimates. Performance uncertainty has further
reduced the likelihood of securing the significant level of funding needed to advance the wave

industry, particularly when considering the existence of more mature renewable technologies. As



a result, research at the present must focus on strengthening our understanding of present day
device performance, while also the means to improve the viability, efficiency, and affordability
of the power from wave energy devices [3] [4].

A cost effective method of meeting these requirements is a significant challenge, but
valuable insight may be gathered through the development of high fidelity numerical models. In
particular, detailed wave resource data at device deployment locations, coupled with high fidelity
models of the device, can underpin a process for generating realistic estimates of the power that
would be transmitted to the grid [3] [5] [6]. These models are also critical for the development of
holistic and accurate WEC control strategies, as iterative tuning of control parameters requires
reproducibility in environmental conditions. The implementation of optimal WEC control is
crucial for maximizing WEC power production while meeting strict grid integration
requirements [7]. In an effort to address these next steps in the development of the wave energy
industry, the current work will describe the development of a numerical simulation tool for a
novel point absorber WEC and subsequent application of the simulator to the development of a
power-maximizing control strategy. In doing so, detailed power production estimates are

provided as a function of incremental increases in the complexity of the control strategy.

1.1 Background

The wave energy field has not yet converged to a single device, and as such is marked by
a huge variety of WECs with fundamentally different operating principles. To date, there has
been more than 100 prototypes of WEC devices [4], of which a variety of reviews exist on both
the available technologies, operating principles, and status [3] [8] [9] [10]. Lopez et al [3]
provide a listing of 157 WEC devices, which for brevity are not listed here. Instead, a device
classification is presented, based on the nature of wave power capture.



Table 1.1: Classification of wave energy devices by the nature of wave power capture.

Classification (incl. examples) | Definition Motion

Attenuators Aligned parallel to the

(Pelamis, Biopower) direction of wave QB
propagation. ~—

Terminators Aligned perpendicular to the

(AWS, OREC) direction of wave {Q

propagation.

Overtopping Devices Not aligned with wave
(Wave Dragon, Limpet, direction. Top of breaking —_—

Manchester Bobber, OceanLinx, | wave is absorbed. m

ORECON, SEEWEC)

Point Absorbers Not aligned with wave
(OPT, WaveBob, AOE) direction. Omni-directional

wave absorption. ’—O—'

A—

Point absorber converters are defined as having a small horizontal dimension when
compared to the incident wave-length [11]; this is in contrast to attenuator and terminator
devices, which are of a comparable dimension to the wave-length in the direction of the waves,
or direction perpendicular to the waves, respectively. Overtopping devices are further
differentiated based on the nature of wave energy absorption, for which power is captured as the
wave breaks over the device. In addition to the marked differences between these devices, it is
clear how each of these categories have the capability of producing a diverse subset of WEC
designs; in particular, the location of the device (offshore, near-shore, or offshore) as well as the
working principle of the power take-off. In combination, one can see how a vast variety of WEC
prototypes are developed, each of which provide potential research directions for the wave
industry. However, this variety of WEC prototypes presents a challenge to the sector to the
whole, as a limited pool of resources is diluted across divergent efforts. In particular, many of the

challenges impeding WEC commercialization, such as the management of WEC power quality



and control, operation and maintenance challenges, or even array design and deployment
considerations [12] are all specific to a given device. Consequently, the commercialization of
any single WEC device requires a substantial level of focused research and capital investment in
order to overcome design challenges. Many of these challenges are significant and expensive to
test and overcome; as a result, only 5% of WECs have reached technology readiness level five
(full/large scale (100 kW) grid connected prototype) [3].

In light of these challenges, the development of device-specific models becomes critical.
High fidelity numerical models present a cost effective method of assessing operation, control,
and deployment challenges. However, it is not sufficient to use a generalized model for the
design of highly nonlinear systems such as holistic control strategies. Instead, focus must be
placed on developing design-specific models, particularly for devices with unconventional
operating principles. The present study will focus on a novel WEC developed by the Victoria
based company AOE Accumulated Ocean Energy Inc. This WEC falls within the well-studied
floating point-absorber class of devices, operating in the near-shore environment, but presents a
series of unique additional challenges that underscore the need for developing a unique

numerical model.

1.2 Accumulated Ocean Energy Converter

The function of the AOE WEC is to produce highly compressed air, which can then drive
a variety of on-shore processes such as reverse osmosis desalination or electricity generation.
However, the production of compressed air using a variable renewable resource such as ocean
waves presents a significant design challenge; namely, ensuring that air is consistently produced
at a sufficient pressure to drive the relevant on-shore processes. To tackle this challenge, AOE
developed a cascaded network of point-absorber devices, which are pictured in Fig. 1.1. The first
device in the cascade draws fresh air from the atmosphere, compresses the air using a piston
contained within the spar of the device, and then passes this pressurized air to the next device.
After initial compression of atmospheric air, subsequent devices in the chain compress the output
from upstream devices. Consequently, after several compression cycles from latter devices in the
chain, the air reaches sufficient pressure to drive the on-shore equipment. For the current study,

the air is assumed to drive an on-shore electricity generator. In addition, a cascade of three



devices is considered, however, it is possible for more devices to be added if higher pressure air

is required for a particular on-shore process.

Float

L=

) -
Tank d Spar

Onshore Tank
o

Figure 1.1: Schematic of the cascaded 3-device configuration of the AOE WEC.

Since the motion (and subsequent piston compression/expansion cycles) of different
devices may not align, the devices are separated by accumulator tanks. These tanks temporarily
store air, prior to it being passed to the next device. Air flows between devices when the pressure
in the air storage tank exceeds that of the cylinder in the subsequent device. Once the air in the
final tank reaches a desired crack pressure, air is released from the tank and flows to shore for
the production of electricity. In order to prevent backflow, unidirectional flow valves separate
each component of the system.

For each device, the piston compression is driven by the relative motion between the spar
of the device, which is moored to the sea-floor, and the wave-following float. The primary
components of each device are shown in Fig. 1.2. As an indication of the device scale, primary

dimensions are summarized in Table 1.2.



Figure 1.2: Components of the AOE WEC.

Table 1.2: Primary dimensions of the AOE WEC.

Dimension Value Dimension Value
Column Diameter 2.74m Column Length 8.43 m
Accumulator Height 1.63m Accumulator Diameter 0.91m
Buoyancy Tank Height 5.08 m Buoyancy Tank Diameter 3.81lm
Buoyancy Ring Diameter 1.52m Water Depth 18.69 m
Buoy Diameter 10.97 m Buoy Height 2.79 m
Buoy Wall 1.85m Stabilizer Diameter 10.97 m
Float Mass 33384 kg Air Tank Mass 314 kg
Buoyancy Tank Mass 93508 kg Stabilizer Assembly Mass 74162 kg
Column Assembly Mass 15918 kg




Each device contains the following components:

1.

Float - highly buoyant and follows the wave profile. In doing so, it moves relative to the
spar and compresses the interior piston cylinder.

Spar — separates the mass and buoyant centres of the device in order to provide a passive
buoyant righting moment; the spar also contains the piston cylinder.

Accumulator Tanks (x6) — placed radially around the spar in order to provide a
mechanism for temporary air storage.

Buoyancy tank — encircles the spar and ensures neutral buoyancy of the device. The
buoyancy tank is a primary determinant of the centre of buoyancy, which is necessary to
produce a passive righting moment.

Heave plate — connected to the bottom of the spar. The heave plate damps vertical
motion, through an increase in the added mass of the WEC.

Mooring lines (x3) — prevent wave drift and ensure the spar remains largely stationary.

The relative motion between the float and spar is the driver of the power take-off system,

through the creation of piston compression. To aid in the understanding of the nature and timing

of piston compression, a cross section of the piston during two key stages in the compression

cycle is provided in Fig. 1.3.
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Figure 1.3: Piston dynamics during: (a) wave crest, (b) wave trough.



The piston contains two-chambers, which are alternately compressed during wave
motion. The flow of air between these chambers, as well as the intake and exit of air, is governed
by a series of unidirectional flow valves. As the wave crests (and the float rises, producing a
piston upstroke), the intake valve is opened and air is drawn into the bottom chamber. This air is
drawn from the atmosphere (in the case of the first device) or the tank of an upstream device.
Simultaneously, the top chamber is compressed and when it reaches a sufficient pressure, the exit
valve is opened and air flows into one of the accumulator tanks placed radially around the spar of
the device. This is the power production phase of motion. Conversely, when the wave crest
passes and the float begins to drop (producing a piston downstroke), the intake and exit valve
shut and the top chamber of the piston is prepped for the subsequent compression cycle. In
particular, the bottom chamber compresses, and when the pressure exceeds that of the top
chamber, the intermediate flow valve opens and air passes to the top chamber. This valve is shut
once the trough of the wave is reached, after which the cycle repeats.

In addition to the above wave-induced variations in the piston operation, the flow of air
from the piston is determined as the function of a number of additional parameters. In particular,
the quantity and state of air throughout the cascade is highly dependent on the geometry of the
piston and downstream components. Furthermore, airflow from the piston is highly dependent on
the timing of valve events, as well as the pressure of the particular accumulator tank to which
flow is directed (each of the six tanks may contain a different pressure). In combination, it is
clear to see that the WEC performance is highly dependent on both passive (geometry) factors as
well as dynamic changes in the available controllable geometries (valves and accumulator tanks).
Consequently, the nature of the AOE WEC necessitates the implementation of a holistic PTO
force control strategy, which addresses both passive and active operational factors in order to
maximize the production of power output. With this understanding of the operation and design of
the AOE WEC, as well as the need for control implementation, it is possible to discuss the

objectives of this thesis.

1.3 Objectives

The AOE device provides novel challenges, and to see these challenges overcome within
a timeline that enables industry development, a significant body of focused research is required.

The technical objectives of the present work are to:



1. Develop a high fidelity wave-to-wire model of the AOE Accumulated Ocean Energy
wave energy converter. The model framework will resolve the device hydrodynamics,
power take-off, and on-shore generator system.

2. Utilize the model to develop and implement holistic, layered, PTO force control for the
AOE WEC.

a. The first tier of control will focus on passive control, which will provide a
baseline level of performance for the device.

b. The second tier will introduce active control, which provides the opportunity to
further increase the power output or target additional objectives as necessary.

3. Quantify the performance of the WEC with active control, as well as the absence of
control in a particular device deployment location. This will provide accurate
performance data for the AOE WEC, while simultaneously providing a detailed analysis

on the performance benefits achieved with incremental increases in control complexity.

This hierarchy of objectives outlines a cost effective means to test and optimize the WEC
in a variety of sea-states. Not only does this inform WEC prototype design for ocean or tank-
based testing, this enables the calculation of realistic power production estimates; as previously
mentioned, these estimates are critical for the capture of investment funding. Furthermore, the
application of this model for control implementation provides a methodology by which
alternative control objectives may be targeted, without incurring risks associated with sea-based

testing.

1.4 Contributions
Despite the focus of the technical objectives on the AOE WEC, that is not to say that the

benefits of this thesis are limited to a particular converter. In contrast, there are several key
contributions that will make inroads in largely unexplored areas of wave energy research. The
contributions of this thesis are summarized as follows:
1. Extension of a dynamically coupled WEC modelling approach to a complex cascaded
design. Required model fidelity is assessed by virtue of determining the sensitivity of the

WEC performance to particular design parameters.



2. The development and application of a design optimization methodology for the
implementation of passive WEC control.

3. Development and implementation of realistic active control objectives for a fully
resolved power take-off system, including a brief cost-benefit analysis.

4. Comprehensive performance benchmarks are provided for a novel WEC.

The over-arching contribution of this thesis is in developing a methodology for WEC
modelling and control implementation, which is then implemented for a complex WEC
geometry. This methodology will inform the WEC industry on cost-effective methods to
generate performance estimates in a variety of sea-states. In addition, through the application of
layered control and evaluation of subsequent performance gains, this thesis will outline a
methodology on how both passive and active control can be implemented in other WEC

configurations.

1.5 Thesis Outline

The remainder of the thesis is laid out as follows. Pertinent literature review is included at
the beginning of Ch. 2, 3, and 5.

Chapter 2 lays out the dynamically coupled modelling framework for the AOE WEC, including
a detailed description of both the hydrodynamic and power take-off models. The modelling of

the on-shore generator system is also addressed.
Chapter 3 details the methodology for implementing passive control in the AOE WEC.
Chapter 4 provides a detailed assessment of device performance under the influence of passive

control. A power matrix for AOE WEC under the influence of the passive control is also

presented.

Chapter 5 details the implementation of active control, again followed by an assessment of
device performance. The incremental gains in performance subject to increased complexity of

the chosen controller is discussed.

Chapter 6 summarizes the key conclusions of the thesis, as well as provides recommendations

for future work.
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Chapter 2. Modelling Framework

In this chapter, a high fidelity numerical model of the AOE Accumulated Ocean Energy
multi-body WEC is developed with the capability of resolving the hydrodynamic and power
take-off forcing acting on the WEC bodies in real time. The dynamically coupled approach
resolves the performance impact of slight changes in the WEC geometry on a second-by-second
basis; these impacts can then be mapped across a variety of sea-states to determine performance
metrics on annual timescales. Furthermore, the model can illustrate the impact of active control
implementation, by resolving the dynamic impact of undertaking a control action. The
development of the model is motivated by insufficiencies in existing wave energy modelling
techniques, for which a review is provided at the start of the chapter. The modelling framework
is then described in general terms, after which a detailed discussion is provided on the two
primary sections: the hydrodynamics and power take-off. Lastly, relevant parameters for the on-

shore generation system are discussed.
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2.1 Modelling Techniques for Wave Energy Converters

High fidelity models of wave energy technologies have been gaining traction in recent
literature, as the coupled impact of increased research interest and ever-increasing computational
speeds has improved the accuracy and range of applicability of modelling techniques. Numerical
simulation techniques in particular provide a significant opportunity, as models can now be
executed at speeds that allow iterative design development. These techniques have progressed
significantly from initial wave energy mathematical modelling, which drew from the study of
ship dynamics that took place prior to the mid-1970s [8]. Ship sea-keeping has continued to
provide a parallel basis for hydrodynamic modelling development [13], but the wave energy
industry has since provided strong modelling literature in its own right. Techniques have been
developed that are tailored to a wide range of WEC geometries and objectives, for which a
review of the available literature is provided. First, a general overview of WEC modelling
techniques is presented, with a focus on techniques that are applicable to capturing wave-body
interactions of point absorber converters. This is followed by a review of WEC systems
modelling approaches, including the comparison of techniques on both the device
(hydrodynamics, power take-off) and holistic (wave-to-wire) level. WEC systems approaches are
defined as those that include additional components beyond the WEC itself, such as the device

moorings, power take-off, or downstream mechanisms in the power conversion chain.

2.1.1 Hydrodynamic Modelling of Point-Absorber WECs

Due to numerous trade-offs between computational time and fidelity, no single model can
perform equally well in all scenarios. Instead, models have been developed for particular
applications, spanning the spectrum of study from macro-scale wave climate studies, using
techniques such as spectral and Boussinesg models [14], to the study of high fidelity wave-body
interactions. An extensive review of the modelling techniques for WECs, including limitations,
is provided by Day et al [15], as well as Folley [16]. Given that the dominant physical
phenomena change from one WEC to another [16], it is critical to consider the device in question
when selecting a modelling approach. In particular, it is necessary to consider only relevant
nonlinear effects, in order to improve accuracy without needlessly increasing computational cost

[17]. For point absorber converters, the primary methods seen in wave energy literature are
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analytical methods, boundary element methods (BEM), and computational fluid dynamics (CFD)
[4].

Analytical methods depend on a series of linear equations, which arise from linear wave
theory. When using analytical methods, only a monochromatic wave input is considered, after
which individual frequency constituents are superimposed. The basics of linear wave theory, and
resulting analytical modelling methods, is provided by Folley [16], for which implementation in
literature is extensive. Due to the linear system of equations, analytical methods provide a
computationally efficient calculation method, but inherent assumptions limit the range of
applicability of modelling results. In particular, analytical methods must be limited to waves with
relatively smaller amplitude, negligible interaction between radiated and incoming waves, and
solely linear viscous effects [4] [16]. While empirical approximations such as Morrison’s
equation provide a method of incorporating viscous effects, the accuracy of this approximation is
to a much lesser degree than other methods [18].

BEM is an advanced potential flow method that is applicable to more complex
geometries and wave conditions; a description of the theory is provided by Lee and Newman
[19]. BEM requires the discretization of the WEC surface into a series of panels, after which
Green’s theorem is applied in order to obtain the potential flow field. With the flow field known,
the pressure, forces, and moments acting on the body surface are determined. Numerous
hydrodynamic software packages make use of BEM, including WAMIT, NEMOH, and
AQUAPLUS in the frequency domain, and ACHIL3D in the time domain [17]. In the frequency
domain the results are calculated using a linear superposition of individual components, while in
the time domain higher order schemes are used to better calculate the interactions between waves
and floating bodies [4]. To further improve accuracy, numerous nonlinear extensions of the BEM
method exist, for which several methods are provided by Retes et al [17]. However, despite the
capture of certain nonlinear wave-body interaction effects, such as instantaneous changes in
wetted surface, a major drawback with potential flow codes are that inviscid irrotational flow is
assumed. While a more comprehensive listing of limitations from inviscid flow assumptions are
presented by Bretl [18], some key restrictions are that BEM is not applicable to complex flow
around moving structures [14], and breaking wave dynamics cannot be captured [4] [14].

Consequently, for the highest level of accuracy and broadest range of applicability, Li

and Yu [4] recommend using computational fluid dynamics (CFD). CFD provides a fully viscous
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solution, and allows for the capture of effects such as boundary layer separation, turbulence,
wave breaking, multi-phase flow, or overtopping that cannot be predicted with potential flow
models [4] [14]. A variety of CFD methods exist [17] [18], including Direct Numerical
Simulation (DNS), Smoothed Particle Hydrodynamics (SPH), Large-Eddy Simulation (LES),
and Reynolds-Averaged Navier Stokes (RANS); each of these methods vary in terms of accuracy
and computational expense. CFD models that have been tailored to the prediction of wave-
structure interactions have also been developed, and include models such as SWENSE and
IH2VOF [17]. However, the level of accuracy provided by CFD comes at the expense of
significantly higher computational times [4] [17] [14]. Li and Yu [4] provided sample simulation
times for a point absorber WEC, and found that a BEM simulation with 30 wave frequencies,
conducted with a single 3.33 GHz Intel i5 processor, was completed in 2804s. Conversely, a
NSEM CFD simulation with a single wave frequency, conducted on 64 cores (with each node
consisting of a dual-socket/quad core 2.93 GHz Intel Nehalem processor), took 12 hours to

complete.

2.1.2 WEC System Modelling

In light of the prohibitive computational requirements associated with CFD, Many WEC
systems solvers (solvers that incorporate additional components beyond the components of the
WEC itself), use BEM or analytical methods to resolve pertinent nonlinear hydrodynamic
effects. Due to the use of a variety of these solvers in literature, studies have assessed and
compared the performance of specific modelling codes [20] [21]. Combourieu et al [20] provide
a code-to-code comparison of mid fidelity modelling codes. The four codes compared in the
analysis are InWave, WaveDyn, ProteusDS, and Wec-Sim v1.0, for which the characteristics of
each of the codes are summarized by Combourieu et al [20]. Following the completion of
multiple tests, it was found that there was good agreement among all four codes, but no
recommendations were made for a particular code. Conversely, Garcia-Ross et al [21] looked to
provide code recommendations by hosting a blind simulation competition. The objective of each
participant was to simulate the motion of a submerged horizontal cylinder without complete
knowledge of the wave motion. Six different approaches were assessed, with recommendations
being based on the root-mean-square (RMS) error of the predicted surge and heave motions. The

lowest error was achieved by the frequency domain BEM code FAST, with hydrodynamic
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coefficients from WAMIT, followed by the time domain finite element solver ProteusDS, with
hydrodynamic coefficients from ShipMo3D. Detailed descriptions of these models are provided
in Lawson et al [22] and Roy et al [23], respectively. Despite the determination of a ranking,
Garcia-Ross et al [21] qualified the ordered results by stating that four of the six codes provided
strong comparisons to the experimental data, and the remaining two codes had high RMS errors
that were tied to external factors. Consequently, the overall level of agreement between the
numerical simulations and experimental data is very good.

A large body of research is also dedicated to the study and development of different
techniques when handling complete wave-to-wire dynamics [24] [25] [7]. Sandvik [24] details
the wave-to-wire development and subsequent control implementation for the Bolt2 converter; a
linear hydrodynamic model is used in the work, which superimposes results from particular wave
frequencies. Nielson et al [25] provide a review of wave-to-wire model requirements, including
some of the tools available. Penalba et al [7] provide a review of wave-to-wire models of wave
energy converters in the context of control development, in which the required components of a
complete wave-to-wire model for control design and implementation are presented. Ten models
from the available literature are assessed in comparison to these requirements, and it is
concluded that no model has yet been developed with sufficient fidelity to develop a holistic,
wave-to-wire, control strategy [7]. Despite these limitations, two papers [6] [26] are discussed
that incorporate both nonlinear hydrodynamics and downstream elements of the power
conversion chain. These models present a potential methodology that may be extended to the
current work. Forehand et al [26] compute the hydrodynamic forcing using a state space
representation of Cummin’s equation with the addition of nonlinear hydrostatic forces, which
account for the instantaneous wetted surface. Hydrodynamic coefficients are determined using
WAMIT. This nonlinear hydrodynamic model is implemented in the time domain in
MATLAB/Simulink, at which point it is coupled to models of the hydraulic PTO system and
generator. Bailey et al [6] developed a dynamically coupled wave-to-wire modelling approach by
which the hydrodynamic and mooring forcing is calculated using finite element solver
ProteusDS, using hydrodynamic parameters inputted from either WAMIT or ShipMo3D, while
the PTO and generator model implemented in Simulink. The Simulink and ProteusDS

components of the model pass information in real-time in order to more accurately simulate the
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WEC power conversion chain. The application of this methodology to an oscillating water
column (OWC) WEC is provided by Bailey et al [27].

2.2 Model of the AOE Converter

As demonstrated by the array of available hydrodynamic modelling techniques, there is
no universal solution for capturing all relevant phenomena that drive device motion, and execute
calculations fast enough to facilitate reasonable computation times. In addition, the AOE
converter presents a variety of unique challenges in the modelling process; namely, the
significant residency time of air within the system. Consequently, the modelling framework must
provide the capability of resolving the state of air within the power take-off for the duration of
the simulation. Furthermore, the model must provide a venue for incorporating control. To this
aim, the approach provided by Bailey et al [6] [27] provides an acceptable compromise between
accuracy and computational efficiency. Furthermore, the applicability of this approach to
modelling a detailed pneumatic system has already been demonstrated [27]. Consequently, this
model architecture was applied to the current work.

The developed model architecture dynamically couples the calculation of the external
forcing (hydrodynamics, mooring loads) with a separate simulation of the internal dynamics
(power take-off) to improve computational speed. The external forcing is resolved in finite
element solver ProteusDS, while the internal PTO dynamics are determined in
MATLAB/Simulink. The separation of the internal and external dynamics allows for the
calculations to be conducted at two different rates, which are adjusted to correspond to the nature
of dynamic responses in each model. To ensure computational stability, the external dynamics
are resolved at a variable time step with a minimum rate of 500 Hz, while the internal dynamics
are resolved at 500 Hz. At each 2 ms interval, information is passed between the two models. In
addition to the above modelling rates, the sea-state is updated at a rate of 10 Hz; this is based on
the relatively slow nature of environmental changes. The passing of information between the two

models in the current work, including key outputs, is described in Fig. 2.1.
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Figure 2.1: Passing of state information during a single time step of the coupled model
architecture.

At each time step of the ProteusDS simulation, the hydrodynamic and mooring forces are
resolved using the current wave condition; this allows the motion of the body to be determined.
The relative motion between the float and spar is subsequently determined, and passed to the
power take-off model as the magnitude and velocity of piston compression; the piston
compression is unique to each device within the WEC. The PTO model then uses the current
state of the system, coupled with the piston compression, to determine the state of air within both
chambers of the piston cylinder. The resulting flow through downstream components is
subsequently propagated throughout the model to determine the complete state of air within the
system. Lastly, the magnitude of the PTO force (a function of the state of air within each
cylinder) is determined separately for each device, and passed back to the hydrodynamic model.
To better illustrate the particular variables that are passed between the two components of the
simulation, the variables used to define the state of the system at each time step are given in Fig.
2.2. For simplicity, valve dynamics and corresponding state variables are not included. Instead,
the primary state variables defining the internal components of both models are given, as well as
the variables that are passed between models. These include the variables passed between
ProteusDS and Simulink, as well as the variables that define the user-inputted wave spectrum,

which is sampled by ProteusDS to produce the current wave condition.
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Figure 2.2: Key variables used to define the complete state of the system within the coupled

model architecture.

The determination of each of the state variables included in Fig. 2.2 is described in

subsequent sections. For now, it is sufficient to state that the selected approach resolves real-time

variation in the sea surface elevation, WEC hull motions, and compressed air state; all required

to quantify the on-shore production of electricity. The combined model, incorporating aspects

from three distinct software packages, is used to produce a six degree of freedom simulation of

the AOE WEC in any user-defined sea state. The accuracy of the selected methodology is

ensured through the use of the experimentally validated dynamic software ProteusDS [21].

Furthermore, thermodynamic relationships are taken from literature in order to ensure accuracy.

Since the compression processes are simulated at 500 Hz, simple fundamental equations are

sufficient to describe state changes. In order to illustrate the calculation procedure of both
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models in detail, the hydrodynamic and power take-off models are described in the following

sections.

2.3 Hydrodynamic Model

The hydrodynamic and mooring loads are computed using the software package
ProteusDS. ProteusDS is an experimentally verified finite element, non-linear, time domain
solver that is used for the dynamic analysis of WEC and wave-body interactions. In addition, it
has been shown to have strong performance when compared to other mid fidelity hydrodynamic
codes [21]. ProteusDS has the optional capability of importing hydrodynamic coefficients, for
the current work these coefficients were imported from the frequency domain BEM solver
WAMIT v7; this follows the approach developed by Bailey et al [27].

2.3.1 Calculation of Hydrodynamic Coefficients

WAMIT v7 is a frequency domain BEM solver, for which the fundamental theory is
provided in the user manual [28]. The solver is based on a potential flow model, which requires
the discretization of the components into a panelized mesh. For each panel, potential flow theory
is applied to resolve a velocity potential; this velocity potential is then used to resolve the
pressures, forces, and moments acting on each panel. To improve computational time, instead of
meshing each component individually the AOE device was grouped into two bodies: the float
and spar/stabilizer assembly. Furthermore, the maximum physical panel size in the final mesh set
to 1 m; this was the same panel size chosen by Bailey et al [27], and was selected as a
compromise between accuracy and computational speed. The hydrodynamic mesh of both bodies
is shown in Fig. 2.3. Since WAMIT computes hydrodynamic forcing with a constant mean water
level, only components below the mean water level are included in the mesh. The mean water

level on the WEC is indicated on a subset of the original drawing, shown in Fig. 2.3b.
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Figure 2.3: WAMIT panel mesh for the (a)

spar/stabilizer assembly and (c) float.

Original engineering drawing is shown in (b), (c) Perspective view.

with the mean water level indicated. _

(c) Side view.

To improve the numerical stability of the assembly mesh, all components of the body are
assumed to be solid. Consequently, components that are hollow (such as the spar), are reduced in
diameter in order to ensure the mass of the component aligns with the design specification. As a
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result, bodies such as the storage tanks or buoyancy tank are no longer directly attached to other
components of the converter. Instead, they are kinematically constrained in the positions that
they would be on the actual system. Errors in the location and size of the buoyancy and
accumulator tanks are assumed to be small, however, as the relative hydrodynamic contributions
of these components are small when compared to bluff bodies such as the stabilizer plate and
float.

Using these panelized surfaces, the following hydrodynamic coefficients were calculated:
hydrostatic stiffness, added mass at infinite frequency, as well as the frequency dependent added
mass, added damping, Froude-Krylov, and diffraction forces. To illustrate the dynamic responses
of both bodies, selected parameters are included in Fig. 2.4 and 2.5. The frequency-dependent

added mass and damping for both the float and spar/stabilizer assembly are shown in Fig. 2.4.
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Figure 2.4: Frequency dependent (a) added mass and (b) added damping for the float and
spar/stabilizer assembly.

The added mass and added damping values were curtailed at frequencies above 5 rad/s.
Due to the symmetry of the AOE design, the hydrodynamic coefficients for surge and sway are

virtually identical. The frequency-dependent Froude-Krylov and scattering for both the float and

spar/stabilizer assembly are shown in Fig. 2.5.
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Figure 2.5: Frequency dependent (a) Froude-Krylov and (b) Scattering force for the float and

spar/stabilizer assembly.

While both Fig. 2.4 and 2.5 only show quantities in surge, sway, and heave, it is
important to note that all quantities are calculated in all six degrees of freedom. Therefore, using
these sets of coefficients, it is possible to determine the hydrodynamic forcing in six DOF in

ProteusDS; the methodology for doing so is described in the following section.

2.3.2 Time Domain ProteusDS Simulation

ProteusDS requires the discretization of the components into a panelized mesh. The float
and spar/stabilizer assembly were meshed separately, for which the hydrodynamic meshes used
in ProteusDS are given in Fig. 2.6. While the same mesh was used for all three devices, the
simulation of each device was run in a separate instance of ProteusDS to improve computational
time. ProteusDS calculates the fluid kinematics using Airy wave equations, which are derived
from potential theory. As a result, wake dynamics between the three devices are not considered.
However, the devices are assumed to be placed 70 m apart, such that wake dynamics are not

expected to have a significant impact on the power capture of the devices.
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Tanks (x6)

(b) Side view.

Figure 2.6: ProteusDS panel mesh for the (a)
spar/stabilizer assembly and (b) float.

For the spar/stabilizer assembly, the accumulator tanks (as with WAMIT) are
kinematically constrained in the positions that they would be on the actual system. However,
while the component groupings are the same as those in WAMIT, these meshes differ slightly. In
particular, ProteusDS requires the entire body to be included, not just the subsurface
components. Furthermore, the ProteusDS mesh uses a coarser grid in order to improve
computational speed within the time domain ProteusDS simulation.

Within a particular instance of the time domain simulator, ProteusDS independently
solves the force balance equation given in Eq. 2.1 for both bodies at each time step, subject to the
kinematic constraint of the float encircling the spar. This constraint is applied using the
articulated body algorithm, for which the application of this numerical method to submerged
systems is studied by Soylu [29].
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Fexc + Frad + thdrostatic + Fdrag + Fmoorings + FPTO = (m + mm)Z (2-1)

For brevity, the equation is only given in the z-direction (heave) for a single device;
however, it is solved in all six degrees of freedom, as well as for all three devices. With this in
mind, the calculation procedure for each term is detailed; this procedure differs for both bodies
as it factors in the nature of the expected dynamic response in order to further improve
computation time.

The first term in the force balance is the excitation force, which is calculated as the sum
of the diffraction (scattering) and Froude-Krylov forces. The Froude-Krylov force is calculated
using the undisturbed wave field, as the integral of the dynamic pressure on each of the
submerged body panels shown in Fig. 2.6. In the linearized WAMIT calculation, the mean water
level is held constant, such that the Froude-Krylov force is proportional to the frequency-
dependent instantaneous free surface elevation, using the coefficients given in Fig. 2.5. This can
then be converted to the time domain with a linear superposition of the frequency components
within the wave spectrum. For the spar, this is a sufficient level of accuracy, as the waterplane
area on the spar/stabilizer assembly remains approximately constant. However, for the float the
submerged water level is changing constantly; consequently, a linear calculation of the Froude-
Krylov force is inacceptable. As a result, the Froude-Krylov force acting on the float is
calculated using the instantaneous body position in ProteusDS; the dynamic pressure is
subsequently integrated over the current set of wetted body panels.

Conversely, the diffraction is calculated for both bodies using WAMIT. Due to the
relatively small size of the AOE converter relative to the wavelength, the contribution of
diffraction to the total hydrodynamic force is small, so a frequency domain calculation of the
diffraction force provides sufficient accuracy. To compute the diffraction force, the velocity
potential is determined at each panel under the assumption that the wave field is undisturbed.
The presence of the body is then accounted for through a secondary calculation of a new velocity
potential that would prevent flow from occurring in the wall-normal direction (this secondary
potential enforces the impermeable condition at the body wall). This diffraction potential is then
summed over the entire set of panels, to produce a frequency-dependent diffraction force. The
diffraction force is then computed in the time domain using the linear superposition of the

diffraction force for all frequency components in the wave spectrum.
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For the calculation of the radiation force in both bodies, frequency dependent added
damping coefficients are inputted from WAMIT. From these coefficients, ProteusDS computes a
kernel (impulse response) function, which demonstrates the decaying time domain response of
each body to a unit impulse; the kernel function is calculated using Eq. 2.2 [30].

(0]

k.(t) = %f Bcos(wt)dw (2.2)

Where the kernel function and frequency dependent damping coefficients are six-by-six
matrices, which represent the impulse response in all six degrees of freedom from motion in an
arbitrary direction. Using this impulse response function, the radiation force is then calculated in
the time domain from the convolution integral of the kernel function and the body velocity; this
is given in Eq. 2.3 for motion in the z-direction (heave) [30].

t*

Fraa(t™) = jo z(D)k,(t —1)dt (2.3)

The convolution integral represents the time domain history as a series of impulses, each
of which carry forward a time domain response that is dictated by the kernel function. As a
result, the convolution integral incorporates the memory effects of previous body motion.

The hydrostatic (buoyancy) force is calculated using WAMIT in the case of the spar, and
ProteusDS in the case of the float. In the linearized calculation, a hydrostatic stiffness (k;) is
calculated in WAMIT, using a surface integral of the static pressure over the mean wetted body
surface. The hydrostatic force can then be computed in the time domain using the difference in

the current wave height and the mean water level, as given by Eq. 2.4 (for the z-direction).

Fps (t) = kps (U(t) — Zmean) (2-4)
This is sufficiently accurate for the spar, since the waterplane area is relatively constant.

However, as with the Froude-Krylov force, this is not an acceptable approximation for the float.

Consequently, the buoyancy calculation for the float is determined as the integral of the static
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pressure over the instantaneous wetted surface of the body, resolved in the time domain in
ProteusDS.

Due to the highly nonlinear nature of viscous drag, Fy,.g4 is computed nonlinearly using
ProteusDS for both the float and spar/stabilizer assembly. The drag force is computed for each
panel, then is summed over the entire body using the instantaneous wetted surface. In computing
the drag force, the drag coefficient, C,, is specified as 1 for motion in each of the surge, sway,

and heave directions. The drag force on a particular panel is given in Eq. 2.5 [31].

1 R
Fdrag = EpCdApanel - nv? (2-5)

Where A, g, * 11 is the frontal projected area of the panel in the relative direction of fluid flow.
In addition to being calculated on each panel, drag is also computed as a function of the relative
motion between the float and spar, but this is computed as a portion of the PTO force. The PTO
force is determined using a separate PTO model, described in Section 2.4, which is then passed
to the float as the Fpr, forcing signal.

Due to the highly nonlinear nature of mooring forces, they are resolved in the time
domain in ProteusDS. The AOE device uses three moorings, connected radially around the
device. The mooring is connected to the sea-floor, which is assumed to be 50 m below the
surface, at a 35 m horizontal distance from the centre of the body. The lines, beginning at the
body, are composed of a 2 m spring (to prevent shock loading), 33.25 m of polymer, and 20 m of
chain, for a total length of 55.25 m. A spherical external mass, with a 1.4 m diameter and 10060
kg mass, is also connected 35.25 m along the line, to create a catenary line structure. The

properties of the mooring lines are summarized in Table 2.1.

Table 2.1: Properties of mooring lines.

Component Length [m] Diameter [m] | Density [kg/m?] Axial Rigidity [N]

Spring 2 0.01 1000 See Fig. 2.7
Polymer 33.25 0.05 720 5.2 x 10’
Chain 20 0.0457 7700 6.56 x 108
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For the spring component of the mooring, the axial rigidity is defined as a sixth order
polynomial, in terms of the engineering strain. The tension in the spring as a function of

engineering strain is given in Fig. 2.7.
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Figure 2.7: Tension as a function of engineering strain for spring component of mooring line.

A rendering of the mooring lines is given in Fig. 2.8.

Figure 2.8: Rendering of mooring lines in ProteusDS.
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A rendering of the complete WEC, including the float, spar/stabilizer assembly, and moorings is

given in Fig. 2.9.

Figure 2.9: Rendering of complete WEC, including mooring lines, in ProteusDS.

The mooring forces are calculated using a finite-element method based on cubic-spline
element geometry. The cable model employs a lumped mass approximation and calculates the
hydrodynamic drag, added mass terms, weight, and seabed friction forces at the node points; this
calculation procedure is given by Buckham [32]. The cable state is evolved with the WEC
position and orientation, and cable element tensions are resolved using the node positions.

Once the forcing acting on both bodies is determined for a given time step, the wave data
is subsequently updated. The wave data for each simulation is inputted directly as a series of
individual wave frequencies, each with a particular wave height, period, phase, and heading.
These individual frequencies are selected so that when aggregated together in a Pierson-
Moskowitz (PM) spectrum, a desired significant wave height, energy period, and wave heading
are produced; the PM spectrum is used, as it is representative of the spectral shape seen in actual
sea-states off the BC coast [33]. The wave spectrum is then converted to the time domain by
sampling the linear superposition of all frequency components at time ‘t’. For the simulations
used in this thesis, a minimum of 140 wave frequencies were included in each wave spectrum, to

ensure that a fully irregular, non-repeating sea-state is produced.
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2.4 Power Take-Off Model

Due to the significant residency time of air within the power take-off, it is necessary to
resolve the state of the air within the power take-off at each time step. However, it is not
sufficient to merely resolve the state on the same time scale as the wave dynamics. In particular,
while air passes between devices on the time scale of several wave periods, rapid transients due
to valve opening/closing necessitate a smaller temporal resolution. Consequently, the PTO model
must be able to handle a variety of time scales. Furthermore, the model must also provide a
framework into which control can be introduced, which may introduce additional short time
scale dynamics into the system. Consequently, the model of the power take-off was developed in
MATLAB/Simulink. The PTO model is used to determine the complete internal state of the
system, by resolving the dynamics of all piston cylinder chambers, tanks, pipes, and valves from
the point at which air is drawn into the system to the point at which it is sent to shore. In contrast
to the hydrodynamic (external dynamics) model, the internal dynamics of all three devices are
resolved within the same simulation. Since air is readily passed between devices, the motion and
resulting airflow of a particular device can have a significant impact on the dynamics of
subsequent devices. To aid in understanding of how state information is passed between PTO
components, the model structure of the first device are shown in Fig. 2.10.

M eyl, .
y Meank.outle
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Cylind : Pranike Outlet flow to
e 1777 o : Ppipe , Tpipe: Mpipe ™7™ subsequent device
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Figure 2.10: Representative illustration of PTO components, including key outputs of each

component.
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Each device is defined using pressure, temperature, and the mass of air within the
component. The model contains the following components:

1. Cylinder, which is divided into two chambers that are separated by a unidirectional valve.

2. Accumulator tank(s), which store air prior to it being passed onto the next device. While
the AOE device is designed to have six tanks, these tanks can be included separately or
grouped together into a single block as necessary.

3. Valves (x4), which are unidirectional and prevent backflow. The valves are placed
between each of the components, including at the entry and exit of each device
configuration.

4. Connecting pipe, which passes air to the next device in the cascade. It is only included in

devices 1 and 2.

There are several over-arching assumptions that govern the development of the
thermodynamic equations in all of these components. The state of air is only resolved inside
components that have a significant internal volume, and since there is no intermediate volume
considered within the valves, no intermediate state is determined within the valve component.
Instead, air is dumped instantaneously from the upstream to the downstream volume. In terms of

the volumes themselves, it is assumed that ideal gas law applies, such that air has a constant ratio

of specific heat and specific volume, such that y = g—" = 1.4. In addition, it is assumed that the
|4

air within each component is at a single temperature and pressure (no gradients). This
assumption is valid for relatively slow dynamic processes, and greatly expedites the computation
of the air-flow dynamics within the PTO. Furthermore, this simplifies the calculation of heat
transfer losses from each of the components, which is calculated using a constant heat transfer
coefficient for the piston chambers, tank, and pipe. Lastly, it is assumed that all ambient air and
water conditions are constant. Critical fluid properties, as well as the heat transfer coefficients of
the PTO components, are given in Table 2.2. Dimensions of these components are not yet given,

as they are defined in Chapter 3.
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Table 2.2: Values for critical parameters used in model.

Variable Value Variable Value Variable Value
Cp 1005 J/kgK Potm 101.3 kPa T atm 293 K

Reyt, Rianio Rpipe | 0.2 W/MK R, 288 J/kgK T, 280 K
Y 14

The properties of air correspond approximately to those at the ambient air temperature,
for which values are widely reported at 300 K [34]. These values are representative of dry air,
which was a simplifying assumption used to establish a base case for measuring system
performance. Furthermore, the chosen heat transfer coefficient is acknowledged to be a
substantial simplification of heat loss from a piston cylinder; however, since the piston
compression is driven by relatively slow wave motion, the temperature gradients within the
piston cylinder are assumed to be small. In future work it may be possible to resolve the
temperature gradients, inevitably leading to a substantial loss in computational speed, but for
which both the inner and outer wall temperature can be accurately determined. When considering
the tank and pipe, the heat coefficient is believed to be a conservative estimate, particularly when
considering that in addition to thermal resistance from the device walls and insulation, heat
transfer to the ocean surface is dominated by free convection. However, since wall thicknesses
are not known, a more accurate estimate could not be obtained.

Under the influence of these assumptions, it is possible to determine the PTO reaction
force, which affects the motion of the float governed by Eq. 2.1. Incorporating additional friction

effects, the total PTO reaction force is given by Eq. 2.6.

FPTO = Fpiston + Fend—stop + Ffriction (26)

This force is passed to the ProteusDS model at the same rate as the hydrodynamic
calculations: 500 Hz. The force applied from the pressure differential across the piston is
described in conjunction with the cylinder model in the following section. The end-stop forces
are applied using mass-spring damper equations, to prevent numerical instabilities arising from
the effect of highly nonlinear collision dynamics. Collisions create rapid transients as a result of
extreme forces; these forces have the potential to generate oscillations in the piston motion if
applied instantaneously. Instead, the end-stop forces are applied progressively using a mass-

spring damper if the float moves within 5% of the end of the piston cylinder, as given by:
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Fend—stop,low = kend—stop (Zlimit - Zfloat) — Cend-stopZfloat (2'7)

_ ; 2.8
Fend—stop,high - _kend—stop (Zfloat - (Lcyl - Zlimit)) - Cend—stopiloat ( )

Where keng—stop = 5 X 10° and Cend—stop = D X 107. Coulomb friction is also applied

to the motion of the piston, and is given by:

_kfrictionZ (29)

Ffriction = minimum{ —400D

cyl

Where k¢riction = 10°. The magnitude of coulomb friction is typically several orders of
magnitude smaller than the force applied by the pressure difference across the piston face. To
determine F;0n, the pressure within the cylinder is resolved using a full dynamic model of the

components of the PTO.

2.4.1 Cylinder

The airflow within the cylinder as a function of the wave height is given in Fig. 1.3.
Resolving the airflow through the cylinder is necessary for calculating the PTO force as well as
the pressure of compressed air produced by the WEC (and eventual useful power output). To
calculate the pressure within the cylinder, it is necessary to determine the mass flow rate,
temperature, and pressure of air flowing into and out of both chambers at each time step. Using
this state information, the pressure of both chambers can be determined independently by
integrating the following differential equations which are based on ideal gas law [35]. Eq. 2.10a
is used for the lower piston chamber (chamber 1), while Eq. 2.10b governs the upper piston

chamber (chamber 2).

chyl,ch.l _ 1
dt chl,ch.l

[ypcyl,ch.l Acylz - (V - 1)hcylacyl,ch.1(Tcyl,ch.l - Tw) (2.10&)

+ VRsTambminlet - VRSTcyl,ch.lmcyl,ch.l—mh.z]
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APcyich2 1 .
C;tc = chl,ch.z [_yPcyl,ch.Z AcylZ - (V - 1)hcylacyl,ch.2 (Tcyl,ch.z - Tw) (2,10b)

+ yRsTcyl,ch.lmcyl,ch.l—)ch.z - VRsTcyl,ch.chyl,outlet]

The mass flow rate in/out of the cylinder chambers is defined by the cylinder valve
dynamics, which are described in Section 2.4.4. The time rate of change in pressure is also
affected by heat loss from the piston cylinder, which is governed by one-dimensional heat
conduction with a constant heat transfer coefficient, h.,,; the value of this coefficient is given in
Table 2.2, along with other fluid properties. Lastly, the pressure gradient computed in Eq. 2.10 is
scaled by the volume of the piston chamber. The volumes of the two piston chambers, as a
function of the current piston position, are given by Eq. 2.11a and Eq. 2.11b, respectively.

chl,ch.l = Acyl(_Z + Lcyl) (2.11a)

Veytenz = Acyr (Z + Lcyl) (2.11b)

The mass of air in the two cylinder chambers is given as the integral of Eq. 2.12a and Eq. 2.12b,

respectively.

dmcyl,ch.l . . (2.128.)
dt = Myntet — Mcyl,ch.1-ch.2
dmcyl,ch.z s . (2-12b)
dt = Myl chi-ch.2 — Meyloutlet

With the pressure, mass, and volume determined, the updated temperature of both chambers can
then be determined using ideal gas law, as given by 2.13a and 2.13b for the lower and upper

piston chamber, respectively:

T Lonl = Pcyl,ch.lvcyl,ch.l (2.138.)
cyl,ch.l —
mcyl,ch.le
T Leng = Pcyl,ch.Zchl,ch.Z (2.13b)
cyl,ch.2 —
mcyl,ch.ZRs
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Furthermore, the contribution of this pressure differential to the PTO force can be calculated.

Fpiston = (Pcyl,ch.z - cyl,ch.l) Acyl (2.14)

With the state of air within the cylinder determined, it is now possible to resolve the
continued flow of air through the system. In particular, air is passed to the air storage tanks if the
pressure in the second (upper) piston chamber exceeds the subsequent air storage tank, such that

Peyicnz2 > Prank- Inthis case, the valve is opened and mass is allowed to flow instantaneously

into the subsequent tank.

2.4.2 Air Storage Tanks

Once air passes through the cylinder, it is stored in one of six accumulator tanks. Separate
pressures can be maintained in each tank if necessary, or the tanks can be grouped together to
produce a single volume. Grouping the tanks into a single volume is the default configuration in
the absence of active control. However, in the case of active control implementation, there is an
option to dump air instantaneously from the upper piston chamber to any of the tanks (provided a
favourable pressure differential exists). Furthermore, air can be selectively drawn from a single
tank to the single downstream pipe, provided the tank pressure exceeds that of the pipe. The role
of variable pressure tanks in the active control strategy is described in further detail in Section
4.4,

The pressure is calculated as the integral of Eq. 2.15; this is valid for both the grouped

volume and individual accumulator tanks provided the volume is adjusted accordingly.

APy 1 .
dan = [—(]/ - 1)htankatank (Ttank - Tw) + yRsTcyl,ch.chyl,outlet
t Vtank (2. 15)

- yRs Ttank mtank,outlet]

The three terms are dependent on mass flow into/out of the tank, as well as heat loss
through the tank wall. The heat transfer through the tank wall is steady state conduction, with a

constant heat transfer coefficient given in Table 2.2. It is assumed that conduction through the

34



tank wall is the dominant thermal resistance. Once the pressure is calculated, the mass of the tank

is determined by integrating Eq. 2.16.

dmtank

dt = Meyioutiet — Mteank,outlet (2-16)

Using the tank mass and pressure, the tank temperature is determined using ideal gas law, as

given in Eq. 2.17.

_ P, tankVtank
tank —
mtankRs

(2.17)

Air is stored in this combined volume until the tank pressure exceeds that of the
subsequent connecting pipe to the next device in the WEC, such that P, > Pyipe. In the case of
the third device, no pipe exists, so air is held within the tank until the crack pressure of the

cascade is exceeded.

2.4.3 Connecting Pipes

Once air passes through the accumulator tank(s), it is temporarily stored in a connecting
pipe, prior to being passed onto the next device. The power take-off model includes the
connecting pipes between the first and second, as well as the second and third devices. The
function of the pipe model is to capture temperature losses due to the large surface area that is
exposed to ambient ocean conditions. Head losses due to the velocity of the air are considered
negligible due to the density of the pressurized air, relatively large pipe diameter, and relatively
small pipe length. Furthermore, as a result of the small pipe length, the velocity and pressure
gradients within the pipe are also assumed to be negligible.

As a result of these simplifications, it is not necessary to resolve the velocity within the
pipe; this allows each pipe to be treated as a fixed volume tank, which is at a single temperature
and pressure. The diameter of the pipe is assumed to be the same as the inlet valve orifice, which
varies with each device. Conversely, the pipe length is fixed at 70 m; this is the spacing between

devices. The pipe pressure is given by integrating Eq. 2.18.
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dP,; 1 )
;);pe = V.. [_(V - 1)hpipeapipe (Tpipe - Tw) + VRsTtankmtank,outlet
pipe (2.18)

- VRsTpipempipe,outlet]

The heat loss through the pipe wall is treated the same as for the tank, since the velocity
within the pipe is not resolved. The mass of air within the pipe is given by integrating Eq. 2.19.

dmpipe

dt = mtank,outlet - mpipe,outlet (2'19)
The temperature can then be given by ideal gas law, as illustrated in Eq. 2.20.
PyineVopi
Tpipe == (2.20)
N

The flow in/out of the pipes is governed by a pair of unidirectional valves, for which the

set of governing equations are given in the subsequent section.

2.4.4 Valves

The components of the WEC PTO are separated by a series of valves, which are used to
ensure unidirectional flow through the system. The location of the valves within a single device
are indicated in Fig. 2.10. The valves do not introduce a pressure loss, as this would require
resolving the pressure gradient within each PTO component in order to determine flow velocity;
instead, flow is allowed to occur whenever a favourable pressure gradient exists, subject to a
series of flow limits. The first, m,,, , depends on the area available for airflow as well as state
of the air. The second, m.qntro1, 1S Dased on the implementation of an active control strategy,
while the last limit, m,,qe1, IS an artificial model-based flow constraint used to ensure numerical

stability. When considering each of these flow limits, the actual flow rate is given by Eq. 2.21.

mmax
m = minimum {Mc¢ontrol (2.21)
Mmodel
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The maximum mass flow rate through the valve, calculated as a function of the state of

the air and orifice area, is given by Eq. 2.22 [36].

AorificePupstream 2Y (B$ ~'7)05,p > 05283
) (y - l)RsTupstream
Mmax = 0.0404A o rifice Pupstream &2
o P ,B < 0.5283
k Tul‘DStream

Where (3 is the pressure ratio across the valve, Pd"wnﬂ, which defines the nature of the flow

upstream

as subsonic and sonic respectively. Instead of providing a separate equation for each valve in the
model, the mass flow rate is defined as a function of the upstream/downstream air states. In the
case of flow from the upper piston chamber to the tank, the upstream volume is the cylinder

chamber, while the downstream volume is the tank, such that § = Prank
cyl,ch.2

The control-defined flow limit is dependent on the particular control strategy being
applied. For the present study, there are two primary regimes of valve control: passive and active
control. In the passive control regime, the control flow limit is not applied. However, in the
active control regime, the control strategy introduces additional flow limitations, which are
presented in Section 5.4.2. These flow limitations include the time dependence of valve opening,
which is not considered in the passive system in order to provide an optimal base case.

The last flow limit is m,, 40, Which is applied to ensure numerical stability in the
simulation. The need for an artificial model-based flow limit arises from the assumption that all
tanks and pipes are at a single temperature and pressure. In the absence of internal pressure
gradients, it is possible for the pressure gradient across a valve to reverse instantaneously. This is
in contrast to real pressure vessels, for which the existence of gradients ensures the pressure
downstream of a valve does not instantly build when mass is received through a valve. Since the
flow through the simulated valves is unidirectional, the reversal of the pressure gradient prevents
flow from occurring, which creates high frequency pulses of the flow through the simulated
valve.

These fluctuations arise if the valves exhaust a significant percentage of the upstream
volume in a given time step. The increase in downstream pressure, coupled with a drop in the

upstream pressure, will reverse the pressure gradient across the valve in the subsequent time step.
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However, as air continues to flow into the upstream volume, the upstream pressure will increase
until the process repeats. For high flow rates simultaneously occurring into and out of a single
volume, the return to a favourable pressure gradient may only take 1-2 time steps, which
produces a series of oscillations in the flow rate on the magnitude of 2-3 time steps, or 0.004 —
0.006s.

It is clear to see that these oscillations are non-physical. However, allowing significant
pressure build-up across the valve in order to prevent these numerical oscillations is also
unacceptable, as this will lead to erroneous WEC performance losses. In an effort to prevent the
formation of numerical instabilities, while simultaneously preventing the formation of pressure
build-up across the valve, the model-based flow limit was applied. The application of m,yqe
requires determining the mass flow rate that would create equal pressure across the valve, mgp.
This optimal mass flow rate can be determined using a valve-dependent set of ideal gas law
based equations, which are listed in Appendix A. However, a sample equation for the optimal
mass flow rate is given in Eq. 2.24. This formula is for flow between the cylinder and air storage
tank.

At Ptankvtank .
Popt.cyl outlet = ( ) [ At — YPey1,ch2ZAcyl

Vtank + chl,ch.z

(2.23)
- (Y - 1)hcylacyl,ch.z (Tcyl,ch.z - TW) - (Y - 1)htankatank(Ttank - TW)]
. 1 (Popteyl outlet — Peylch.2) Veyl,ch2 ,
Mopt,cyl outlet = ( ) — o = L YPCyl,ch.ZZAcyl
RsTcyl,ch.Zy At
(2.24)

- (Y - 1)lllcylacyl,ch.z(Tcyl,ch.z - TW)

The optimal pressure is determined first (Eq. 2.23), which is the pressure that the cylinder
and tank will both equal in the subsequent time step, provided that the highest allowable
(optimal) mass flow occurs. This pressure is then used to determine the optimal mass flow rate.
To ensure numerical stability, the model-based flow limit is then selected as 99% of the optimal
mass flow rate through the valve; this was to ensure the flow rate was as close to optimal as
possible while ensuring numerical stability. Therefore, the model-based flow limit at each time
step is given by:
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My odel = 0-99mopt (2.25)

The PTO model structure is designed to resolve the complete state of air at each time step
of the simulation. As described in the valve and tank dynamics, the model includes the necessary
features to implement a control strategy that improves the performance of the AOE device.
When coupled with the ProteusDS model, the model provides a holistic representation of the
AOE WEC.

2.5 On-Shore Generator System

Incorporating knowledge of the on-shore generation system allows for the development
of holistic control strategies that don’t inherently reduce generator performance as the result of
introducing sub-optimal upstream control laws. Therefore, while the modelling of the on-shore
generation system is not within the scope of the current work, it is important to consider
limitations on the state of the air that is passed to shore; of particular interest are bounds on the
pressure, temperature, and quantity of mass-flow from the WEC. To identify these limits, a
potential on-shore generation system was identified. This was followed by a brief overview of
the primary limitations on the on-shore equipment, in order to inform potential bounds on the

operation of the control strategy.

2.5.1 On-shore Generation Architecture

The conversion of compressed air to electricity is well-developed, and there are several
commercial technologies for this process. Of greater concern is the significant challenge of
incorporating the intermittent wave energy resource to the grid [12], in a manner that facilitates
the use of compressed air. To this aim, compressed air energy storage (CAES) systems provide a
method for matching intermittent renewable energy sources with variable demand, in a manner
that provides high reliability, economic feasibility, and low environmental impact [37]. In
addition to the two commercial plants that have been developed to date (in 1978 and 1991),
novel methods have been proposed for introducing CAES systems in new applications, such as
for the buffering the intermittency of renewable technologies, even on small generation scales
[38]. As a result, CAES technology was targeted as a generic model architecture for the AOE

on-shore electricity conversion system.
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The conventional CAES concept uses low-cost electricity from the grid at off-peak times
to produce compressed air; this air is then stored either in underground caverns or above-ground
vessels. Using the stored compressed air in conjunction with a standard air turbine, power can be
produced as needed in order to match electricity demand. Several variations on this conventional
diabetic concept exist, including adiabatic or isothermal CAES systems, as well as tri-generation
micro-CAES configurations [37] [38]. A review of the state of the CAES technology is provided
by Rogers et al [38]. The CAES architecture used in the AOE system will differ from standard
CAES systems, which use grid power to produce the compressed air, while the AOE WEC will
provide compressed air directly. Furthermore, several options exist for AOE in terms of the way
this compressed air is used, which are not yet resolved: either air may be passed directly through
a turbine for zero-emission electricity generation, or it may be pre-heated using either fossil fuel
combustion or excess grid power in order to increase efficiency. However, despite these
variations on the conventional concept it is clear that these developments in CAES technology
are applicable to the AOE WEC, as they provide novel methods to improve the efficiency of
extracting power from compressed air. Furthermore, the storage innovations made with the
CAES technology are critical for the buffering the intermittent supply of electricity that is

inherent to the wave energy resource.

2.5.2 Design Constraints on CAES systems

To gain an understanding of the critical parameters included in the CAES generation
architecture, a CAES model is provided by Struchtrup [39]. Even this basic structure contains a
number of parameters that significantly affect performance, such as efficiencies/dimensions of
the turbine, regenerator, and combustion chamber, as well as the volume and thermal resistance
of the storage tank. However, not all of these parameters directly limit the nature of airflow to
shore. Since a wide range of storage opportunities are available [38], storage induced restrictions
on the quantity of airflow to shore are not considered. Furthermore, since the particular CAES
architecture is not resolved, and the regenerator and combustion chamber are not mandatory
inclusions in the CAES system, limitations on the nature of airflow induced from these
components are not considered. However, it is important to still consider limitations from the air
turbine itself, as the efficiency of this component is a primary determinant of the power that is

extracted from the compressed air. If the application of the control strategy shifts the
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performance of the turbine into an undesirable operating range, then any performance gains
achieved with the control strategy may not result in increases in electricity production. This
consideration prompted a review of the air motor/turbine industry, in order to identify ranges of
feed-in temperatures, pressures, and mass-flow rates.

The review is structured in two sections, as devices can be largely grouped into two
categories: air turbines and air motors. Air turbines are designed specifically for the production
of electricity, and are typically designed for large-scale operation. Conversely, air motors are
designed for a larger scope of applications, and are seldom restricted to a single function;
however, these applications are typically for smaller scale installations. When grouped onto a
logarithmic curve of mass-flow rate and power production, however, it can be seen that these

two industries collapse onto the same curve, as seen in Fig. 2.11.
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Figure 2.11: Summary of air turbine and air motor industry set-point data.

The two power/mass-flow relationship for both industries collapses onto the same curve

when plotted on a logarithmic scale; notably, this correlation is irrespective of turbine geometry
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and operating pressure and temperature. As a result, it is not yet necessary to restrict the on-shore
turbine configuration into one of these two industry categories. Instead, merely the limitations on
the aggregate of both industries need to be considered. To obtain these limits, the set-point
performance of a variety of motors/turbines, spread over multiple manufacturers, were
considered. In particular, data on the pressure ratio, mass-flow rate, and power output of a
number of was gathered. The mass flow rate is of particular interest, as it defines the minimum
mass-flow that must be passed to shore in order for power to be generated. Furthermore, the
pressure ratio defines the minimum/maximum supply pressure that must be passed to shore. The

range of these design variables is given in Table 2.3.

Table 2.3: Range of air turbine/air motor industry set-points.

Manufacturer # of Devices | Power [kW] Mass-Flow Pressure
Considered Rate [ko/s] Ratio
Low | High Low |High | Low | High
Air Motors
Atlas Copco [40] 14 0.16 5.22 0.005 | 0.159 6.30 |6.30
Deprag [41] 6 1.60 | 18.00 | 0.039 0.408 6.00 | 6.00
Ingersoll Rand [42] 8 047 2237 0.019 0474 6.21 6.21
MODEC [43] 8 1.25 3.00 0.036 | 0.048 | 6.00 | 6.00
Parker [44] 11 0.07 | 18.00 |0.004 | 0.408 6.00 | 6.00
PSI Automation [45] 16 0.30 4474  0.018 0913 621 @ 6.21
Air Turbines
Dresser Rand [46] 2 1934 | 2000 9.5 15 400 | 7.00
MAN Turbo [47] 4 6630 | 10500 | 26.2 | 46.5 Unknown
Siemens 15 5100 | 400000 195 | 869 10.2 | 33.6
Net Range
P 0.07 | 400000 | 0.005 | 869 | 4.00 | 33.6

As seen with the size of the summarized ranges, there is not expected to be any concern

in staying within industry limits for mass-flow. However, the lower limit on the pressure ratio is
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not insignificant. The limit corresponds to a 4 bar supply pressure; however, this supply pressure
is used in a 2 MW turbine, which is much higher than what can be achieved with the AOE
device. Consequently, the 6 bar pressure limit seen in the air motor industry provides a more
realistic lower pressure bound. Therefore, in order to ensure that the air supplied by the AOE
device can be converted to electricity, the 6 bar lower pressure limit must be carried forward to

the implementation of control in the AOE device.

2.6 Calculation of Power Output: Flow Exergy

Since the on-shore generation architecture is not fully resolved in the current system, the
WEC power output is computed as a function of exergy; exergy describes the potential to do
useful work. In contrast to energy, which is merely converted from one form to another, exergy
is not necessarily conserved. In particular, exergy can be destroyed if there is an increase in
entropy (disorder of the system). Accounting for this increase in disorder incorporates the fact
that not all energy is useful. For example, pressure increases through heating cannot be converted
to electricity as easily as an isothermal pressure increase from compression, as the temperature
change results in an increase in the disorder of the system. Consequently, isothermal
compression has a higher exergy.

In addition to exergy being representative of the potential of the outputted air to do work,
this metric was selected as is not dependent on the geometry of the on-shore generation system.
Some of the inherent difficulties in resolving the on-shore generator are described in Section 2.5.
Instead, the calculation is based on the flow exergy of the air exiting the converter, which is

given by [39]:

e = [hout - hamb] — Tamp (Sout - Samb) (2-26)

This expression can be rearranged to the following using ideal gas law:

T, T, P
e = CyTamp [ 225 — 1 — m( "“t) + RSTambln( °“t> 2.27)
Tamb Tamb Pamb
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The flow exergy is then converted to the power output of the WEC using the mass flow output

from the third device, as given by Eq. 2.28.
Power = mtank,outlete (2.28)

Since the power output is computed as a function of flow exergy, exergy has the units of
power (watts); this is in contrast to closed system exergy, which has the units of energy (joules).
To ensure clarity in subsequent discussions, the use of the term ‘exergy’ is taken to be flow

exergy, unless otherwise stated.

2.7 Summary of the AOE Model Architecture

A dynamically coupled model architecture of the AOE WEC was developed using the
finite element solver ProteusDS and MATLAB/Simulink. The model resolves the hydrodynamic,
PTO, and mooring forcing acting on the three devices within the AOE WEC, which is then used
to determine the complete state of the system at each time step of the simulation. Through the
tracking of system states, the performance of the WEC can be monitored in real-time as a
function of the current wave condition. In particular, the time-dependent change in the state of
air within the piston chambers, tank, and pipes allows for the assessment of the impact of the
geometry of these devices on performance. Furthermore, the impact of dynamic changes in the
valve timing and selective tank throughput provides real-time evaluation of the effect of
controllable geometries on WEC performance. In doing so, the developed model architecture
allows for implementation and assessment of both passive and active control.

In addition to enabling control development for the current work, the application of this
approach to a system with the complexity of the AOE WEC is a valuable contribution to WEC
modelling literature. Prior to this work, no modelling approaches had been identified with
sufficient fidelity and computational speed to resolve the real-time state of particular PTO
components within multiple WEC devices. In doing so, the complexity of the modelling
architecture was extended beyond that of Bailey et al [6] [27], to include the dynamic coupling
of multiple WEC devices. To ensure the accuracy of the simulations, the model made use of
experimentally verified hydrodynamic software [21], as well as literature-based thermodynamic
calculations [35] [36]. Consequently, the model is assumed to be sufficiently accurate to test and

implement both passive and active control strategies.
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Chapter 3. Passive Control: Problem

Formulation

The question of how to improve the performance of a wave energy converter presents a
significant challenge, in large part due to complex nature of the changing wave environment. In
addition to differences in the wave resource with changing deployment location, the wave
resource at a single point changes on a spectrum of time scales. Intelligent device design can
improve performance on large time-scales, such as seasonal variation, however, the study of
control is crucial for maximizing power capture on a sea-state or wave-by-wave basis.

Conventionally, control is applied as variation in the operation of the device PTO, which
in the AOE device presents a highly complex control problem. As described in Chapter 2, the
operation of the AOE WEC is highly nonlinear; in particular, due to the cascaded nature of the
device, minute changes in the PTO are expected to have significant impacts as these

perturbations magnify in downstream devices. Therefore, it is not sufficient to select the
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geometry of the PTO arbitrarily for the purpose of implementing active control. Rather, the PTO
geometry is the primary determinant of the PTO force, for which active control provides a
method of perturbing the forcing signal in order to produce desirable characteristics on shorter
timescales. Consequently, focus was first placed on the introduction of passive PTO force
control. For this work, the passive control regime is viewed as an exercise in a priori selection of
critical PTO parameters that produce the highest annual energy output for a particular
deployment location. This definition of control aligns with that of Price [48], who note that
while the term ‘PTO force control’ has taken on a variety of meanings in literature, it is
conventionally viewed as an optimization of the PTO settings for the maximization of power
output.

In practice, this reduces to an optimization problem, which has prompted a review of
optimization techniques in wave energy literature. This is followed by the selection of eight
critical design variables that are deemed most critical in optimizing airflow through the piston
chambers, tanks, pipes, and valves that compose the PTO system. The optimization algorithm is
then described, including how wave resource data from the Amphitrite Bank deployment

location was included in creating a location-specific estimate of the annual power output.

3.1 Literature Review of WEC Optimization

While it has long been known that the performance of wave energy converters is highly
dependent on the WEC geometry, loosely summarized as the fact that for a WEC to be a good
absorber, it must also be a good wave generator [9], no universal laws exist for producing an
optimal design. In part, this is due to the fact that no single WEC architecture has yet been
identified as optimal, which has diluted research across a variety of devices [12]. Perhaps more
importantly, however, there are a number of complex challenges in optimizing a highly nonlinear
system, as well as meeting the necessary computational requirements. In particular, each WEC
incorporates a variety of external geometries and PTO characteristics that must be selected
intelligently in order to take full advantage of the particular device’s technological innovations.
As an industry, taking advantage of these gains is a necessary step in penetrating the renewable
energy market. Consequently, a large body of work has developed on creating methodologies for
optimizing device geometries and PTO parameters, as well as the application of these procedures
to particular devices. The breadth of research in the WEC optimization field has enabled a
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progression not only in the complexity of the optimization procedure, but the level of modelling
fidelity with which the optimization is conducted. In order to best describe the current state of
the field, a review of general optimization studies is presented, followed by those that add layers
of complexity and specificity.

At the most widest level of applicability, studies have focused on optimizing generic
WEC geometries, by using brute force simulations to assess the optimality of certain
characteristics in generic sea-states [49] [50] [51] [52]. In order to manage the high
computational requirements of these brute force studies, models are typically linearized or
created with sufficiently low fidelity to allow numerous simulations to be conducted. For
example, Ricci et al [49] optimized the external geometry and PTO damping coefficient of a
single axisymmetric body in heave, which was then incorporated into a study on array spacing
and shape. The optimization was conducted using a linear frequency domain hydrodynamic
model in heave only, for which the PTO was modelled as a linear damper. Similarly, Zhang et al
[50] optimized the external geometry of an axisymmetric point absorber. To study multiple
geometries, Zhang et al [50] performed a semi-analytical decomposition of the body into a series
of surfaces, which allowed the body to be modelled in the frequency domain. Bouali and Larbi
[51] optimized the geometric configuration, followed by the specific geometry, of the front wall
of an OWC converter. The simulations were conducted with CFD, using a simplified geometry
that resolved the front wall and air vent. Gomes et al [52] optimized the OWC chamber geometry
with the application of Constructal Design fundamentals. The OWC device was modelled using
CFD, with head losses across the turbine being accounted for; however, the turbine itself was not
resolved.

While the results of the above studies are sufficiently general that they can be applied to a
wide range of devices, there is insufficient fidelity to conduct full design development. To do so,
certain papers have tailored the procedure to a particular WEC, such that device-specific
geometries can be optimized. Two papers that were identified that performed device
optimization through the use of brute force techniques in generic sea-states [53] [54]. Durren
[53] performed a brute-force experimental optimization of the wing geometry of a novel WEC
design, the Aqua-fly. Mundon and Nair [54] performed a geometry optimization, conducted over
multiple stages, on a novel magnetostrictive wave energy converter developed by Oscilla Power,

Inc. The initial stage was conducted using a frequency domain representation of the converter,
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developed with the ORCAFLEX hydrodynamic code; within this model, the WEC generator was
modelled with an equivalent stiffness. The second stage of the optimization studied the
optimality of certain hydrodynamic parameters by means of experimental testing.

To improve the performance of the optimization algorithm in terms of specific device
design, Goggins and Finnegan [55] incorporate site-specific data into the optimization procedure.
They state that the inclusion of location-specific wave energy data is necessary for optimal
device design, as alternative wave spectra will yield a WEC design that does not operate at
resonance during predominant wave conditions in the deployment location; this will result in
lower energy absorption [55]. Goggins and Finnegan [55] optimized the site-dependent external
geometry of an axisymmetric point absorber WEC through the brute force assessment of a series
of parameterized shapes as well as the PTO damping coefficient. The optimal geometry was
determined using the significant velocity, which is a function of the device RAO, while the PTO
damping coefficient was optimized using a linear hydrodynamic model with coefficients
imported from ANSYS AQWA.

However, while site-specific sea-states are a marked improvement on optimizations
based on a generic wave spectrum, brute force optimization requires expert knowledge of the
domain [56]. Therefore many studies have instead progressed to the use of more complex
optimization algorithms, such as evolutionary-based approaches [56] [57] [58] [59]. Making use
of the gains in computational speed that are achieved with heuristic optimization algorithms,
studies have implemented multi-objective fitness functions in order to capture some of the
complex trade-offs in the WEC design process [57] [58]. These trade-offs are studied with a
Pareto front, such as in the work by McCabe et. al [57]. McCabe et. al [57] used the genetic
algorithm to conduct a multi-objective optimization on the shape of an arbitrarily defined point-
absorber collector. The study was conducted in sea-states that were averaged over multiple sites
across the UK; this was used in conjunction with a 2-DOF hydrodynamic model to maximize the
power output of the WEC while minimizing the size and penalizing large velocities. Babarit and
Clement [59] implemented a site-specific, dual layered optimization procedure for the study of
the SEAREV converter; initially the genetic algorithm was used in order to optimize the external
shape, followed by a gradient algorithm optimization for the determination of the optimal
reactive mass within the body. The optimization function was a dual maximization of the

absorbed power while minimizing the displacement, which was used as a cost function; trade-
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offs between these objectives were assessed by means of a Pareto front. The device
hydrodynamics were modelled in the frequency domain, while the PTO was modelled as a linear
damper.

To further increase the fidelity of the modelling procedure, many studies have
incorporated more accurate PTO and mooring models into the optimization. In order to reduce
computational expense in modelling a more complex WEC configuration, studies have found
ways to approximate the objective function [30] [56]. One such approach is found in the work of
Colby et. al [56], who optimized PTO parameters for a novel design developed by Columbia
Power Technologies Inc. The device made use of ballast for real-time geometry control, which
necessitated resolving the PTO within the optimization. The device was modelled in the time
domain for a particular location, after which the data was used to develop a function
approximation by means of neural networks; using the computational gains achieved with this
functional approximator, the control loop timing and ballast configuration were optimized using
an evolutionary algorithm. Ortiz [30] used a meta-model based optimization approach to
optimize the mooring configuration of a self-reacting point absorber WEC. The meta-model
based approach enabled the use of a full fidelity hydrodynamic model, created in nonlinear BEM
solver ProteusDS, while still maintaining reasonable computational times.

Furthermore, studies have also looked at the incorporation of control into the
optimization, to provide a more holistic approach to device design [56] [58] [60]. Kurniawan
[58] performed a multi-objective optimization on the external geometry of an oscillating water
column converter, using an evolutionary algorithm. The power of the device was maximized in
conjunction with the minimization of the device surface area, which was used as a cost function.
The hydrodynamic and PTO models are created with bond graph representations, with
hydrodynamic coefficients inputted from WAMIT. This study had the highest fidelity PTO
model seen in WEC geometry optimization literature, with the model including the piston,
accumulator tanks, and check valves of the hydraulic system; in addition, the study also assessed
the gains achieved with geometry control. Victor et. al [60] optimized the slope angle and crest
freeboard of an overtopping WEC, in order to maximize the produced power. Empirical
relationships were converted to analytical formulae for optimal geometries, in order to assess the
performance of five different geometry control strategies in three different wave climates; these

strategies covered both fixed and real-time varying device geometry. Incorporating control in the
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optimization process has been found to produce substantially different results, when compared to
conventional control-independent optimization methods [61]. Gilloteaux and Ringwood [61]
studied the influence of latching on the optimal draught and radius of a heaving buoy. When
compared to optimization in the absence of control, they found that control-informed
optimization led to a significantly different geometry, such that two different natural resonance
periods resulted. The optimization was performed using the simplex algorithm, with a linear time
domain hydrodynamic model, as well as a linear damper PTO force.

From the review of optimization techniques, it is clear that no universal approach to
optimization exists. However, there are a variety of techniques presented in literature for
improving the accuracy and applicability of the optimization procedure in terms of a particular
device. In particular, it has been shown that location-specific data is necessary for accurately
determining an optimal device geometry. Furthermore, it is possible to include high fidelity PTO
models in the optimization process, if heuristic algorithms are used to intelligently search the
design space [58]. Consequently, these improvements are carried forward to the development of
the current optimization procedure. Despite these improvements, no methods have been
identified that aim to optimize the geometry of the PTO in sufficient fidelity to apply the
techniques directly to the AOE device. In particular, the complexities inherent to the AOE WEC
prevent the use of function approximators such as meta-models or neural network based
approaches. These methods are not believed to have sufficient fidelity to resolve the real-time
thermodynamic changes seen in the AOE system. Furthermore, the cascaded nature of the AOE
WEC prevents the implementation of control directly in the optimization procedure. This gap in
literature prompted the generation of a novel optimization method for introducing passive force

control.

3.2 Optimization Procedure

While in the ideal case, it would be possible to optimize the entire PTO geometry, the
optimization procedure is limited by computational time. Therefore, several steps were
undertaken to alleviate some of the computational requirements. Since the computational
expense of the optimization scales rapidly with the number of design parameters, a limited
number of parameters were selected. Furthermore, the optimization was conducted in two phases

in order to improve the convergence rate of the genetic algorithm. The first stage of the
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optimization performed an unconstrained search on a large multi-dimensional search area. The
function of this stage was to shrink the search area to a manageable size, within which the global
optimum is ideally contained. Following the completion of this first stage, the search area was
shrunk, and constraints were added in order to restrict the progression of the genetic algorithm to
a more fruitful search area. These improvements in the algorithm allowed results to be obtained
in a moderate timeframe, while still allowing the full fidelity AOE model to be used in the
evaluation of the objective function for each set of design variables. The selection of appropriate
design variables for the optimization procedure is discussed in the following section, followed by
a detailed discussion on the selection of the optimization algorithm, associated objective

function, and initial conditions.

3.2.1 Design Variables
The intelligent selection of ideal PTO parameters is critical for optimizing the PTO force
of the AOE WEC, as well as improving the throughput of air. In particular, it is expected that the

optimal PTO geometry incorporates the following characteristics:

1. Airis produced at a sufficient pressure to drive on-shore generator.
2. Airis produced steadily, with minimal interruptions as it passes through the cascade.

3. Optimal PTO forcing characteristics, to aid in power capture.

Many of these characteristics require trade-offs, which complicates the selection of an
optimal set of parameters. There is a trade-off between the production of air at a sufficiently high
pressure and the continual production of air. Secondly, there is a trade-off in the increase of the
allowable mass flow rate (increase in valve diameters), and minimization of temperature losses
(which would require a reduction in the exposed surface area). These trade-offs are expected to
produce performance peaks in the design space. To properly explore these design peaks, focus
was placed on parameters that not only have a direct impact on how well the desired
characteristics are met, but are also incorporated in the trade-offs between these characteristics.
This selection procedure limits the optimization to only the most pertinent set of parameters. The
set of parameters chosen for the optimization is summarized in Table 3.1. Parameters that were
not selected are the dimensions of the tank, for which V4, = 8.82 m?, and a;gnx = 62.57 m?,

as well as the length of the pipe, which was 70 m.
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Table 3.1: Design variables in the optimization procedure, and variable limits.

Variable Lower Limit = Upper Limit | # Variables
Cylinder Diameter, Devices 1 - 3 1m 3m 3
Cylinder Length, Devices 1 - 3 2m 45m 3
Orifice Ratio, Devices 1 - 3 0.05 0.5 1
Regulated Pressure, Device 3 6 bar 15 bar 1

Total 8

The cylinder diameter and length were selected due to the substantial impact that the
cylinder dimensions have on both the magnitude and continuity of air production, as well as the
impact on PTO force scaling. The regulated pressure is the pressure at which air is sent to shore,
which in turn will impact the pressure within each of the devices; similar to the cylinder
dimensions, this has a nonlinear impact on the continuity of air throughput as well as the PTO
force. Lastly, the orifice ratio is the calculated as the orifice diameter divided by the cylinder
diameter. This ratio determines the maximum flow rate through the valves, as well as the pipe
diameter (since the pipe and orifice diameters are the same). While the orifice diameter will scale
with each device, since the cylinder diameter will change, all valves within a particular device
have the same diameter.

The limits on each of these parameters is also summarized in Table 3.1; within these
limits, the optimization may select values for the design variables on a continuum. These limits
apply to the first stage of the optimization, after which more restrictive bounds were placed; the
development of these new variable limits is described in Section 4.1.1. For the initial
optimization stage, the upper limits on the cylinder diameter and length were determined as
conservative estimates of expected manufacturing limits following discussions with AOE
Accumulated Ocean Energy Inc. These limits were not restricted by the external geometry of the
spar, as if significant performance benefits were found through the optimization, there may have
been a possibility of altering the external geometry to fit a larger piston design. This is seen with
the piston diameter limit of 3 m, which exceeds the column diameter of 2.74 m listed in Table
1.2. The lower limit of the regulated pressure corresponded to the minimum design pressure of
available off-the-shelf air turbines, of which a comprehensive listing of manufacturer data is
listed in Table 2.3. The remaining limits were selected to ensure that variable selection would not
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be restricted. Within the bands placed on each of the variables, the parameter values were
selected according to the optimization algorithm discussed in the following section. Given the
nonlinear nature of the relationships between the variables, the variables were not assessed
independently; instead, the objective of the optimization is to assess and ultimately select a set of

eight variables, which is collectively referred to as the optimal design.

3.2.2 Optimization Algorithm

Given the highly nonlinear nature of the optimization function, it is not possible to define
a strictly convex objective function; rather, it is likely that the problem is highly non-convex,
such it is not possible to guarantee the identification of a global optimum. As a result, rather than
using deterministic algorithms it is necessary to make use of probabilistic algorithms, which use
heuristics to identify the processing order of the candidate solutions [62]. A variety of
probabilistic algorithms exist, such as stochastic methods, evolutionary algorithms, or swarm
intelligence, for which a classification is provided by Weise [62]. For the current work, the
genetic algorithm was selected, based on its capacity to search a large multi-variable space with
relatively fast computational times. Furthermore, the algorithm, through the use of crossover and
mutation functions, incorporates methods to avoid getting stuck in a local minimum. In addition,
the use of this algorithm has precedent in wave energy literature, and provides a proven method
of intelligently searching the design space [57] [59].

The genetic algorithm is based off genetics and evolutionary principles [63], in which
desirable combinations of design variables are carried forward to future generations, and mutated
in order to introduce the potential for random positive change. The genetic algorithm

optimization procedure is detailed below [63]:

1. A group of candidate solutions is selected as an initial starting point (referred to as a
population).

2. The optimality of the candidate solutions is assessed using a fitness function
(referred to as the objective function).

3. A certain number of strong candidate solutions are carried forward to the next
generation of the optimization.

4. In addition to the carried-over candidate solutions, new candidate solutions are

produced by:
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a. Mutating existing solutions (producing entirely new candidates).
b. Crossing over characteristics of existing solutions
5. The new candidate solutions are re-assessed using the fitness function, and the

process is repeated.

For the current study, the genetic algorithm procedure is implemented using MATLAB’s
prebuilt “ga” function. In the first stage of the optimization, the generation size was limited to
60 candidate designs, which increases the frequency with which candidate mutation and
crossover occur; in turn, this increases the speed of progression towards an optimal design.
Following the completion of the first optimization procedure, the generation size was expanded
to 90 candidate designs, in order to reduce the likelihood of encountering a local minimum

within the reduced search area.

Obijective Function

The objective of the optimization is to maximize the expected annual average power
output from the device, such that for each candidate design, a single value for the objective
function was determined. Since the optimal design is highly dependent on the wave climate in
which the WEC is placed, representative sea-states for a potential deployment location were used
in the optimization procedure. The deployment location was taken to be Amphitrite Bank, off the
west coast of Vancouver Island, Canada, which was selected as its energetic wave climate and
near-shore placement facilitate the passing of compressed air to shore. Furthermore, the
Amphitrite Bank location is in close proximity to coastal communities as well as the AOE
Accumulated Ocean Energy Inc. headquarters in Victoria. A wave histogram for this location
was created by Robertson et al [33] from wave buoy data obtained by the West Coast Wave
Initiative; to do so, directional wave data was gathered with hourly resolution for the 2013
calendar year. Existing WCWI wave buoy locations in relation to Vancouver Island are provided
in Fig. 3.1.
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Figure 3.1: West Coast Wave Initiative wave buoy locations.

Wave histograms of significant wave height and wave energy period for the Amphitrite
Bank location, indicating the annual distribution of occurrence, as well as the annual wave

energy flux of each sea-state are given in Fig. 3.2 and Fig. 3.3.

—n 35| a5 5.5 6.5) 7.5 85| 95 w5 115 125 135  145] 155 165 175 18.5[Total
E 0.25) [ [ o o o 1 [ 5 [ 0 o o 0 ] [ 0 14
— 0.75, [ 7 65 134 306 274 54 123 a a 1 ] o ) 0 0 1270
-EJ 125 0 It s szl 683 amg 347 168 87 15 5 7 2 ) 1 0 2481
S 175 0 0 b2 213 389 418 238 143 105 a7 12 12 [ 0 2 0 1514
o 2.25 0 0 [ 75 195 299 mn 237 18 51 18 3 3 1 0 0 1374
275 0 0 o 15 81 154 198 150 07 61 n 3 & 3 1 0 B16
3 335 0 o [ 2 41 105 158 82 60 s0 17 6 & 4 0 0 533
w .75 0 0 o ] 4 a7 83 8 37 17 13 4 3 2 1 2 72
B .25 0 o [ ] 1 M a3 a7 39 13 8 a 1 0 1 0 178
= 475, 0 ] [ o ] 6 29 8 25 1 3 ] ] 2 2 0 106
g 5,25 0 0 [ ] 0 ] 6 17 5 5 3 1 [ 1 0 0 33
2 5.75 (1] i) (1] o o L] 3 ] 38 B 12 1 o 1 o 0 40
L .25, 0 0 o o 0 0 0 1 0 Y 2 3 0 0 0 0 11
a .75, 0 o [ ] ] ] 0 1 0 1 2 3 2 ] 0 0 3
o 7.25 [ 0 [ ] [ o 0 1 1 1 [ 0 [ [ n 0 3
U2 [total o] 11] 2a1] 1027 amoa]  1sz]  a7as] 1063 533 291 118 as| 24] 14] 8| 2 5760

Wave Period [s]

Figure 3.2: Frequency of sea-state occurrence [# Hours/Year] for Amphitrite Bank, as defined

by significant wave height [m] and wave energy period [s].
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Figure 3.3: Annual wave energy flux [J / m] for Amphitrite Bank, as defined by significant wave

height [m] and wave energy period [s].

The frequency of occurrence is calculated as the number of hours throughout the year that
the wave data falls into a particular bin, while the annual energy from wave energy flux (wave

power incident per metre) is calculated using Eq. 3.1 [55].

2
Pg
Eflux = @TeHSZ = 4'90Nh0uT‘STeH5? (31)

Where Np,,.rs 1S the number of hours per year in which a particular sea-state occurred, as
seen in Fig. 3.2. While in the ideal case, it would be possible to provide an annual estimate based
on the entire histogram of wave data, the computational expense is unfeasible. Instead, the
annual power estimate for each candidate design was calculated as a weighted average of the
device performance in six different sea-states. These six sea-states were selected in order to
provide a holistic representation of the entire wave histogram. To do so, the wave histogram was
grouped into sections, from which a single sea-state was chosen for the analysis. Each section
was partitioned so that its contents have similar wave characteristics, while incorporating
knowledge of the frequency of occurrence. This data was included so that areas of the histogram
with a higher frequency of occurrence would be divided with a better resolution. In particular,
the divisions were made so that a weighted average of the annual frequency of occurrence and

the wave energy flux was approximately constant, as seen in Eq. 3.2.

56



M M

. N; i=1 Eftux.

025ty 0.8l—fux‘ = Constant (3.2)
Total ETotal

Where M is the number of sea-states within each section, and Ny, ;q; and Py, ;4; are the
number of hours per year (8760 Hours) and annual wave energy flux (198.4 MJ/m), respectively.
These values are included in Fig. 3.2 and Fig. 3.3. The distribution of the wave power transport
was weighted higher in the calculation, as it is a stronger metric for similarity in sea-state
conditions. The resulting divisions are shown in Fig. 3.4, with a summary of the weight averages

presented in Table 3.2.
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Figure 3.4: Division of wave histogram for optimization procedure.

Table 3.2: Weighted average calculation for division of wave histogram.

Section | Ratio of Total Wave Ratio of Total Hours Weighted Average
Energy Flux

1 0.1235 0.3407 0.1669
2 0.1531 0.2086 0.1642
3 0.1518 0.1799 0.1574
4 0.2136 0.0501 0.1809
5 0.1748 0.1630 0.1725
6 0.1832 0.0577 0.1581
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Within each of these sections, a weighted average of the encompassing sea-states was
taken, based on the number of hours of occurrence. This was used to compute the average

significant wave height and energy period within the section, using, as seen in Eq. 3.3 and 3.4.

M
_ ~ H.;N;
L= # (3.3)
i=1Hs,i
_ M T,.N,
T, =2o——2— (3.4)
i=1Te,i

The sea-state that was closest to the average was selected as the representative of that
section for the optimization procedure. It is important to note that while weighting based on
hours does not provide the strongest representation of the section in terms of energy similarity
(for which the wave power transport would be used to weight the sea-states), it ensures that the
optimization will tend to focus on sea-states with a high probability of occurrence. This will in
turn promote the continuity of power output throughout the year. For the purpose of the
optimization procedure, the probability of occurrence of each sea-state corresponds to the
probability of a wave condition falling within its parent section. The summary of the selected
sea-states, as well as that section’s probability of occurrence throughout the year, is given in
Table 3.3.

Table 3.3: Selected sea-states for optimization procedure.

# | Significant Wave Height | Wave Energy Period (Te) | Probability of Occurrence

(Hs) [m] [s] [%6]
1 125 6.5 34.07
2 175 8.5 20.86
3 175 9.5 17.99
4 225 10.5 16.30
5 325 135 5.77
6 4.25 10.5 5.01

To reproduce a realistic wave spectrum using these wave parameters, the simulations are

run using a Pierson-Moskowitz spectrum. To do so, the spectrum was discretized into 140 wave
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segments, which were manually inputted into ProteusDS. These wave segments included
directional spreading and random phase offset in order to more closely approximate realistic sea-
states.

With these six representative wave conditions determined, an estimate of the annual
power production was computed as the sum of the average power produced in each sea-state,
weighted by the sea-state’s probability of occurrence. This is the objective function of the

optimization, and is summarized in Eq. 3.5.

Obj.= Z Power; Probability; (3.5)

Sea State=1

The power is computed as a function of flow exergy, for which motivation is provided in
Section 2.6. The flow exergy is then converted to average outputted power as a function of the
flow exergy at a given time step, e;, and the mass-flow rate at the outlet of the third device in the
WEC chain.

teotal .
Power = M (3.6)

Where t;,:q: 1S the time period over which the available power is averaged. A description
of how this time period was determined, including the set of initial conditions used in each
simulation, is described in the following section.

Initial Conditions

In order to reduce the impact of start-up effects on the calculation of the objective
function, the average outputted power is not determined from the start of the simulation. Rather,
several checks are put in place to ensure the system is as close to steady-state as possible for the
duration of the simulation, while not significantly increasing the computation time. In developing
these checks, it is understood that the PTO state is a function of both the sea-state and PTO
geometry. Since a particular PTO geometry is held for the simulation of six different sea-states,

two checks are used to adjust the thermodynamic state of air as a function of the set of chosen
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parameters. These initial conditions are then carried forward for the six different simulations,

each of which use a final check to ensure the system is near steady-state prior to the calculation

of the objective function. These checks are summarized as follows:

1. A 20 min simulation was run for a random set of seven sea-states, each with
randomly selected input variables. This data was used to identify trends in the state
variables (at steady state) as a function of the regulated pressure, which allowed an
intelligent selection of initial parameters, included expected temperatures and
pressures for each of the components.

2. Using these initial conditions, a 5-minute simulation was run using a moderate sea-
state (Hs = 2.25m and T, = 10.5s). This simulation was designed to smooth out
variation in thermodynamic properties from changes in the PTO geometry. This
thermodynamic state data is then carried forward as the initial condition for each of
the six simulations.

3. A 2-minute simulation was conducted in each sea-state, to allow for the geometry-

adjusted state to adapt to the current wave conditions.

Following these checks, the average power is then determined over a five-minute simulation.

3.3 Summary of Passive Control Problem Formulation

The formulation of the passive control problem is viewed as the optimal selection of
critical PTO geometries for the maximization of power output in the Amphitrite Bank
deployment location. In practice, this reduces to an optimization algorithm, for which key
parameters are summarized below:

1. Algorithm — Genetic algorithm, conducted over two stages using MATLAB’s “ga”
function.

2. Objective Function - Highest annual power output, determined using flow exergy and
calculated as a function of 6 representative sea-states in the Amphitrite Bank location.

3. Variables — diameters and lengths of all three piston chambers, orifice ratio, and crack

pressure.
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Using this optimization procedure, it is expected that significant gains in power
production at the Amphitrite Bank location can be achieved. Furthermore, the developed
methodology provides a framework for implementing passive control in alternate WEC
geometries. In doing so, a detailed procedure is provided for the selection of representative sea-
states for a potential deployment location, which reflects the sensitivity of control

implementation to the wave climate in which the WEC is placed.
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Chapter 4. Passive Control: Implementation and

Results

The formulation of the passive control problem developed in Chapter 3 provides a
method of increasing the power output of the AOE WEC through the optimal selection of eight
critical design variables. In this chapter, the results of the optimization procedure are presented,
and an optimal design is selected. This is followed by a discussion on the effect of the
optimization procedure on the power quality and end-stop collision rate of the WEC. While these
additional considerations were not included in the objective function, they are important markers
for the feasibility of grid integration and device survivability; both are critical for eventual WEC
deployment. Lastly, the optimal design is carried forward to the development of a power matrix
for the AOE WEC in the Amphitrite Bank location. This power matrix is critical for producing a
baseline power production estimate against which the performance of the actively controlled
design can be measured.
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4.1 Optimization Results

Due to the high computational requirements of evaluating the objective function, the
optimization was conducted using a distributed computed center provided by Ocean Networks
Canada, for which the computations were completed over a three-month period on 17 machines.
This set-up incorporated a managing ‘boss’ machine, as well as 16 ‘worker’ machines, which
used a batch set-up to fully utilize the available CPU power on each machine. The optimization
procedure was conducted for a total of 15 generations, spread over both stages of the
optimization. Including both optimization stages, a total of 942 unique variable combinations

were studied.

4.1.1 Results from First Stage of Optimization

In order to reduce the number of generations needed for convergence to an optimal
solution, the initial set of parameters was selected intelligently as a combination of potential
candidate solutions and random sets of variables; this was intended to provide a warm start to the
optimization, while not prematurely limiting the search to a given area. Including this initial,
user-defined, generation, the first stage of the optimization lasted seven generations. The
progression of the objective function realized within each generation is shown in Fig. 4.1. The

peak value of the objective function within each generation is shown in Table 4.1.
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Figure 4.1: Progression of objective function within each generation.

Table 4.1: Progression of objective function in first stage of optimization.

Generation Obj. Function [KW] | Increase from Previous Gen. [%]

1 4.607 ~

2 14.34 211.16
3 15.43 7.63

4 17.65 14.38
5 18.45 4.54

6 18.75 1.65

7 18.98 1.22

As the optimization progressed, the gains achieved with each subsequent generation were
progressively smaller. Further, the range of values within each generation decreases, which
shows that there is progression to peaks within the design space. While there is not yet a basis for
stating the algorithm has converged, the function of the first stage of the optimization was merely

to shrink the initial search area to a manageable size; within this reduced parameter space it is
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likely that the global optimum is located. To identify areas in which the breadth of the design
space can be reduced, the variation in each of the parameters as a function of the objective

function is shown in Fig. 4.2.
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Figure 4.2: Exergy as a function of each of the design variables for the first stage of the

optimization.

While it is clear that an exhaustive search of the entire search area has not yet been
conducted, several trends are apparent. In particular, as seen in Fig. 4.2a it is clear that the outlet
pressure has a strong negative correlation with the objective function, such that the optimal outlet
pressure corresponds with the lower bound of air turbine manufacturing pressure limits. This
trend is most likely caused by the fact that slight increases in pressure, while marginally
increasing the exergy per unit volume of outlet flow, could potentially place severe limitations
on the frequency with which mass-flow events are triggered. As a result, the frequency of
occurrence of mass-flow events appears to be the limiting factor in determining optimal exergy
scenarios. Consequently, while there is not yet sufficient data to select 6 bar as the optimal
pressure, the search area can be reduced to below 9 bar. This allows the higher pressure 6.8 bar
local optimum to be included the second stage of the optimization.

All other variable limits contain the current optimal value well within the optimization
bounds, which is an indication that variable bounds were selected with enough breadth to contain
the optimal value. However, none of the geometry variables are sufficiently correlated to the
objective function to shrink the bounds of the second stage of the optimization. Instead, the
relationship between the diameters and lengths were assessed, with the ratio between each of the
diameters and lengths being shown in Fig. 4.3. Unity is indicated in red as a comparative

measure for further discussion.
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Figure 4.3: Diameter and length ratios between different devices for the first stage of the

optimization.

Several trends are apparent from the plots of the diameter ratios. In particular, in all of the

. . D D - .
near-optimal scenarios D—Z <1land D—3 < 1. This makes sense, as the volume of piston chamber

1 1

must continually decrease in order to maintain the pressure of the compressed air as it is passed
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between devices. Therefore, it is somewhat surprising that the diameter ratio from the second to
third device does not need to be below unity. A potential explanation for this phenomena is that
there is a penalty in shrinking the volume in the third device. In particular, while shrinking the
third piston volume would allow for higher pressures to be maintained during air transfer from
the second to third devices, this is only applicable in lower energy sea-states. For more energetic
sea-states, in which the final crack pressure is easily achieved, the mass flow rate will decrease if
the volume in the third device is shrunk. Therefore, the algorithm may have discovered a local
optimum in which the volume is maintained at a high level in order to maximize production in
high energy sea-states, while sacrificing output from lower energy seas. This is not expected to
be a global optimum, in which it is likely that exergy production will be produced across the
entire wave spectrum, but this possibility means there is not yet sufficient data to constrain the
diameter of the third device relative to the second.

As seen by the scattered distribution of exergy among available length ratios, there is not
a strong increase/decrease in the length of the latter devices. This is expected, as while there is a
necessary decrease in volume between devices in order to maintain pressure, doing so with a
decrease in diameter does not incur a penalty; conversely, decreases in the piston length may
lead to losses in efficiency through an increased frequency of end-stop collisions. With this in
mind, it can be further stated that the length among devices should be largely constant. Since the
wave condition experienced by all devices is the same, and the diameter is smaller in latter,
higher pressure devices, it is expected that the motion of the piston is largely constant, which
would lead to similar piston lengths in each of the devices.

Given the identified trends in each of the eight variables, several additional constraints
were placed in order to shrink the search area of the second stage of the optimization. These

constraints are summarized in Table 4.2.
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Table 4.2: Revised set of constraints for second stage of optimization.

Stage 1 Stage 2

Variable Lower Limit = Upper Limit | Lower Limit | Upper Limit Linear
Constraints

D1 —D3 I m 3m I m 3m D1 > D2
D1 = D3

Li—-Ls 2m 45m 2m 4.5m -

OR 0.05 0.5 0.05 0.5 -

Pres. 6 bar 15 bar 6 bar 9 bar -

Using this revised search area, the second stage of the optimization was conducted.

4.1.2 Results from Second Stage of Optimization

In addition to changes in the search area, the second stage of the optimization also uses a
larger generation size of 90 sets of variables. This increase reduces the likelihood of the
optimization getting stuck on a local minimum, by expanding the breadth with which the search
area is studied. However, since the generation size is increased, it is not possible to merely use
the latest generation as the starting point of the second stage. Instead, in order to ensure that the
best combinations of variables were carried forward to the second stage of the optimization, the
best 90 unique sets of variables from the first stage were gathered. Eight cases were identified
that had strong similarities, and were subsequently replaced with eight high pressure cases in
which the pressure was over 7 bar. This was used to maintain variation in the starting generation.
With this set of starting parameters, the second stage of the optimization was run for eight
generations, not including the initial starting generation (which did not introduce any new data).
The progression of the objective function realized within each generation is shown in Fig. 4.4.
The peak value of the objective function within each generation is shown in Table 4.3. Both
stages of the optimization are included in order to show the complete progression of the

objective function.
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Figure 4.4: Progression of objective function within both stages of optimization.

Table 4.3: Progression of objective function in both stages of optimization.

Generation Obj. Function [kW] | Increase from Previous Gen. [%]
7 18.98 Total Increase in Stage 1: 311.98

8 19.38 2.12

9 19.38 0.00

10 19.45 0.34

11 19.61 0.81

12 19.69 041

13 19.76 0.37

14 19.76 0.00

15 19.83 0.33




From generation 1 to 15, there is a net increase of 330.35% in the objective function,
which shows the large value in performing the optimization procedure. This gain was achieved
after 14 complete generations, after which the optimization was halted. While it is impossible to
state if a global optimum has been reached when using the genetic algorithm, there are several
indications of convergence in the present study.

For one, in later generations there are progressively smaller increases in the objective
function; this can clearly be seen in Table 4.3. As a result, while the first stage of the
optimization led to a 311.98% increase in the objective function, the entire second stage of the
optimization only produced an 18.37% increase. The decrease in the rate at which gains are
achieved is a strong indication of convergence towards a particular set of design parameters. This
is further corroborated by the fact that aside from the last generation, which was stopped mid-
simulation and hence is incomplete, there is a decrease in the range. In particular, within each
generation there is an increase in the objective function at the 25", 50", and 75™ percentiles,
which is a further indication that there is convergence towards a particular set of design
parameters. These design parameters may constitute a single peak in the design space, or a group
of different peaks that have a similar value for the objective function.

With these factors in mind, it was concluded that the optimization algorithm has
sufficiently converged to the point at which results can be extracted. While it is unlikely that a
global optimum has been found, the best set of design variables produced by the optimization
(reached in the 15" generation) is referred to as the best estimate for the global optimum. This

estimate of the globally optimum set of design parameters is listed in Table 4.4.

Table 4.4: Best estimate of globally optimum set of design variables.

Design Variable Value Design Variable Value
Diameter, Device 1 | 1.6298 m Length, Device 1 3.3400 m
Diameter, Device 2 | 1.2938 m Length, Device 2 3.5440 m
Diameter, Device 3 | 1.1167 m Length, Device 3 3.1185m
Orifice Ratio 0.3744 Crack Pressure 600.75 kPa

While the optimal design is not likely known to 5 significant figures, these values were

fully reported to maintain the unique nature of the optimal solution. For example, a significant

71



number of designs incorporate a crack pressure between 600.00 and 600.75 kPa, for which a

slight distinction was made during the optimization process. In order to demonstrate the scope of
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the complete set of studied cases, the variation in each of the parameters as a function of the

objective function is shown in Fig. 4.5.
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Figure 4.5: Exergy as a function of each of the design variables for both stages of the

optimization.

It is apparent that there is strong clustering within the design space on two levels,
vertically and in bunches (typically around the optimal point). While not done intentionally,
vertical clusters form as a result of the algorithm varying combinations of the remaining seven
variables while holding a particular value constant. Conversely, intensive study of the area
around the optimal value is done intentionally through the use of mutation and design crossover;
this ensures the algorithm progresses in the ideal direction from the current optimal, when
considering the 8-variable design space. Unfortunately, these groupings prevent the entire design
space from being exhaustively studied. However, by examining the range of near-optimal values
within each sub-figure it is typically clear that the algorithm has identified a design peak. The
exception to this is seen with the lengths of the first and third devices, in which there is a wide
range of values that correspond to near-optimal cases. As a result, the objective function is not
believed to be highly sensitive to these variables. To assess if the objective function is sensitive

to the ratio of the device diameters and lengths, these ratios are plotted in Fig. 4.6.
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optimization.

Length Ratio L3/L2

As expected, plots of diameter ratios all exhibit a clear peak that is definitively less than

one; this is an indication that not only has a near-optimal solution been identified, but that it is a

contributing factor in decreasing the volume between devices. Conversely, the length ratios do
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not exhibit a clear peak, and surprisingly while 2—3 < 1and 2—3 < 1, it can be seen that 2—2 > 1.
1 2 1

This is counter-intuitive, as while the length does not necessarily need to decrease in order for
the volume to be reduced in latter devices, there is no straightforward reasoning for why the
second device should behave markedly different from the other two devices. Instead, a potential
explanation relies on knowledge of the nature of the motion in each device.

While the sea-state impacting each device is identical, the pressure within the piston
chamber creates a different PTO force; in turn, this affects the magnitude of the motion of the
piston. To provide a basic idea of the magnitude of piston motion for each of the three devices,
the average trough and peak height in the piston motion was calculated. This was used to
compute the average swept distance of the piston motion in each of the three devices, as well as
for each of the six sea-states. The motion is given for the optimal device design in Table 4.5;

collision data is also given as a function of each sea-state.

Table 4.5: Mean piston motion as a function of device and sea-state.

Sea-State | Device 1 (m) Device 2 (m) Device 3 (m) Number of Collisions

1 0.129 0.116 0.083 0
2 0.243 0.162 0.113 1
3 0.177 0.154 0.100 2
4 0.494 0.479 0.306 12
5 0.592 0.707 0.537 25
6 0.767 0.896 0.779 55

In sea states 1-4, the motion decreases from device 1 to 3; however, in the two highest
energy sea-states the motion of device 2 is significantly larger than the other two devices. This
trend was also exhibited in a sub-optimal design in which the lengths in device 1, 2, and 3 were
approximately constant at 3.4703 m, 3.5256 m, and 3.5112 m respectively. This implies that the
changes in motion are pressure driven, rather than merely caused by the changes in lengths
themselves. In particular, it is believed that due to the lack of a consistent inlet or outlet pressure

in the second device, the motion in the device alternatively experiences high and low pressure
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states; this pressure variation serves to restrict the motion to low and high sections of the stroke
respectively, which ultimately increases the range of motion of the piston.

With an estimate of globally optimum set of design parameters determined, it is
necessary to assess the quality of the converter power. The objective function only speaks to the
magnitude of the converted energy over the course of the year, not whether the power time series
has advantageous characteristics. Therefore, it is possible that the optimal design, while
providing a high annual power production, did so through the use of large and infrequent peaks
in exergy; this would be severely detrimental to the quality of the power output. Consequently, it

is important to assess the time-dependence of exergy production on shorter time-scales.

4.2 Impact of Optimization Procedure on Quality of

Converted Power

The incorporation of wave energy into the grid provides a number of significant
challenges, as the temporal variation of the converted power introduces instability into the
matching of demand and electrical supply. While these challenges are largely outside the scope
of this thesis, one can see that a significant issue is the fact that not all power is created equal:
‘useful” power is consistent and predictable, while sub-optimal power supply may be sporadic.
As a result, in the absence of significant daily or seasonal variation, the continuity of power
output can be assessed as a basic metric for power quality. Namely, in the ideal case there should
be near continual power production on a wave-by-wave basis. Furthermore, while the power
produced on a sea-state basis will clearly scale with the energy in the sea-state, the optimal
design should not sacrifice power output in lower energy sea-states in order to produce large
power spikes in relatively infrequent high-energy seas.

To determine variation in the power output on these shorter time-scales, four
representative sets of design variables were selected. These cases are differentiated based on
exergy and pressure, such that there are two high and two low pressure cases with a high and low
performance case selected for each pressure. Differentiation based on exergy is a measure of
how overall performance changes with selection of the other seven design variables. The cases
are summarized in Table 4.6; to ensure reproducibility, values to five significant figures are

reported.
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Table 4.6: Test cases for study of exergy production on smaller time scales.

Case Di[m] | D2[m]  Ds[m]  Li[m] Lz2[m] Ls[m] OR Pres.

[kPa]
L Pres./
) 1.6298 @ 1.2938 @ 1.1167 | 3.3400 @ 3.5440 @ 3.1185 @ 0.3744 | 600.575
H. Obj
L Pres./
) 1.8367 @ 1.3417 1.5 3.6303 3 3 0.2 600.001
L. Obj
H. Pres./
] 1.8367 @ 1.3273 @ 1.1282 | 3.2650 @ 3.3716 @ 3.7083 @ 0.2005 | 725.303
H. Obj
H. Pres./
L Obi 2.0621 | 1.3320 @ 1.2117 | 2.8803 | 3.1658 3.0598 | 0.2702 @ 723.307
. ODbJ

The high pressure, high objective function case (H. Pres./H. Obj.) corresponded to the
highest average power output of any pressure over 7x10° Pa, while the low pressure, high

objective case is the optimal design. The exergy for each of these cases is given in Table 4.7.

Table 4.7: Performance data for smaller time scale analysis test cases.

Sea-State Exergy [kW] Obj. Function [% of Optimal]
Low Pres. / High Obj. 19.83 100
Low Pres. / Low Obj. 10.65 53.7
High Pres. / High Obj. 12.42 62.6
High Pres. / Low Obj. 7.146 36.0

For each of these four cases, the percent contribution of each sea-state to the average
exergy output was determined. The results are presented in Fig. 4.7, as well as the probability of

occurrence of each sea-state.
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Figure 4.7: Contribution of sea-states to average power output.

While it is expected that higher energy sea-states would have a greater contribution to the
average power output, cases with lower objective functions had a more disproportionate
contribution from the higher energy sea-states. While the globally optimal case (low pres., high
obj.) had a maximum contribution of 31.5% from a particular sea-state, the worst case (high
pres., low obj.) had 67.7% of the power output from the highest energy sea-state. In addition to a
flattening of the peak power contributions, the optimal case also had the highest contribution of
power output from the three lowest energy sea-states. In particular, it was one of only two cases
to produce any power in SS1, despite the 34% probability of occurrence of this type of sea-state.
It is clear that the optimization algorithm has converged to a case in which power is produced
from the complete range of sea-states, especially when compared to sub-optimal cases. This
ensures that power is continuously produced throughout the year, and indicates the importance of
implementing WEC force control through an optimization of the PTO geometry, rather than a
potentially suboptimal selection of PTO parameters.

To assess these four cases on a wave-by-wave basis, a five-minute time series of the

cumulative energy output from each WEC was analyzed. The simulation was conducted for Te =
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10.5 s and Hs = 2.25 m (SS4); this sea-state was selected based on the significant power

contribution for most cases, and relatively high probability of occurrence.
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Figure 4.8: Time series of energy output for Te = 10.5 s and Hs = 2.25 m (SS4).

The optimal case had a steady production of power throughout the simulation, which is
an indication of smooth power output on a wave-by-wave basis. The energy output from
suboptimal cases had an increased reliance on large infrequent contributions.

Therefore, while power quality was not considered directly in the objective function it is
clear that the continuity of the power output was not sacrificed in order to produce a high annual
power output. Intrinsically, a high annual production is achieved in conjunction by increasing the
continuity of power output. However, what may not relate as strongly is the survivability of the
device. No consideration was made in the objective function for how the device may be
adversely affected by high energy sea-states, and as a result it is possible that the annual power
production is increased at the expense of the survivability of the design. A metric for tracking the

survivability of the device design is the number of collisions between the piston and its end-
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stops. These collisions will significantly decrease the life of the device; as a result, the effect of

collisions is studied in the following section.

4.3 Impact of Optimization Procedure on End-Stop

Collision Rate

In addition to measuring the objective function, the number of end-stop collisions in each
simulation were tracked. While device survivability is not a primary focus of the present study,
this metric provides a coarse basis for assessing the relative feasibility of the optimal design. In
particular, while there is no known collision limit at which survivability is ensured, it is safe to
state that designs with lower collision rates have a greater chance of surviving high energy wave
conditions. To convert the optimization simulation results to a meaningful time scale, the number
of collisions in each simulation were used to calculate to an estimate of the expected collisions

per minute in real seas, as seen in Eq. 4.1.

Collisions 1 . .
— = Collisions;Probability; (4.1)

minute 5
Sea State=1

Collisions are measured as a non-zero instance in the end-stop forces, which are applied
if the float moves within 5% of either end of the cylinder (see Eq. 2.7 and 2.8). This method
provides a conservative metric of survivability, particularly since the magnitude of each collision
is treated equally. However, this data provides important information on the compromise
between performance and survivability. For each set of design variables, the expected number of
collisions per minute are shown in Fig. 4.9. As a representation of the range of the design space,
the cases corresponding to the minimum level of collisions and maximum power are indicated

directly.
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Figure 4.9: Estimated collisions per minute in real seas.

For the two key points on Fig. 4.9, a 5.5% reduction in exergy output correlated to a 55%
reduction in collisions. This is an indication that a range of design possibilities exist, with
potential compromises in power production in favour of lower collision rates. However, no
design possibilities existing with no collisions. The reason behind this was that one of the studied
sea-states had a significant wave height of 4.25 m, which was only 0.25 m smaller than the
maximum allowable piston length. Consequently, a non-zero collision rate was inevitable. In this
extreme sea-state it is likely that the AOE design would need to transition to a survivability-
focused configuration, through the application of an active control strategy. If this strategy was
implemented, then the collision rate could be calculated as a function of the other five sea-states,
to estimate the collision rate in ‘power-producing’ sea-states. The estimated collision rate in

power-producing seas is given in Fig. 4.10.
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Figure 4.10: Estimated collisions per minute in power-producing seas.

The average exergy production was also calculated as an average over SS1 - SS5, such
that that the maximum exergy is shifted to 14.6 kW. Using the set of key points indicated on Fig.
4.10, a 13.7% reduction in exergy correlated to an 81.3% reduction in collisions. Furthermore,
the minimum collision rate was 74.4% lower than the best collision case from Fig. 4.9, while
only having a 32.9% decrease in exergy. While this collision rate is still likely unacceptable for a
final design, there are several design considerations that are worth addressing.

For one, the study of only power-producing seas demonstrates that factors in addition to
the design may play a key role in increasing the survivability of the AOE device; these factors
may include sea-state dependent control. Furthermore, if high energy sea-states are excluded
from consideration, it is possible to achieve much more dramatic reductions in the collision rate
with comparatively small decreases in exergy. This is an indication that the survivability-based
design space also becomes much wider if a non-design based method (e.g. active control
strategy) is used to exclude the highest energy sea-states from consideration. While the function
of the current work is not to re-design the AOE device, these considerations may provide
potential research directions for both the design of the device and control strategy.

In order to assess some of these design possibilities, it is possible to redefine the objective

function as a combination of the average exergy and collision rate. Using the complete set of
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data shown in Fig. 4.9, the minimum collision rate and maximum exergy were identified and
used to as scaling ratios for power and survivability performance in the other design cases. As an
example of a potential compromise, these can then be combined with a weighting of 80% exergy
and 20% collision rate, in order to provide a revised objective function given by:

Collisions,in Exergy
] = 0.2 ' l
0bj rev =0 Collisions 08 Exergymax e

The revised set of points determined using this alternate objective function is given in
Fig. 4.11.
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Figure 4.11: Revised objective function incorporating collision effects.

The optimal case using this revised objective function (maximum exergy) is given in

Table 4.8, along with a comparison to the optimal case provided by the optimization algorithm.
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Table 4.8: Optimum set of design variables determined using alternate objective function.

Design Variable Value — Optimization | Value — Revised Obj. | % Change
Diameter, Device1 | 1.6298 m 1.6444 m +0.9%
Diameter, Device 2 | 1.2938 m 1.2243 m -5.4%
Diameter, Device 3 | 1.1167 m 1.1152 m -0.1%
Orifice Ratio 0.3744 0.3562 -4.9%
Length, Device 1 3.3400 m 3.6026 m +7.9%
Length, Device 2 3.5440 m 4.0299 m +13.7%
Length, Device 3 3.1185m 4.0190 m +28.9%
Crack Pressure 600.75 kPa 600.00 kPa -0.1%
Average Exergy 19.83 kW 18.73 kW -5.5%
Collision Rate 1.3445 /min 0.6075 /min -54.8%
Revised Obj. 0.8904 0.9557 +7.3%

The optimal value for the collision-dependent fitness function had the smallest possible
collision rate of any of the sets of parameters, due to the relatively small compromise in exergy
for a large reduction in the number of collisions. To achieve this reduction in collisions, the
length of each of the devices was increased significantly, particularly in latter devices.

This study on the inclusionary effect of collisions in the objective function presents an
indication of the type and magnitude of design changes that are needed to reach a compromise
between power production and survivability. However, as mentioned these considerations are not
resolved in the present study. Instead, the optimal design produced by the optimization procedure
(contained in Table 4.4) is carried forward for the development of the active control strategy. In
order to provide a base case against which the actively controlled device performance can be
measured, a power matrix is developed using the optimal PTO geometry, otherwise referred to as

the passively controlled system.

4.4 Power Matrix for Passively Controlled System

A power matrix provides a method of tracking device performance across a range of sea-
states, which can be overlaid with the wave histogram for a particular location in order to
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provide estimates of annual power production. For the present study, the power matrix was
generated using a 10-year averaged wave histogram for Amphitrite Bank, for which the data was
generated by Robertson et al using an SNL-SWAN model [5]. The use of SNL-SWAN serves to
smooth out variation associated with buoy measurements, which in conjunction with the input of
10 years of wave data, provides a strong representation of the wave climate. To reduce
computational time, not every sea-state was included in the power matrix. Instead, focus was
placed on sea-states with over 24 hours of occurrence annually; however, the study was rounded
out with other sea-states of interest. The 66 sea-states used as a representation of the overall

wave histogram are included in Fig. 4.12.
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Figure 4.12: Wave histogram of sea-state frequency of occurrence for Amphitrite Bank [2], in

which the sea-states used to generate power matrix are indicated.

The sea-states included in the power matrix calculation represent 95.54% of the hours of
the year, and cover sufficient breadth of the common wave heights and periods to provide an
accurate representation of the Amphitrite Bank location. Furthermore, the selected sea-states
account for 84.49% of the total wave power transport throughout the year.

A total of 450 wave segments were used to represent each of these sea-states, which were
spread across 15 directions; the phases of each of the components were randomly generated in
order to ensure the sea-state is representative of a realistic wave condition. This aligns with the
Det Norske Veritas (DNV) recommendation of a minimum of 100 frequency components for
standard seas, or 1000 components in extreme seas [64]. The simulations were run for 20

minutes following an initialization period of 200 s in order to comply with IEC standards [65].
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The initialization period changed from that of the optimization in order to reduce the risk of

power being artificially injected into the system by means of running a moderate sea-state at the
beginning of the simulation; this risk is no longer necessary due to the longer simulation length.
The power matrix data was generated using these established requirements, for which the results

are given in the following section.

4.4.1 Power Matrix Results
The power matrix for the AOE device is given in Fig. 4.13. The power is calculated using

flow exergy, in order to provide an estimate of the total useful power output from the converter.

— 15] 25 3s]  as] 55| es] 75] 8s]  8s5] 105] 115 125] 13s] 145] 155 165] 17.5[Total
E. 0.25 0
- 0.75 o 0 0 0 0 ] 0 0 o 0
ﬁ;. 1.25 605 433 1732 2992 2500 1506 1523 2853  gE2 1371 16867
B 1.75 15188 12303 13808 14005 14828 16733 15114 14791 12244 8603 137677
E 2.25 38128 33225 36383 29684 29444 33078 24219 23863 248023
275 74278 57134 56832 48210 40393 45104 42001 363551
v 3.25 118027 05560 78768 70924 62834 64741 55626 52231 S9ETTY
= 3.75 128696 106118 100647 86299 75081 70382 567223
= 4.25 138570 129353 110376 96052 B9E47 564197
: 4.75 158571 123894 118119 400584
[=| 5.25 0
D 0
| 6.25 0
%J 6.75 0
7.25 0
W[ _1s 0
Total of o] af o] 15753 243228] 330164] 433668 554717] 471593] 44s210] 259720] ssz30]  =974] of 0] 0| zea7z02

Wave Period [s]

Figure 4.13: Power production [W] as a function of sea-state for passively controlled system.

As expected, the power production increases with significant wave height; for a particular
height, the power production decreases with energy period. The maximum power production of
158.6 kW is reached in 4.75 m waves with an energy period of 9.5 s; conversely, the minimum
of 0 kW is achieved in all sea-states of 0.75 m. For these sea-states, power was produced from
the first two devices in the cascade; however, the crack pressure in the third device was never
reached. As a result, no useful power (compressed air over 6 bar) was produced. However, these
maximum and minimum values for power production are achieved in relatively infrequent sea-
states. In order to determine the relative contribution of each sea-state to the annual energy
production, the power matrix is overlaid with the hours of occurrence for the Amphitrite Bank

location, as given in Fig. 4.14.
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Figure 4.14: Annual energy [kWh] as a function of sea-state for passively controlled system.
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For the Amphitrite Bank location, moderate sea-states account for the bulk of the energy

production, while low energy sea-states, particularly those with a wave height below 1.75 m,

provide relatively small contributions. In total, the 66 studied sea-states result in the generation

of 234.9 MWh, which is produced over 95.54% of the year. When converting this average to

production over the entire year, the AOE device generates an average of 29.37 kW. This power

comes solely out of the third device, since the feed-through of the first two devices is contained

within the system. In order to assess the relative contribution of the three devices to the power

output, the power increase from the first to second, and second to third device is given in Fig.

4.15 and Fig. 4.16, respectively.
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Figure 4.15: Percentage increase in power from device 1 to device 2 as a function sea-state for

passively controlled system.
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Figure 4.16: Percentage increase in power from device 2 to device 3 as a function of sea-state

for passively controlled system.

These figures illustrate several trends in how air flows between devices. In sea-states with
heights below 2.25 m, the pressure requirements of the final device, as well as the pressure
increase from the first to the second device, hinders flow between devices. As a result, the
energy production successively decreases in the chain of devices, despite the increase in exergy
per unit volume of flow as the air is compressed. Conversely, in higher energy seas there is a
consistent increase of approximately 100% from the first device to the second, and an additional
50% from the second to third. This demonstrates that there is no net improvement to introducing
more devices in the cascade, as each device adds approximately the same power output in high
energy seas. Collectively, there is no net gain in introducing more devices, while harboring a risk
in low energy seas that there will be a successive reduction in power with the introduction of
more devices. However, this configuration is necessary for meeting the minimum on-shore
pressure requirement needed for conversion of pressurized air to electricity.

To further illustrate the nature of the power transport in the AOE WEC, the efficiency of
the device is calculated as a function of the absorbed power. The absorbed power is calculated as
the work due to the motion of the piston, which is given in Eq. 4.2.
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Absorbed Energy = —f d—;y(PCyz,ch,z = Peyicn1)
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(4.2)

trotal z
= —f _Acyl (Pcyl,ch.z - PCyl,ch,l)
t=1 dt

Eq. 4.2 is merely the integration of the PTO force multiplied by the velocity of the float.
However, this integral is not straightforward to calculate. While the Simulink model uses a
constant time step, the ProteusDS model uses a variable time step in order to resolve high

frequency motion. Consequently, the velocity is not constant over a single Simulink time step,

t da
such that — [, *o"* ==

t d
Acyl(PCyl,ch,Z - PCyl,ch,l) 2 Ztt:{ald_iAcyl(PCyl,ch,Z - PCyl,ch,l)At :
Therefore, it is necessary to calculate the absorbed energy directly using the change in internal
energy of the piston. The total internal energy change in the piston across a time step from t —

t + 1isgivenin Eqg. 4.3.

AU = (mCyl,ch.lCvTCyl,ch.l)Hl - (mCyl,ch.lchCyl,ch.l)t + (mCyl,ch.ZCUTCyl,ch.Z)t+1 (4 3)

- (mCyl,ch.Z Cv TCyl,ch.Z)t

The component of the internal energy change resulting from the motion of the piston is given in
Eq. 4.4.

ttotal

1
Absorbed Energy = ) (=) Aci(zia1 = 2) Poyren = Peyrens)
t=1 (4.4)

Y ) dz Lcyl + Zp 41 Lcyl —Zt+1
— (=) == At | Popp | X2 — Py 2
(y - 1 dt Cyl ( Ch2 < Lcyl + Zt Ch1 Lcyl - Zt

Using the above, the average absorbed power is calculated as a function of sea-state. As
with the power output, which is the cumulative sum of power production across all three devices,

the sum of the absorbed power is given in Fig. 4.17.
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Figure 4.17: Absorbed power [W] as a function of Hs [m] and Te [s] for passively controlled

system.

The absorbed power in wave heights of 0.75 m — 1.25 m is several orders of magnitude
below that of higher energy wave conditions. In particular, in the lowest energy sea-states,
virtually no power is absorbed. The reason for this is that when the piston is compressed, the
pressure is increased as a result of the absorption of energy; however, there must be mass
transfer between devices in order to retain this energy. If no mass transfer occurs, the energy is
passed directly back to the system when the piston chamber expands, which creates an air spring
effect in which no energy is absorbed. Therefore, in high energy seas with frequency mass flow
events, a larger amount of power is absorbed.

Using the absorbed power, coupled with the change in internal state between the start and
end of the simulation, the conversion efficiency of the WEC can be calculated. This efficiency is
calculated using Eq. 4.5 as a measure of the readiness with which absorbed power is converted to

useful power output.

ttotal
t=1 PProducedAt + EFinal - Einital

ttotal
Zt:l PAbsorbedAt

Conversion Ef ficiency = (4.5)

Using the above, the conversion efficiency is computed as a function of sea-state, as seen in Fig.
4.18.
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Figure 4.18: Conversion efficiency [%] as a function of Hs [m] and Te [s] for passively

controlled system.

When considering the annual total of absorbed and produced energy, the annually-
averaged conversion efficiency is 74.3%. The efficiency in each particular sea-state increases
with the significant wave height, such that a peak efficiency of 85.3% is reached in 4.75 m waves
with an energy period of 9.5 s. This peak value is relatively consistent across moderate and high
energy sea-states, all of which have efficiencies over 70%. This efficiency is relatively high, as
the only losses are heat transfer to the surroundings and friction in the piston. In high energy sea-
states, heat transfer losses are reduced as the residency time of air within the system is low.
However, in sea states with wave heights of 0.75 m or 1.25 m, these heat transfer losses are
significant; in particular, the lowest efficiency is actually negative. In these cases, energy was
lost from the system throughout the course of the simulation, as the air that was present in the
WEC following the initialization period of 200 s was gradually reduced in temperature, while
only marginal airflow into the system occurred. This band of low efficiency sea-states occupies
all wave conditions below 1.25 m. Within this band, the highest efficiency of 39.1% is reached in
0.75 m waves with an energy period of 6.5 s. This efficiency was likely artificially driven up by
the fact that very little energy was absorbed, due to the infrequency of mass-flow events.
Consequently, a better measure of how efficiently the device works in a particular sea-state is the
absorption efficiency, which is computed using Eq. 4.6, for which the denominator is the wave

power transport per metre [55], multiplied by the collective wave front of the device.
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For the AOE device, the wave front is three times the float diameter, or 32.91 m. The resulting

absorption efficiency is given in Fig. 4.19.
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Figure 4.19: Absorption efficiency [%] as a function of Hs [m] and Te [s] for passively

controlled system.

When considering the total absorbed energy annually, the annually-averaged absorption

efficiency is 4.7%. To summarize the sea-state dependent efficiency of the converter, the

conversion and absorption efficiencies were computed for each wave — height band within the

wave histogram. The results are summarized in Table 4.9. The total efficiency is determined as

the product of the conversion and absorption efficiencies.
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Table 4.9: Summary of the efficiency and energy production of the AOE WEC as a function of

significant wave height.

Wave Height [m] 075 125 175 225 275 325 | 375 425 475

Conversion

o 17.12 1 19.13 6459 75.09 76.79 79.56 80.96 82.51 83.19
Efficiency [%0]
Absorption

o 090 291 492 572 540 5.08 484 426 4.01
Efficiency [%0]

Total Efficiency [%] 0.13 | 056 | 3.18 | 431 416 4.05 393 352 334
Probability of

Occurrence [%0]

6.15  25.68  24.10 16.51 1187 750 | 478 262 0.80

Component of
Annual Wave Power = 055 @ 6.98  13.72 | 16.02 17.84 16.42 14.14 10.39 3.93
Transport [%]
Component of
Energy Production | 0.00 @ 152 12.22 18.88 20.30 18.20 15.18 10.05  3.67
[%6]
NOTE: All probabilities are calculated relative to the sea-states included in the generation of the
PM spectrum, not all sea-states annually. These values were selected to ensure the scaling of the
percentage difference in the resource and energy production was consistent.

Table 4.9 serves to illustrate the large discrepancy in the energy production in high
energy sea-states when compared to low energy wave conditions. When considering solely the
sea-states used in the generation of the power matrix, seas with wave heights between 0.75 m —
1.75 m encompass 55.93% of the hours, but only account for 13.74% of the energy production.
Aside from the highest energy sea-state of 4.75 m wave height, these three low energy cases are
the only wave conditions to contribute less than their percentage of the annual wave power
transport. In large part, this is due to the net efficiencies of less than 1% for the 0.75 m and
1.25m sea-states. This was significantly lower than the annually-averaged efficiency of 3.5%.
Aside from the lowest energy sea-states, the production of energy is fairly consistent, however,
which speaks to the continuity of power production from the AOE WEC. This data provides a

strong idea of sea-states to target in the development of a power-maximizing active control
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strategy. Prior to the selection of this strategy, however, it is necessary to confirm that the
optimization methodology leading to the selection of a finalized PTO geometry was valid. To do
so, the power matrix data is compared to the optimization results, in order to confirm that the

calculated power output was consistent.

4.4.2 Comparison to Optimization Results

In order to fulfill the IEC requirements for creating an accurate power matrix, the
simulation duration and sea-state were altered from that used in the optimization procedure. In
particular, the duration was increased from 5 minutes to 20 minutes, in addition to the use of a
different initialization condition. Furthermore, the number of frequencies used in re-creating the
desired sea-state was increased from 140 to 450. As a result, it is expected that exergy results
will vary slightly from those produced in the optimization, as seen in Table 4.10. An annual
estimate is calculated using the same sea-state weighting used in the optimization procedure.

Table 4.10: Comparison of sea-state dependent exergy in optimization and power matrix

results.
Sea- Hs Te | Average Exergy — Average Exergy - % Change
State [m] | [s] | Power Matrix [kW] Optimization [kKW]
1 1.25 6.5 | 0.493 3.166 +542.2
2 1.75 85 1401 7.055 -49.6
3 1.75 95 |14.83 9.187 -38.0
4 225 105 2944 38.33 +30.2
5 3.25 | 13,5 52.23 58.70 +12.4
6 425 | 105 1104 119.54 +8.3
Annual Estimate 19.10 19.83 +3.8

Particularly in low-energy sea-states, there is a large discrepancy in the exergy
production seen in the optimization and the power matrix. This difference is not consistently
positive, which is an indication that rather than a consistent misrepresentation of the power
production, the differences instead arise from the nature of the AOE device; in particular, since

the objective of the WEC is to produce a finite pressure ratio, the device is dependent on
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infrequent contributions from high energy waves. This results in high wave-by-wave dependence
in sea-states 1 and 2 in particular, for which changes in the wave spectrum components would
have resulted in substantial differences in exergy production. Conversely, in higher energy sea-
states (such as 5 and 6), the power production levels were much closer; within these sea-states,
even moderate waves provide sufficient power to meet the finite pressure ratio, such that wave-
by-wave dependence is lessened. Overall, the annual power production estimate provided by the
optimization aligns well with that provided by the power matrix, when the same probabilities of
occurrence are used for both cases.

When compared to the average power prediction of 29.37 kW calculated using data from
all 66 sea-states, however, the optimization estimate of 19.83 kW was much lower. This is an
indication that the probabilities of occurrence in the optimization overvalued low energy sea-
states. This was done intentionally since the weighting used to calculate the representative sea-
state within each section was based on hours of occurrence, not energy. This ensured that focus
was placed on optimizing sea-states with a high probability of occurrence. Therefore, the
discrepancy in the annual power estimate does not invalidate the optimization procedure.

Consequently, it can be stated that the optimization procedure provided a strong holistic
representation of the performance of the WEC in real-seas, when measured against power matrix
data obtained according to IEC standards. Therefore, the optimal design selected with the
optimization procedure can be carried forward in the design process to the implementation of an

active control strategy.

4.5 Summary of Passive Control Implementation

Through the implementation of passive control in the AOE WEC, significant
improvements in exergy output, as well as power quality, were generated. The formulation of the
passive control problem was realized as an optimization of eight critical PTO parameters, for
which over 15 generations there was a net increase of 330.35% in the objective function; the
objective function provided an estimate of the annual exergy output at the Amphitrite Bank
deployment location. Over the course of the optimization, a total of 942 unique variable
combinations were studied. Consequently, while it is unlikely that a global optimum was
identified, the optimization was halted due to progressively smaller increases in latter

generations, as well as a decrease in the range of values within each generation.
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The spread of performance across the studied designs demonstrates the sensitivity of the
optimal design to particular design parameters; this provides motivation for resolving these
geometries in the model of the device. In addition, when considering the significant performance
improvement over the initial ‘best guess’ of the optimal geometry that was used in the first
generation, there is clear value in the implementation of passive PTO force control. In particular,
there is reduced reliance on complete knowledge of the WEC design space when attempting to
maximize power output; however, several other benefits were also identified. When compared to
several sub-optimal designs, the optimal design exhibited an increase in power quality, as
measured by the continuity of power output on both a sea-state by sea-state and wave-by-wave
basis. Furthermore, the end-stop collision rate for the optimal design was compared to the
complete design space in order to identify potential design compromises in the survivability and
power output of the device. If this compromise is selected intelligently, such as through the
creation of a separate objective function to balance the weighting of the collision rate and power
output, then a 5.5% reduction in exergy output was sufficient to produce a 55% reduction in the
collision rate. However, the annually-averaged collision rate is estimated to be ~1.34
collisions/min for the optimal design. This is prohibitively high; however, given that the
collision-rate based study conducted in Section 4.3 does not provide a holistic representation of
what device survivability, there is insufficient data to develop a survivability-focused active
control strategy in the current study.

Following the completion of the optimization algorithm, the optimal design was carried
forward to the creation of a power matrix for the passively controlled AOE WEC. The power
matrix data was used to validate the annual exergy prediction provided through the optimization,
while simultaneously providing comprehensive performance data for the AOE WEC. Using this
data, at the Amphitrite Bank location the device was found to produce 29.37 kW annually, with a
total power conversion efficiency of 3.5%. While the efficiency was fairly consistent in moderate
and high energy sea-states, it dropped in sea-states with significant wave heights of 0.75 m —
1.75 m. As a result, despite improvements provided by the optimization algorithm there is still
disparate power production in low energy sea-states. As a result of this discrepancy, the
improvement of power production in low energy sea-states is labelled as a primary objective for

the implementation of active control.
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Chapter 5. Development of Active Controller

Following the implementation of power-maximizing passive control, an active control
strategy is now developed for the AOE WEC. The active controller acts as an additional layer of
control in order to improve the continuity of power production in low energy sea-states; this
objective is motivated by the nature of the power matrix for the passively controlled system
(Section 4.4.1). In particular, the AOE WEC performed well in moderate sea-states, while
providing consistent, yet limited, output in low energy wave conditions. As described in Table
4.9, seas with significant wave heights between 0.75 m — 1.75 m encompass 55.93% of the hours
on average throughout the year, but only account for 13.74% of the energy production.
Furthermore, sea-states with wave heights of 0.75 m produced no energy. Consequently, while
the optimization procedure has made gains in the continuity of power production, there is still a
substantial performance gap between low and moderate wave conditions. This provides strong
motivation for the implementation of an active control strategy, focused on improving the
performance of the device in low energy sea-states. For the purpose of active control
implementation, low-energy sea-states are defined as sea-states with wave heights of 1.75 m or

lower.
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Towards this goal, this Chapter first reviews the existing literature to identify viable
control techniques for the AOE WEC. Underlying principles from a subset of existing techniques
are then coalesced into a novel control strategy that is specific to the unique constraints of the
AOE WEC — namely that the PTO reaction force can only be adjusted indirectly, and in discrete
increments, through control of the valves and accumulator tanks. The performance of the
actively controlled system is then compared to the passively controlled system in order to assess

the benefit of active control implementation in the context of annual energy conversion.

5.1 Review of Active Control Implementation for Wave

Energy Converters

Wave energy control has been studied fairly extensively, with numerous control
strategies having been developed for achieving a variety of different objectives; these include
WEC power production performance, WEC array cooperation, WEC survivability, or power
quality improvements downstream in the power conversion delivery pathway. For brevity, this
literature review focuses on strategies most relevant to the increase of power production, which
more closely aligns with the present work. For a review of strategies pertaining to other control
objectives, one can refer to a series of existing articles [66] [67] [68] [69] [70].

Regarding power production, the broad types of control techniques seen in literature are
the following [66]: phase control, latching control, proportional integral (PI), optimal, and
predictive control. Since the PI control strategy has only been applied to regular wave conditions
[66], it is not considered in detail in this Chapter. The remaining four major control types each
encompass a wide range of particular implementation techniques. These include widely adopted,
yet sub-optimal, techniques such as velocity proportional control [71] [72], as well as
implementations that are specific to particular converter or PTO dynamics. Here select
implementations that are applicable to pneumatic or accumulator-based wave energy converters
are addressed. These control techniques were developed with similar physical constraints to the

AOE WEC in mind, and thus have the greatest potential for implementation in the AOE device.
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5.1.1 Theoretically Optimal Control

Theoretically optimal control strategies are developed using known optimal phase and

amplitude motion conditions [68] [11] [67]. For optimal power capture, the velocity of the WEC
must be in phase with the excitation force (phase condition). Furthermore, the amplitude of
motion must be such that there is maximum destructive interference between the incoming wave
and the wave radiated from the WEC (amplitude condition). These two conditions may be
expressed as a single optimal condition through the use of a complex mechanical impedance.
Making use of this result, complex conjugate control was developed as a means of applying an
optimal PTO force through continual matching of the PTO impedance with the complex
conjugate of the internal impedance [67]. If the PTO force is assumed to be represented by a
mass-spring damper, then complex-conjugate control can be used to dictate the optimal PTO
characteristics (mass, spring and damping coefficients) for maximizing power capture. These
PTO characteristics are then varied in real-time to produce the optimal PTO force.

An analytical solution for the optimal PTO mass-spring damper coefficients of an
arbitrary two-body WEC in regular waves is provided by Falnes [73]. As seen in these analytical
results, the application of complex conjugate control requires bi-directional power flow, which is
why it is sometimes referred to as reactive control [11]. It is important to note that in practice, it
is not possible for this strategy to be fully optimal as the strategy is non-causal [72] and
velocities can become extremely high [69]. Non-causality requires knowledge of future states,
which is not possible for practical control implementation; however, complex conjugate control
has still seen significant attention in literature. In particular, numerous papers have studied both
the implementation of idealized and causal approximations for complex conjugate control [72]
[74] [75].

However, the application of complex conjugate control is not the only method of
implementing optimal phase and amplitude control. Falnes [67] provides an analogous optimal
condition for OWC devices, which is defined as phase matching of the dynamic air pressure and
excitation volume flow. Additional forms for implementing optimal control also exist elsewhere
in literature, such as optimal stochastic control presented by Nielson et al [71]; however, this
control strategy also suffers from non-causality. Furthermore, known optimal phase conditions

have prompted additional power maximizing control objectives such as the direct trajectory
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control of the velocity [76] [77], in which the desired set point of the controller is defined with

the optimal phase condition.

5.1.2 Sub-Optimal Control

Given the difficulties in implementing optimal phase and amplitude PTO force control, a
substantial body of research has developed on the implementation of sub-optimal, yet realistic,
PTO control strategies. Perhaps the most widely implemented of these strategies is latching
control. Latching is a form of phase control that operates by selectively holding the WEC in
place (‘latching’) or releasing the converter at opportune times in the wave cycle. In doing so, the
velocity of the WEC is placed more closely in phase with the waves, which is necessary in order
to maximize power absorption. A primary advantage of latching control is that no reactive power
is needed, as the WEC is latched at the point of zero velocity and hence no work is applied by
the actuators that complete the latching motion. In regular waves, analytically determined
optimal timing of the WEC latch and subsequent release is given by Babarit et al [78]. However,
consensus has not been reached on the point of optimal release in irregular waves as no
analytically determined optimal timing condition exists. In addition to the study of the timing of
latching release, numerous papers exist on the study of latching control in a variety of WEC
devices, such as OWC devices [79] and single degree of freedom point absorbers [78].

In order to implement constraints in the control objective, several studies have assessed
the implementation of model predictive control (MPC). MPC solves an optimization problem at
each time step that can incorporate different design constraints. The constrained problem yields
an optimal PTO force at each time step. In order to apply MPC to actual mechanical systems, a
fast optimization algorithm is required. As a result, the optimization problem is typically
formulated as a convex quadratic problem, so as to make use of efficient optimization algorithms
[80] [81]; a consequence of doing so is that the model must be linearized [82]. Despite these
limitations, MPC been studied extensively in wave energy literature, such as for a generic
heaving buoy [83] [82] [83] or specific converters such as the Archimedes Wave Swing [76]. In
order to avoid having to linearize the WEC model, Li et al examined a dynamic programming
implementation [81]. While a non-linear WEC model was used, the control signal required to
achieve the optimal condition was a bang-bang type of signal [81]. This restricts the nature of the

control signal that may be used to formulate the MPC control problem.
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5.1.3 Control for Pneumatic or Accumulator-based WEC Designs

In addition to the general control techniques detailed above, several strategies have been
designed specifically for particular WECs with characteristics that resemble the AOE device.
The first of these strategies is valve based air-flow control for OWC WECSs, which was
developed by Falcao and Justino [84]. The function of the strategy is to reduce aerodynamic stall
losses in the turbine blades using either a by-pass or throttle valve. Both valve types are
controlled in order to adjust the mass-flow rate, for which their usage is designed for systems
that are over-damped and under-damped, respectively. Babarit et al [85] studied two control
strategies for hydraulic accumulator-based systems. The first provides pseudo-continuous control
through the use of multiple bypass valves, coupled with several variable pressure accumulator
tanks. Control is then used to cycle flow through these tanks during the wave cycle, in order to
provide a variable force. Declutching control [85] is proposed as a simpler implementation of the
above, which uses the Pontryagin principle to state that the optimal force is either a maximum or
minimum value. As a result, flow is either directed to a low or high pressure accumulator, which
provides a damping or latching force, respectively. Valve based latching has also been
formulated as a form of “pseudo-latching” in the work of Falcao [86]. In this study, the latching
force needed to hold the body motionless is dependent on the use of a hydraulic cylinder at
sufficient pressure. Falcao [87] studied the development of control for a hydraulic PTO with two
gas accumulator tanks; the strategy controlled the flow to the hydraulic motor as a function of the

pressure difference across the two tanks.

5.2 Selection of an Active Controller for the AOE WEC

From the review of existing WEC controllers a promising option was identified for
implementation in the AOE WEC: valve based control as described by Falcao and Justino [84].
Focus was placed on this control technique in particular, as it matched the unique constraints
placed on nature of control implementation in the AOE WEC. This was in contrast to much of
the original scope of control techniques, for which many techniques were identified that were
reliant on idealized mass-spring damper PTO geometries (optimal control), additional
controllable geometries (latching), or an approximately linear system (MPC). Others, while
including several of the same PTO geometries, rely on the incompressible nature of hydraulic
flow for PTO force modulation, and hence are not applicable to the AOE WEC which uses a
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compressible working fluid. These techniques include declutching [85], pseudo-continuous
control [85], pseudo-latching [86], and pressure-based flow rate control [87].

The valve control seen in Falcao and Justino [84] was applied to improve efficiency in
the air turbine of an OWC WEC. While their results are not directly applicable to the AOE
WEC, this methodology aligns strongly with the objective of control in the AOE device. In
contrast to much of the control literature, there are several issues associated with attempting to
achieve a desired PTO force in the AOE WEC:

1. The compressibility of air makes it difficult to dictate the PTO force through the use of
variable pressure accumulator tanks, especially in low energy sea-states

2. The use of valve based control only provides discrete control actions, which prevents
continuous control.

3. The nonlinear nature of flow in the AOE WEC complicates the prediction of how a
particular control action (e.g. valve opening) will subsequently alter the PTO force,

particularly in downstream devices.

As a result, the AOE WEC does not lend itself to the generation of a targeted PTO force.
Consequently, as with the work by Falcao and Justino [84], focus was shifted to improving the
efficiency of a particular component directly. In the case of the AOE WEC, focus was placed on
improving the energy absorption of the piston cylinder, particularly within low energy sea-states.
This strategy is strongly tied to the nature of the AOE WEC, and as such does not have any

precedent in literature.

5.3 Active Control Strategy

The absorption of energy in the AOE WEC is strongly correlated to the continual
throughput of air; this is driven by the open system nature of the energy conversion process.
During the piston upstroke, as air is compressed within the upper piston chamber, a pressure
differential is produced between the upper (ch. 2) and lower (ch. 1) piston chambers. However,
during the piston downstroke, as the upper chamber expands, the opposite is true: the pressure
differential across the two piston chambers performs work back on the piston. This flow of
reactive power decreases the total absorbed energy over the course of the wave cycle. In

particular, if the air within both piston chambers is returned to the same state that it was prior to
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compression, no energy was absorbed. Consequently, the absorption of energy requires
continuous air throughput; namely, a flow of compressed air onwards to the subsequent
accumulator tank, coupled with the simultaneous replacement of this air from the ambient
environment.

However, in low energy sea-states (defined as those with wave heights below 1.75 m),
the majority of waves do not contain sufficient power to compress the air within the upper piston
chamber to the tank pressure. Therefore, most wave cycles lead to a net zero absorption of
energy. To prevent this from occurring, a strategy was developed that selectively pressurizes and
de-pressurizes the piston at opportune times through the recirculation of air. Specifically, when
the pressure in the piston is not at a sufficient pressure to pass air onto the next device via the
throughput tank, it is instead sent to a recirculation tank before it has an opportunity to do work
(e.g. supply reactive power) to the piston. The temporary shift of air mass to the recirculation
tank lowers the quantity of air within the upper piston chamber, which allows the piston chamber
to reach a lower pressure on the subsequent expansion stroke (downstroke). As a result, there is
an increased likelihood of air flowing from the lower to the upper piston chamber during the
piston downstroke. Following the transfer of air between piston chambers, the initial air volume
is re-injected from the recirculation tank back into the upper piston chamber. This increases the
pressure of the upper chamber prior to the next compression stroke (upstroke), which in turn
increases the likelihood that the chamber pressure will be sufficient to pass air onto the
subsequent recirculation tank. Consequently, the recirculation-based control strategy increases
the throughput of air in both piston chambers, which in turn increases the absorbed power. Fig.
5.1 provides a schematic of airflow in a single device under the influence of the active control
strategy. It is important to note that while airflow is shown across each of the three valves within
the device for clarity, airflow likely does not occur within all three valves during every wave
cycle. As described above, the instances that airflow does not occur are the motivation for the

developed control strategy.
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Figure 5.1: Schematic of airflow during a recirculation of the air mass in the upper piston

chamber.

In order to implement this control strategy, the piston exit valve is changed to a two-way

valve; this allows air to be re-injected into the upper piston chamber at the trough of the piston

motion. While in theory it would be possible to re-inject air into the lower piston chamber

instead, air is passed back to the upper chamber of the piston due to two factors:

1. The re-injection of air into the lower chamber would increase the chamber pressure; this

which may prevent ambient air from being drawn into the lower chamber on the

subsequent cycle.

2. Pumping air into the upper chamber allows pressure in this chamber to gradually build up

over multiple cycles, which can occur even in the absence of additional flow from the
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lower chamber if there is a net increase in the height of the float over the particular

segment of wave motion.

Since recirculation of the upper chamber does not affect the nature of flow in the lower

chamber, it is possible to recirculate air within the bottom chamber as well. Recirculation within

the bottom chamber of the piston is shown in Fig. 5.2.
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Figure 5.2: Schematic of airflow during a recirculation of the air mass in the lower piston

chamber.

The temporary removal of air drops the pressure within the lower chamber of the piston,

which increases the chance of atmospheric air flowing into the piston during the next expansion

stroke (upstroke). Once ambient air is drawn into the lower chamber, air is re-injected from the
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recirculation tank back into the lower chamber. This increases the pressure of the lower chamber
prior to the next compression stroke (downstroke), which in turn increases the likelihood that air
will be at a sufficient pressure to flow between piston chambers prior to the next wave trough.
Consequently, the lower chamber recirculation strategy further increases the likelihood of air
flowing between chambers, as well as the likelihood of fresh ambient air flowing into the lower
chamber, which is needed to produce useful power output. In order to implement recirculation in
the lower piston chamber, an additional valve must be added that allows two-way flow to and
from the lower chamber recirculation tank.

These two methods of recirculation can be used independently or in combination. In the
following sections, the sequence of valve operations for the different combinations of air
recirculation in the system are described. Each combination is a “controller” —a new WEC
subsystem that operates in real-time to improve the mass of air that is being passed through the
system. For each controller presented, the incremental performance achieved through
recirculation is assessed. In order to assess the controllers in detail, they are applied solely to the
first device of the three that comprise the complete AOE WEC system; since the resulting gains
in the continuity of air throughput will carry through multiple devices, it is expected that the first

device will have the strongest impact on airflow through the device chain.

5.4 Controller Implementation

In order to implement the recirculation control strategy, increased attention was placed on
improving the model’s representation of the valve timing as well as modelling the flow of air
through the two way valves that connect the recirculation tanks to the chambers of the piston

cylinder. The changes made to these models are addressed in the following subsections.

5.4.1 Valve Layout and Piping

Each controller considered below introduces significant complexity into how the valves
channel airflow. For example, the piston outflow valve must allow airflow to multiple
destinations, i.e. the throughput and recirculation tank, as well as in multiple directions. In order
to account for resulting complexities in the physical system, several assumptions/simplifications

are applied. For one, while a more complex piping system would be required to route air between
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the chambers and the new tanks, this piping is not resolved in the current model as the flow
losses as a result of bends in piping are assumed to be small. Furthermore, as with the original
valve model, air is assumed to flow instantaneously from each of the valves to the recirculation
tanks, and vice versa, with no loss in pressure. Lastly, in order to account for the change in the
valve dynamics needed for flow to/from the recirculation tanks, the valves are implemented as if
they are two one-way valves, for which only one valve of the pair may be open at a particular
time. This is to ensure that backflow is not considered, which would greatly increase the
simulation complexity. Rather, the valve flow direction is determined using a control signal,
which allows flow to the recirculation or throughput tank, or manually reverses the flow
direction. In doing so, the control signal may over-ride favourable pressure gradients that
temporarily exist between certain chambers. This is in contrast to the existing valve control
mechanism, that allows flow/shuts the valve solely on a pressure basis. To implement the control

strategy in both piston chambers, two separate control signals are needed: one for each chamber.

5.4.2 Valve Timing: Upper Chamber Recirculation

The flow direction through the upper chamber exit valve is a function of the upper
chamber control signal, R,, which is a positive integer used to define the valve state; the ‘2’
references the dual definition of the upper cylinder chamber as ch. 2. The control-determined
flow direction merely allows flow to a particular tank; however, flow will not occur unless a
favourable pressure differential exists. The valve flow direction as a function of R, is shown in
Eq.5.1.

if R, =2, Throughput Tank
Upper Chamber Valve Flow Direction = < if R, = 1, Recirculation Tank (5.1)
if R, =0,Flow Re — entry

The value of the control signal, R,, is determined as a function of the pressure within the
piston, as well as the piston motion. The value of the control signal is given as a flowchart in Fig.
5.3.
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Figure 5.3: Flowchart used to determine value of control signal R>.

A trough is the lowest local point in the piston motion, while a peak corresponds to the
highest local point in the piston motion. The trough is ideal for flow re-entry into the upper
piston chamber as the pressure has reached the lowest value within the wave cycle. As such,
there is the greatest potential for air to flow from the recirculation tank to the upper chamber.
Since air was sent to the recirculation tank at the peak pressure in the last wave cycle, air will
always be able to re-enter the chamber at the trough. Furthermore, the trough marks the last point
at which air can flow from the lower to the upper piston chamber, which ensures recirculation

does not inhibit normal flow operation.

5.4.3 Valve Timing: Lower Chamber Recirculation
For the lower piston chamber, the flow direction through the tank recirculation chamber

is given in Eq. 5.2.

if Ry =2,Piston Ch.2
Lower Chamber Valve Flow Direction = { if R, = 1, Recirculation Tank (5.2)
if Ry =0,Flow Re — entry

The value of the lower chamber control signal, R,, is given as a flowchart in Fig. 5.4.
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Figure 5.4: Flowchart used to determine value of control signal R.

5.4.4 Valve Timing: Peak and Trough Detection

As can be seen with Fig. 5.3 and Fig. 5.4, the determination of the peaks and troughs in
the piston motion is critical for the timing of recirculation events, as these points in the motion
trigger changes in the value of the recirculation variable. Consequently, care was taken to select
these peaks and troughs accurately. The determination of a peak or trough is governed by the

flowchart in Fig. 5.5.
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Figure 5.5: Flowchart used to determine whether current motion constitutes a peak or trough.

As given in Section 2.2, the piston motion is determined as the relative heave motion
between the spar and float of the WEC. However, in order to only register significant peaks and

troughs, two “filters” were placed on the original piston motion signal:

1. Savitzky-Golay Filter
2. Motion Threshold

The Savitzy-Golay (SG) filter is applied to smooth the piston motion signal, after which a
motion threshold is applied in order to ensure peaks/troughs of a sufficient size are registered.
These filters are applied “on the fly,” such that peaks/troughs are identified in real time using the
past and current piston motion signal. The SG filter is implemented using MATLAB’s sgolay
function, while the motion threshold was applied directly in the Simulink model. To understand
the need for these filters, a sample piston motion signal (taken from the first device) is given in

Fig. 5.6, as well as a sample filtered signal.
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Figure 5.6: Comparison of raw piston motion and filtered signal in Hs =1.75 m and Te = 8.5 s.

Within the piston motion signal, there are local peaks and troughs as well as large-scale
(aggregate) peaks and troughs. In the majority of sea-states, large-scale peaks are the sole
instances in which air is passed to the next device, as the energy contained in a local peak is not
sufficient to compress the air beyond that of the subsequent tank. As a result, it is critical for
these large-scale motions to be considered when recirculating air; otherwise, the recirculation
strategy would remove air before it has the opportunity to reach the final peak of the motion.
However, these peaks needed to be identified nearly instantaneously in order to apply time-
sensitive control signals as close to true peaks/troughs as possible. Therefore, the SG filter and
threshold limit were applied via a receding horizon filtering window. Since only past data was
used to track real-time changes in the filtered signal (i.e. no predictive techniques were used), the
filtered signal more accurately captured peaks/troughs if a slight delay was introduced in the
filtering process.

The Savitzky-Golay filter was applied in order to prevent premature opening/closing of

the valve based on high-frequency fluctuations. The optimal set of SG filter parameters are given
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in Table 5.1; the motivation behind the selection of these parameters, as well as the reasoning
behind the selection of the SG filter in particular, is given in Appendix A.

However, this filter alone is insufficient for processing the piston motion signal, as the act
of recirculating air introduces further high frequency oscillations in the piston motion. Every
time air is injected back into the piston there is a slight oscillation in the motion. Similar to local
oscillations in the motion as a result of minute changes in the wave height, these signals must be
removed if the aggregate peaks and troughs in the piston motion are to be used effectively by the
recirculation control strategy. However, due to the high frequency nature of these oscillations,
the delay induced by the SG filter prevents the filter from removing these motions.
Consequently, a motion threshold must be applied to the real-time signal in order to prevent
recirculation-induced micro peaks from affecting the timing of subsequent recirculation events.
The motion threshold ensures that a certain distance has been exceeded since the last trough/peak
event. Since the motion threshold is not applied via a filter, it does not produce a delay, and as
such is able to identify these high frequency motions. The micro-fluctuations produced by the
recirculation of air are shown in a close up in Fig. 5.7. Fig. 5.7b shows a signal to which a

motion threshold has been applied, and as a result does not include these fluctuations.
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Figure 5.7: Comparison between (a) piston motion with no magnitude filter and (b) magnitude-

filtered signal.
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As can be seen in the filtered signal within Fig. 5.6, this change produces a fundamentally
different piston motion. The selection of an optimal set of motion threshold filter parameters is
given in Appendix A. Incorporating both the motion threshold and SG filter, the complete set of
parameters for filtering the piston maotion is given in Table 5.1.

Table 5.1: Parameters for filtering piston motion signal.

Savitzky — Golay Filter Motion Threshold

Polynomial Order | # of Points for Delay Zm
Polynomial Fit
2 801 0.3s 0.005

With the selection of these filter parameters, the timing of the valves, given via the

control signal decision trees in Fig. 5.3 and Fig. 5.4, is fully defined.

5.4.5 Valve Design

The valve control signals given in Section 5.4.2 and Section 5.4.3 define the particular
downstream volume to which flow is being directed; as an example, that the flow through the
piston outflow valve is going to the throughput tank (instead of a recirculation tank). In order to
determine the mass flow rate between both volumes, Eq. 4.3 is applied; while this is identical to

the flow rate given in Eq. 2.21 in Section 2.4.4, it is provided again here for clarity.

mmax
m = minimum {M¢ontrol (5.3)
Mpodel

The model-based flow limits are extended to include flow to the recirculation tanks, yet
the development of these limits are kept the same; a full set of mass flow limits is given in
Appendix A. However, when a controller is added to the WEC the control-base flow limit
Meontrol 1S adjusted, as well as the limit based on the state of the air, m,,,,. In particular, the

control signal is used to manually shut the valve when necessary. As a result, the control-based
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mass flow rate is restricted solely by the minimum of m,,,, and m,,4e; When the control signal
is positive, but is forced to zero when the control signal indicates flow in the opposite direction.

Furthermore, while the maximum mass flow rate used in the passively controlled system
is sufficient to limit the magnitude of airflow through the valve to realistic levels, it does not
account for the finite time over which the valve opens or shuts. Since the performance of the
active control strategy is highly dependent on the timing of mass-flow events, it is critical to
include this time dependence in the set of valve governing equations. The time dependent nature
of the valve opening area is given in Eq. 5.4, which is based on a conically shaped valve such as
that seen in Li et. al [88].

Ah h
Aopen = F (2- ﬁ) (5.4)

Where g is the ratio of the current valve opening position to the maximum allowable

opening. The valve opening rate is assumed to be linear with time, and reaches a maximum at
0.5s. This valve opening rate is the same as the valve response time used by Shin [89].

Therefore, the new maximum flow rate is given in Eq. 5.5.

A P2 2 y+i
s (BT — B V)%, B > 0.5283

Mmax = 0.0404A gy P
TO.S

(5.5)
,B < 0.5283

5.4.6 Tank Design

The recirculation tanks are modelled using Eq. 2.15 - 2.17 for the pressure, mass, and
temperature, respectively; these are the same set of equations used for the throughput tank. The
recirculation tank is assumed to be of an equal volume to the initial throughput tank, as it was
found that reducing the volume was severely detrimental to the performance of the control
strategy. In particular, the recirculation tank volume must be significantly larger than either of
the piston chambers, in order to maintain pressure in the tank as air is re-exhausted to the
chamber; this increases the quantity of recirculated air. This effect on performance sets a

minimum limit on the recirculation tank sizing that is, in principle, a violation of the initial
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design constraints set out by AOE. The throughput tank used in the optimization was a
combination of the entire available volume of the 6 accumulator tanks; therefore, creating a
recirculation tank of the same size exceeds the available tank volume. However, the change in
the recirculation tank mass is far below the limit at which the changes would affect the operation
of the AOE WEC. In particular, the combined mass of 6 accumulator tanks is only 314 kg, which
is several orders of magnitude below the weight of the buoyancy tank (which has a mass of
93500 kg). As a result, the addition of more tanks will have virtually no impact on WEC motion.
Therefore, if the control strategy produces substantial benefits, it is possible to add more

accumulator tanks to the WEC design without significantly affecting the WEC hydrodynamics.

5.5 Active Control Strategy Results

The active control strategy is dependent on the number and configuration of the
recirculation tanks that are included in the model. To assess the range of control possibilities that
exist, four designs were assessed:

1. One recirculation tank, used to recirculate air in upper chamber of piston.

2. Two recirculation tanks, one of which is used to recirculate air in the upper chamber

of the piston, while the other recirculates air in the lower chamber.

3. Three recirculation tanks, one of which is used to recirculate air in the upper chamber

of the piston, while two are used to recirculate air in the lower chamber.

4. Four recirculation tanks, two of which are used to recirculate air in the upper chamber

of the piston, while the two other tanks recirculate air in the lower chamber.

The addition of multiple recirculation tanks for the lower/upper chamber recirculation
strategies is motivated by specific performance trends seen with controller #1 and #2. As such,
the reasoning behind the inclusion of these tanks is described in Section 5.5.2 and Section 5.5.3,
while the control laws defining the implementation of these tanks is described in Section 5.5.3
and Section 5.5.4. For now, it is sufficient to state the use of multiple recirculation tanks in the
lower/upper chambers does not change the baseline operation of the strategies detailed in Section
5.3.

To scope the controller assessment exercise, the performance of each controller was

determined via simulations at selected sea-states that are representative of the span of conditions
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within the low energy sea-state band defined at the beginning of the chapter (sea-states with
significant wave heights below 1.75 m). These conditions are termed the ‘low’ (Hs =1.25 m, Te
=6.5s) and ‘moderate’ (Hs=1.75 m, Te = 8.5 s) wave condition, as the moderate wave condition
lies directly on the boundary of the active control target region. In both cases, controlled WEC
system performance was compared to the performance of the baseline case: passive system
defined in Table 4.4 of Section 4.1.2. The sea-states were simulated for 800 s, of which 200 s
was allowed for the system to reach steady-state, with the following 10 min of simulation time
used to track performance. Within the 200 s ‘warm-up’ period, the recirculation tanks were
allowed to gather air. However, to ensure that the addition of multiple recirculation tanks did not
artificially improve performance through the increased initial volume of air in the system, all
recirculation tanks were started at atmospheric temperature and pressure at the start of the
simulation. Therefore, all increases in air volume are physical, and not a result of bias in the
simulation initial conditions. Following this performance assessment, the configuration that

produced the greatest net benefit was carried forward to the creation of a new power matrix.

5.5.1 Single Recirculation Tank Controller

The first strategy makes use of a single recirculation tank, connected to the upper piston
chamber of the cylinder. The performance of the control strategy in both the low and moderate
sea-state is given in Table 5.2. In particular, the average flow exergy (power output) from each
of the three devices, as well as the mass of air flowing between components of the first device,
was tracked. Recall that the exergy of the air defines the useful power output, as a function of the
mass-flow rate, temperature, and pressure of the air stream. The exergy of the outputted air was
calculated using Eq. 3.6 and Eq. 3.7 of Section 3.2.2. In addition to reporting the exergy output,
the mass flow between components is broken into two metrics: the total quantity of mass flow
across the valve during the simulation, and the number of times that mass flow occurs across the
valve, which is termed ‘mass flow events.” Presenting both mass-flow and exergy data allows
parallels in the contributions of the controller to air throughput, and subsequent device exergy
improvements, to be drawn at multiple stages in the power conversion process. However, while
exergy output is reported from all three devices, the mass-flow rate is restricted solely to the first
device; this is driven by the fact that the controller exclusively acts on the first device, D1".
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Table 5.2: Performance comparison for passive and actively controlled system using 1

recirculation tank.

Hs=125m, Te=6.55s

Device Metric Passive | Active, 1 Tank | Gain [%0]
Mass Flow, Inlet [kg] 22.30 25.48 14.3
Mass Flow, Ch. 1 > Ch. 2 [kq] 21.95 25.22 14.9
Mass Flow, Ch. 2 - Tank [kg] 21.77 22.84 4.9
D:" | # of Mass Flow Events, Inlet 55 65 18.2
# of Mass Flow Events, Ch. 1>Ch.2 | 51 60 17.6
# of Mass Flow Events, Ch. 2> Tank | 47 45 -4.3
Ave. Outlet Exergy, [kW] 1.7160 1.7800 3.7
D2" | Ave. Outlet Exergy, [kW] 1.9802 1.9959 0.8
Ds* | Ave. Outlet Exergy [kW] 0.1088 0.1024 -5.9
Hs=175m, Te=85s
Device | Metric Passive | Active, 1 Tank | Gain [%]
Mass Flow, Inlet [kg] 58.41 64.32 10.1
Mass Flow, Ch. 1 - Ch. 2 [kg] 58.12 64.30 10.6
Mass Flow, Ch. 2 & Tank [kg] 57.53 60.52 5.2
D:" | # of Mass Flow Events, Inlet 49 72 46.9
# of Mass Flow Events, Ch. 1>Ch.2 | 60 70 16.7
# of Mass Flow Events, Ch. 2>Tank | 52 44 -15.4
Ave. Outlet Exergy, [kW] 5.898 6.364 7.9
D2" | Ave. Outlet Exergy, [kW] 10.070 10.663 5.9
Ds" | Ave. Outlet Exergy [kW] 12.680 13.259 4.6

NOTE: Ch. 1 refers to chamber 1 (lower chamber), Ch. 2 refers to chamber 2 (upper chamber)

As intended, this control strategy improved the mass flow through the first device,

including both at the atmospheric inlet and from the upper chamber of the cylinder to the tank.

However, there is a significant drop-off in the mass-flow improvement between the piston

chambers and the flow onwards to the tank. This is an indication that in the first sea-state, ~10%
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of the mass flow increase at the outlet of the piston cylinder may be attributed to filling the
recirculation tank. As a result, ~90% of the airflow at the atmospheric inlet reached the
throughput tank. Conversely, in the moderate sea-state ~5% of the mass flow increase at the
outlet of the piston cylinder may be attributed to filling the recirculation tank, with , ~94% of the
airflow at the atmospheric inlet reaching the throughput tank. In both cases, the remaining mass
flow improvement led to a moderate improvement in the exergy out of the first device. For the
low energy sea-state, this improvement was largely damped out by the time the compressed air
exited the third device, as the 2" and 3" round of compression was still passively controlled.
Consequently, throughput of air was still dependent on infrequent contributions from high
energy waves. In the moderate sea-state, the exergy increases across all three devices, and the
control strategy led to a small net positive improvement.

Since the 2" and 3™ devices in the WEC chain are still passively controlled, it is not
reasonable to expect to maintain the control-based performance improvement within latter
devices. Therefore, to see a net improvement in the output from the 3™ device, it is necessary to
further improve the mass flow of air exiting the first device. To do so, the recirculation strategy
needs to further improve the number of mass flow events. When no air is drawn into the upper
chamber of the piston following recirculation, the control strategy does not improve the
likelihood of air passing onto the next tank, as the exact same quantity of air is re-injected prior
to the next compression stroke. Consequently, while it is useful to improve the magnitude of
mass flow per event (increasing the overall magnitude of airflow), the controller must primarily
focus on improving the number of mass flow events, as this directly correlates to the ease of
throughput of air. In particular, each time air is passed to the upper chamber prior to
recirculation, there is a net increase in chamber pressure when air is re-injected to the chamber
from the recirculation tank; this leads to an increased likelihood of air being transferred to the
throughput tank on the subsequent compression cycle. As a result, in order to increase the
number of mass flow events to the upper piston chamber, an additional recirculation tank was

connected to the lower chamber.

5.5.2 Double Recirculation Tank Controller
The second strategy uses two recirculation tanks, one of which recirculates air in the

upper chamber, while one recirculates air in the lower chamber. The recirculation of both
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chambers is conducted independently, using the upper and lower recirculation control signals
and resulting valve timing described in Section 5.3. The performance of the control strategy in

both the low and moderate sea-state is given in Table 5.3.

Table 5.3: Performance comparison for passive and actively controlled system using 1 upper

chamber and 1 lower chamber recirculation tank.

Hs=125m, Te=6.55s

Device | Metric Passive | Active, 2 Tanks | Gain [%0]
Mass Flow, Inlet [kg] 22.30 27.29 22.4
Mass Flow, Ch. 1 > Ch. 2 [kg] 2195 | 56.25 156.3
Mass Flow, Ch. 2 - Tank [kg] 21.77 25.02 14.9
D;"  # of Mass Flow Events, Inlet 55 65 18.2
# of Mass Flow Events, Ch. 1->Ch.2 | 51 208 307.8
# of Mass Flow Events, Ch. 2> Tank | 47 45 -4.3
Ave. Outlet Exergy, [KW] 1.7160 | 2.0800 21.2
D>" | Ave. Outlet Exergy, [kW] 1.9802 | 2.1652 9.3
Ds* | Ave. Outlet Exergy [kW] 0.1088 | 0.1761 61.9
Hs=175m, Te=85s
Device = Metric Passive | Active, 2 Tanks | Gain [%]
Mass Flow, Inlet [kg] 58.41 67.22 15.1
Mass Flow, Ch. 1 = Ch. 2 [kg] 58.12 96.50 66.0
Mass Flow, Ch. 2 - Tank [kg] 57.53 63.37 10.2
D:" | # of Mass Flow Events, Inlet 49 61 24.5
# of Mass Flow Events, Ch. 1->Ch. 2 | 60 191 218.3
# of Mass Flow Events, Ch. 2->Tank | 52 52 0
Ave. Outlet Exergy, [kW] 5.898 7.0978 20.3
D2" | Ave. Outlet Exergy, [kW] 10.070 | 10.973 9.0
Ds* | Ave. Outlet Exergy [kW] 12.680 13.511 6.6

NOTE: Ch. 1 refers to chamber 1 (lower chamber), Ch. 2 refers to chamber 2 (upper chamber)
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When recirculating air within both the upper and lower piston chamber, there is a
significant increase in both the mass-flow from the lower to the upper cylinder chamber and
onwards to the subsequent tank. This is due to the large increase in mass-flow between the lower
and upper chambers of the cylinder, which ensures that air can flow more readily from the inlet
to the upper piston chamber. As a result, there is an improvement of over 20% in the exergy
being delivered by the first device when compared to baseline operation. While this
improvement continues to be damped in the low energy sea-state, the improvement over the base
case is significant. Furthermore, the improvement in the moderate sea-state is larger than what is
seen with a single recirculation tank. While the number of mass flow events at the atmospheric
inlet and onwards to the throughput tank has remained the same or slightly increased, there is a
substantial increase in mass flow events from the lower to the upper piston chambers. These
events include flow to both recirculation tanks, which accounts for part of the increase. However,
this is also an indication that there is increased airflow to the upper piston chamber. To further
improve air throughput, and consequently exergy output, it is necessary to increase the number
of inlet flow events. As described in Section 5.5.1, the number of mass-flow events is a direct
determinant of the number of cases in which recirculation produces a net positive change in
pressure. Currently, the recirculation of air in the lower chamber produces a substantial increase
in the inlet flow of atmospheric air; however, since the AOE WEC is an open system, increases
in the outflow of air must be simultaneously matched with increases in mass-flow at the

atmospheric inlet.

5.5.3 Triple Recirculation Tank Controller

The three tank configuration makes use of one recirculation tank for the upper piston
chamber, and two tanks in the bottom chamber. The operation of the lower recirculation tanks is
still the same as what is illustrated in Fig. 5.2; however, the two recirculation tanks in the lower
chamber are cascaded together, so as to draw air in sequence on every compression cycle. At the
trough of the piston motion, if air is not at a sufficient pressure to flow to the upper piston
chamber, it is dumped instead to the two recirculation tanks. At first, the highest pressure
recirculation tank draws air until the pressure within the tank and piston chamber are equal,
followed by the second tank. Similarly, at the peak of piston motion, air within the lower

pressure tank is re-inputted into the lower piston chamber until the pressures within the tank and
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chamber are equalized,; this is followed immediately by airflow from the highest pressure tank.
In doing so, a greater quantity of air is drawn from the lower chamber prior to expansion, which
increases the likelihood of air being drawn into the piston from the atmosphere, while
subsequently re-dumping air back to the piston chamber in a manner so as to minimize losses.
While a greater quantity of air is retained in both recirculation tanks than what would occur with
only a single recirculation event, the increase in fresh air entering the piston is expected to offset
any losses. Prior to detailing the results of the strategy, the operation of the control signals within
the lower chamber is re-defined. First, the flow direction within the lower piston chamber is
redefined with Eq. 5.6.

( if Ry = 4, Piston Ch.2
| if Ry = 3, Recirculation Tank 2
Lower Chamber Valve Flow Dir.= { if Ry = 2, Recirculation Tank 1 (5.6)
| if R, = 1,Flow Re — entry from RT,
k if Ry =0,Flow Re — entry from RT;

The value of the lower chamber control signal, R, is also redefined according to Fig. 5.8.

‘ What was the last change in direction in the piston motion?

ichyI,ch.l ifpcyl,ch‘l ifpcyi,rh‘l ifPry!.ch‘l
= Pcy!.ch.z < Pcchh.Z > Pcyljch.z < PL‘jVLL‘)T..Z
if Prry if Prr if Prr 1 if Prra
< Prr2 = Ppra > Prr < Prra
ifPRT‘l ifPRT,l J:fPRT.Z EfPRT‘Z ifPRT,l ifPRT,l ifPRT,Z EfPRT‘Z
> Peytera || = Peytcka > Poyrena|| = Peylcha < Peytena || = Peytcha < Peyrena || Z Peyrcha

P | e | e | e | e e | e [ 1e

Figure 5.8: Flowchart used to determine value of control signal R, when two recirculation tanks

are used for the lower piston chamber.
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The control decisions that differ from those seen in Fig. 5.4 are highlighted. The

performance of the control strategy in both the low and moderate sea-state is given in Table 5.4.

Table 5.4: Performance comparison for passive and actively controlled system using 1 upper

chamber and 2 lower chamber recirculation tanks.

Hs=125m, Te=6.55s

Device | Metric Passive | Active, 3 Tanks ' Gain [%]
Mass Flow, Inlet [kg] 22.30 29.01 30.1
Mass Flow, Ch. 1 > Ch. 2 [kq] 21.95 | 75.56 244.2
Mass Flow, Ch. 2 - Tank [kg] 21.77 25.66 17.9
D;"  # of Mass Flow Events, Inlet 55 66 20.0
# of Mass Flow Events, Ch. 1>Ch.2 | 51 267 423.5
# of Mass Flow Events, Ch. 2> Tank | 47 51 8.5
Ave. Outlet Exergy, [kW] 1.7160 @ 2.1118 23.1
D>" | Ave. Outlet Exergy, [kW] 1.9802 @ 2.1701 9.6
Ds* | Ave. Outlet Exergy [kW] 0.1088 | 0.2143 97.0
Hs=175m, Te=85s
Device = Metric Passive | Active, 3 Tanks @ Gain [%]
Mass Flow, Inlet [kg] 58.41 67.94 16.3
Mass Flow, Ch. 1 - Ch. 2 [kg] 58.12 115.27 98.3
Mass Flow, Ch. 2 - Tank [kg] 57.53 62.95 94
D;"  # of Mass Flow Events, Inlet 49 78 59.2
# of Mass Flow Events, Ch. 1>Ch. 2 | 60 246 310.0
# of Mass Flow Events, Ch. 2->Tank | 52 55 5.8
Ave. Outlet Exergy, [kW] 5.898 6.9201 17.3
D2" | Ave. Outlet Exergy, [kW] 10.070 | 10.779 7.0
Ds* | Ave. Outlet Exergy [kW] 12.680 | 13.290 4.8

NOTE: Ch. 1 refers to chamber 1 (lower chamber), Ch. 2 refers to chamber 2 (upper chamber)

Recirculation of air with three tanks provided a nearly universal improvement in both the

quantity of mass-flow and number of mass-flow events across all valves. The only exception is
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in the moderate energy sea-state, for which there was a slight decrease in the quantity of mass-
flow between the upper cylinder chamber and the throughput tank; this led to a small decrease in
the total exergy output. However, this change was offset by a significant increase in exergy
output in the low energy sea-state. This was likely driven by a significant increase in the quantity
of mass-flow at the atmospheric inlet, which allowed a greater quantity of compressed air to be
carried forward to the outlet of the third device. While this increase in compressed air flow only
led to a moderate improvement in exergy in the first two devices, it is likely that these
improvements were sufficient to trigger another major outflow event, which corresponded to a
large discrete jump in exergy in the third device. However, since the improvement of power
output in low energy sea-states is the objective of the control strategy, and the moderate sea-state
lies on the boundary of the target region, the net gain across both sea-states is sufficient to state
that the three-tank strategy outperforms the two-tank case.

These improvements were achieved despite only slight increases in the number of mass
flow events at the atmospheric inlet. As seen in Table 5.4, these improvements were instead
driven with an increase in inlet mass flow per event, as was the case in the low energy sea-state.
In order to see larger improvements in the exergy output, the number of inlet mass flow events
must be further increased. In particular, improving the frequency with which air is drawn into the
lower piston chamber ensures that the when air is re-injected into this chamber, the resultant
pressure is higher than what would have been achieved in the passive case. To do so, it is
necessary to increase the frequency of throughput between the two piston chambers, through the
use of two recirculation tanks acting on the upper piston chamber. The use of two recirculation
tanks will drop the pressure in the upper piston chamber prior to expansion, which will increase
the likelihood of air passing from the lower to the upper chamber. It is expected that this will
have a cascading effect that will in turn increase the chance of air entering the piston on the

subsequent wave cycle.

5.5.4 Quadruple Recirculation Tank Controller

The four tank configuration makes use of two recirculation tanks for both the lower and
upper cylinder chamber; this is expected to further improve the quantity of airflow at the WEC
inlet. The operation of the upper recirculation tanks is still the same as what is illustrated in Fig.

5.1; however, the two recirculation tanks in the upper chamber are cascaded together, so as to
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draw air in sequence on every compression cycle. At the peak of the piston motion, if air is not at

a sufficient pressure to flow to the throughput air tank, it is dumped instead to the two

recirculation tanks. At first, the highest pressure recirculation tank draws air until the pressure

within the tank and piston chamber are equal, followed by the second tank. Similarly, at the

trough of piston motion, air within the lower pressure tank is re-inputted into the upper piston

chamber until the pressures within the tank and chamber are equalized,; this is followed

immediately by airflow from the highest pressure tank. Prior to detailing the results for this

controller, the operation of the control signals within the lower chamber is re-defined. First, the

flow direction within the lower piston chamber is redefined with Eq. 5.7.

( if R, =4,Throughput Tank
| if R, = 3, Reirculation Tank 2
Upper Chamber Valve Flow Dir.= 4 if R, = 2,Recirculation Tank 1
| if R, =1,Flow Re — entry from RT,
k if R, =0,Flow Re — entry from RT;

The value of the upper chamber control signal, R,, is redefined according to Fig. 5.9.

| What was the last change in direction in the piston motion?

|

| if Peytcna > Prank | if Peyichz = Prank

| ifPeyicnz = Prank | if Peytecnz = Prank

if Prra if Prra if Prra if Prr2
> Prra = Pprp < Prr2 = Prpj
if Prra if Prry ifPpr2 if Parz if Pery if Prra if Per2 ifPers
< Poyrohz || = Peylenz < Peyenz || = Peytchz > Peyicnz || = Peytchaz > Peytenz || = Peytcnz

[re=2)[Re=s]) (=] (=] (=0 ] [B=x] [E=t] (0]

(5.7)

Figure 5.9: Flowchart used to determine value of control signal R when two recirculation tanks

are used for the upper piston chamber.
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The control decisions that differ from those seen in Fig. 5.3 are highlighted. The

performance of the control strategy in both the low and moderate sea-state is given in Table 5.5.

Table 5.5: Performance comparison for passive and actively controlled system using 2 upper

chamber and 2 lower chamber recirculation tanks.

Hs=125m, Te=6.55s

Device | Metric Passive | Active, 4 Tanks @ Gain [%]
Mass Flow, Inlet [kg] 22.30 31.26 40.2
Mass Flow, Ch. 1 > Ch. 2 [kg] 21.95 | 75.89 245.7
Mass Flow, Ch. 2 - Tank [kg] 21.77 25.84 18.7
D:" | # of Mass Flow Events, Inlet 55 74 34.5
# of Mass Flow Events, Ch. 1->Ch.2 | 51 264 417.6
# of Mass Flow Events, Ch. 2->Tank | 47 45 -4.3
Ave. Outlet Exergy, [kW] 1.7160 @ 2.0691 20.6
D2" | Ave. Outlet Exergy, [kW] 1.9802 @ 2.1261 7.4
Ds" | Ave. Outlet Exergy [kW] 0.1088 | 0.1696 55.9
Hs=175m, Te=85s
Device | Metric Passive | Active, 4 Tanks @ Gain [%]
Mass Flow, Inlet [kg] 58.41 70.94 21.5
Mass Flow, Ch. 1 - Ch. 2 [kg] 58.12 115.09 98.0
Mass Flow, Ch. 2 - Tank [kg] 57.53 63.56 10.5
D:" | # of Mass Flow Events, Inlet 49 76 55.1
# of Mass Flow Events, Ch. 1>Ch. 2 | 60 246 310.0
# of Mass Flow Events, Ch. 2> Tank | 52 52 0.0
Ave. Outlet Exergy, [KW] 5.898 6.7837 15.0
D2" | Ave. Outlet Exergy, [kW] 10.070 | 10.850 7.7
Ds* | Ave. Outlet Exergy [kW] 12.680 | 13.355 5.3

NOTE: Ch. 1 refers to chamber 1 (lower chamber), Ch. 2 refers to chamber 2 (upper chamber)
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As intended, recirculation using four tanks was successful in improving the quantity of
mass flow events at the inlet. However, in doing so the exergy output in the low energy sea-state
was decreased substantially, while there was only a slight improvement over the 3-tank
controller in the moderate energy sea-state. A potential explanation for this change is that the
pressure within the upper piston chamber drops as a result of recirculation to two tanks; as a
result, when air is passed from the lower to the upper piston chamber it does so at a lower
pressure than the other controllers. Consequently, the subsequent compression cycle does not
lead to as high of a pressure in the upper piston pressure, thereby reducing the number of
instances in which the subsequent tank pressure is exceeded. This is more apparent in low energy
sea-states, for which the drop in pressure further reduces the relatively few number of waves
with sufficient energy to sufficiently compress the air within the piston, while simultaneously
decreasing the quantity of mass flow per event. This effect was not apparent in the recirculation
of the lower piston chamber since air always enters the piston at the same pressure; therefore, it
was not possible to further reduce the starting pressure of the piston chamber prior to
compression. With this in mind, a comparison of the four controllers is presented, followed by

the selection of the final control strategy.

5.5.5 Comparison and Selection of Active Controller
The exergy production from each of the three devices, as a function of control configuration, is

given in Table 5.6; for clarity, the highest exergy output for each sea-state is italicized.
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Table 5.6: Performance comparison for passive and actively controlled system using 4

recirculation tanks.

Hs=125m, Te=6.55s

Control Strategy Exergy, D:" [kW] | Exergy, D2" [KW] | Exergy, Ds" [KW]

No Control 1.7160 1.9802 0.1088
1 Tank 1.7800 1.9959 0.1024
2 Tanks 2.0800 2.1652 0.1761
3 Tanks 2.1118 2.1701 0.2143
4 Tanks 2.0691 2.1261 0.1696

Hs=175m, Te=85s

No Control 5.898 10.070 12.680
1 Tank 6.364 10.663 13.259
2 Tanks 7.0978 10.973 13.511
3 Tanks 6.9201 10.779 13.290
4 Tanks 6.7837 10.850 13.355

In the low energy sea-state, the three tank recirculation strategy outperforms the other
strategies, while for the moderate energy sea-state the two-tank configuration performs the most
strongly. It is expected that the reduction in performance with more recirculation tanks in the
moderate sea-state is caused by two primary losses associated with recirculation. Namely, in
certain waves the time dependence of air recirculation could potentially produce a net decrease in
compression as the full quantity of air is not present at the start of the compression cycle.
Furthermore, there may be cases in which peaks and troughs in the piston motion are
misidentified, which creates a performance loss. In low energy sea-states, these detrimental
effects are outweighed by the positive impacts of the strategy, however there will be diminishing
returns in higher energy seas.

With this in mind, since the objective of the control strategy is to improve performance in
low energy sea-states, and the moderate sea-state lies on the boundary of the target region, the
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three-tank strategy was selected for the development of the power matrix. The performance of
this strategy was only slightly below that of the 2- and 4-tank configurations in the moderate sea-
state, while achieving the highest performance in the low energy case. Furthermore, based on the
above discussion it is expected that the benefits of more recirculation tanks should outweigh

losses in low energy sea-states.

5.6 Power Matrix for Actively Controlled System, and

Comparison to Passive System

The power matrix under the influence of active control is created using the same sea-
states used for the passively controlled system, to provide a true comparison between the control
strategies. The description of these sea-states is given in Section 4.4. In order to provide clarity
in the comparison between the actively controlled WEC and the passive system, the comparison
is provided directly within this section. Results are broken up into the following categories:

power output and efficiency.

5.6.1 Power Output
The power matrix for the actively controlled AOE device is given in Fig. 5.10. As with
the passively controlled system, the power is calculated using flow exergy, in order to provide an

estimate of the total useful power output from the converter.

1.5] 25| as[ as| ss| 65 75] 85| 9s] 105] 115 125] 13s5] 145] 155 165] 17.5]Total
— | 0.25 0
E 0.75 o o 0 0 0 o 0 o o 0
- 1.25 1134 1233 2936 4285 3665 2273 2694 3438 1482 1720 24858
ﬁj 1.75 16277 13701 15651 15499 16589 18809 15696 16386 13320 9747 152685
S 2.25 35229 34138 37664 31179 31372 34210 24584 24320 257095
T 2.75 74694 57359 57118 49009 40936 45784 43741 368641
o 3.25 117775 95196 78549 70503 63018 63838 56526 51232 596637
= 3.75 128171 105750 99283 85011 73760 69811 561786
= 4.25 136787 129504 108072 95504 B969E 561565
- 4.75 157040 121928 116887 335855
d I
< 5.25 0
2 5.75 0
% 6.25 0
! 6.75 0
w2 7.25 0
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Wave Period [s]

Figure 5.10: Power production [W] as a function of sea-state for actively controlled system.
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As expected, the power production increases with significant wave height; for a particular
height, the power production decreases with energy period. The maximum power production of
157.0 KW is reached in 4.75 m waves with an energy period of 9.5 s; conversely, the minimum
of 0 kW is achieved in all sea-states of 0.75 m. For these low energy sea-states, power was
produced from the first two devices in the cascade; however, despite the influence of the active
control strategy the crack pressure in the third device was never reached. A comparison between

the power production for the passive and actively controlled system is presented in Fig. 5.11.
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Figure 5.11: Improvement in power production [%] from passive to actively controlled system.

In low energy sea-states, particularly those with a wave height of 1.25 m, the exergy
improvement was significant, with a range from 20% to a peak of 150%. Moderate
improvements were also seen in sea-states with a wave height of 1.75 m, with gains reducing up
until a wave height of 3.25 m. In sea-states above this wave height, the WEC performance was
approximately constant, or slightly lower (1 — 2 %) below that of the passively controlled
system. Therefore, the controller was successful in increasing power output in low energy sea-
states with wave heights of 1.25 m or above, while not providing a significant decrease in
performance in high energy seas. However, despite the percentage increase in power production
in low energy sea-states, these conditions do not contribute as significantly to the annual power
production as high-energy sea-states. In order to determine the relative contribution of each sea-
state to the annual energy production under the influence of the active controller, the power
matrix is overlaid with the hours of occurrence for the Amphitrite Bank location, as given in Fig.
5.12.
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Significant Wave Height [m]
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Figure 5.12: Annual energy [kWh] as a function of sea-state for actively controlled system.

For the Amphitrite Bank location, moderate sea-states continue to account for the bulk of

the energy production, while low energy sea-states provide relatively small contributions. In

total, the 66 studied sea-states result in the generation of 241.9 MWh, which is produced over

95.54% of the year. When converting this average to production over the entire year, the AOE

device generates an average of 30.24 kW. This was an increase of 3.0% from the passive system.

However, while the net performance gain from the active controlled system is relatively small,

there are several indications that the annual power generation could be improved if the controller

is implemented in more than one device. To assess this possibility, the energy output from the

first and second devices in the cascade was determined, and compared to the passive system. The

annual averaged power output from each of the three devices is shown in Table 5.7.

Table 5.7: Annual averaged power output from each of the devices.

Device Passive System Active System Improvement Improvement
[kW] [kW] [kW] [%]

Devicel | 10.57 11.40 0.83 7.9

Device2 | 20.48 21.25 0.77 3.8

Device 3 | 29.37 30.24 0.87 3.0
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The magnitude improvement remained approximately constant after the first device,

which resulted in a progressively smaller decrease in the percentage improvement. Therefore, if

the controller were implemented in multiple devices, it would be possible to further increase this

magnitude improvement in latter devices, and maintain a moderate percentage gain. However, it

is expected that gains will increase beyond that of 7.9%, for the reason that the system is

governed by the continual throughput of air. In latter devices, if air cannot be pumped through

then the pressure in upstream tanks remains high, which in turn increases the resistance to air

throughput. This is seen inherently in the controller for a single device — by drawing air out of

the piston more frequently, more air is drawn into the system from ambient thereby increasing

the total throughput. When considering the WEC holistically, if air is drawn out of the third

device more frequently, then this will increase the throughput of air in the first and second

device, beyond what is already being seen. To illustrate this phenomena within a single device,

the cumulative mass flow at the inlet and outlet of the first device is compared for the passive

and actively controlled system. This comparison is given for a representative low energy sea-

state of Hs = 1.25m, Te =6.5 s in Fig. 5.13.
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Figure 5.13: Cumulative mass flow at the inlet and outlet of D1

In the passive system, 75.4% of the flow through the inlet is passed onwards to the

subsequent device; comparatively, for the controlled system, 65.3% is passed onwards through
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the cascade. This drop is due to the lack of control in the subsequent device, which creates a
resistance to flow that attenuates the improvements achieved with control. Therefore, despite
significantly higher flow rates at the device inlet with the implementation of control, a smaller
percentage of this mass flow is carried forward to subsequent devices. However, since the
magnitude improvement compensates for this reduction in efficiency, there is still a net
improvement in the flow onwards to the subsequent device. If control is implemented in all three
devices, it is expected that continuity of mass flow will improve between devices, which will
lead to gains in power production beyond that which is presently achieved.

However, this possibility is not considered in the current work. Instead, to better grasp
how the recirculation strategy is influencing the throughput of air within the system, the
efficiency of the WEC is analyzed. In particular, attention is placed on if the control strategy
creates an efficiency improvement in each aspect of the power conversion chain; if so, then there
is evidence to suggest that the performance of the strategy could be further improved with more
devices. Alternatively, if a stage of the conversion process remains stagnant, then there may be a

cap on potential performance improvements.

5.6.2 Efficiency

The efficiency of the system is measured in terms of two stages: the efficiency with
which wave power is converted to absorbed power, and the rate at which the absorbed power is
converted to useful power output. For the purpose of this work, these efficiencies are defined as
the absorption and conversion efficiency, respectively, for which more detailed descriptions are
provided in Section 4.4.1. Since the function of the active control strategy is to improve the
conversion and absorption efficiency in low energy sea-states, these efficiencies are critical
metrics for assessing the performance of the controller.

The conversion efficiency in the passively controlled system suffered in low energy sea-
states, as the piston typically functioned as a spring in most waves, instead of capturing power.
Conversely, under the influence of the active control strategy, the system recirculated air to
improve power capture even in low energy waves. In order to compare the conversion efficiency
under the influence of the active control strategy, the absorbed power as a function of sea-state is
given in Fig. 5.14. The absorbed power was calculated as the sum across all three devices, for

which the absorbed power in a particular device was calculated using Eq. 4.4.
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Figure 5.14: Absorbed power [W] as a function of sea-state for actively controlled system.

As with the passively controlled system, the absorbed power in low energy seas is several
orders of magnitude below that of higher energy wave conditions. In particular, in the lowest
energy sea-states (Hs = 0.75 m), virtually no power is absorbed,; this is expected, given that no
power is produced in these see states. To provide a stronger comparison to the passively
controlled system, the conversion efficiency is calculated as a measure of the readiness with
which absorbed power is converted to useful power output. The conversion efficiency is defined

using Eq. 4.5, for which the results are given in Fig. 5.15.
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Figure 5.15: Conversion efficiency [%] as a function of sea-state for actively controlled system.
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When considering the annual total of absorbed and produced energy, the annually-
averaged conversion efficiency is 69.5%. The efficiency increases with the significant wave
height, such that a peak efficiency of 84.0% is reached in 4.75 m waves with an energy period of
9.5 s. While lower than the peak in the passive system (85.3%), the actively controlled system
still provides a wide band of sea-states that have efficiencies over 70%. Within the low
efficiency band that was identified in the passive system, which corresponds to wave conditions
below 1.75 m, the peak efficiency is 30.1%, which is achieved in 1.25 m waves with an energy
period of 8.5 s. This is a slight drop from the passively controlled system. For a more detailed
comparison of conversion efficiencies, Fig. 5.16 provides the percent improvement in the

conversion efficiency when comparing the active and passively controlled WEC systems.
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Figure 5.16: Improvement in conversion efficiency [%] from passive to actively controlled

system.

Aside from improvement in certain low energy sea-states, there is an overall drop in
conversion efficiency across all sea-states. This drop is minor in moderate to high energy sea-
states (less than ~5%), but is significant in many low energy sea-states. When considering the
annually averaged conversion efficiency, there was a drop from 74.3% to 69.5%. The reason for
this drop in efficiency is that the absorbed power under the influence of the controller increased,
particularly in low energy sea-states. In part this was driven by the fact that energy absorption

incorporates the net increase in the exergy of the air within the three devices, including the
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additional recirculation tanks. Since this does not directly contribute to the net power output, this

would lead to a drop in power conversion efficiency. Therefore, while there was a net

improvement in both power production and energy absorption, the rate by which power was

converted decreased. As a measure of the rate by which power was absorbed, the absorption

efficiency was calculated according to Eq. 4.6, for which the results are shown in Fig. 5.17.
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Figure 5.17: Absorption efficiency [%] as a function of sea-state for actively controlled system.

When considering the total absorbed energy annually, the annually-averaged absorption

efficiency is 5.2%. The peak absorption efficiency was 13.2%, achieved in seas with a wave

height of 3.25 m and an energy period of 6.5 s. A comparison of the increase in the absorption

efficiency under the influence of the controller is provided in Fig. 5.18.
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Figure 5.18: Improvement in absorption efficiency [%] from passive to actively controlled

system.

With the active controller, there is universal increase in the absorbed power; this aligns
with the proposed explanation for the decrease in the conversion efficiency. When considering
the annually averaged absorption efficiency, there was an increase from 4.7% to 5.2%. In a
particular sea-state, the peak increase is 409.1%, which is achieved in seas with a wave height of
0.75 m and an energy period of 6.5 s. The absorption efficiency increased significantly for all
conditions with a wave height of 0.75 m; however, increases of ~20% persist in sea-states up to
1.75 m. To provide a better idea of the trade-off between conversion and absorption efficiency,
the net change in power conversion efficiency (from the wave resource to the useful power
output) is given in Fig. 5.19. The total power conversion efficiency is calculated as the product

of the conversion and absorption efficiencies.
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Figure 5.19: Improvement in total power conversion efficiency [%] from passive to actively

controlled system.

While there is no conclusive improvement/decrease in sea states of 0.75 m, there are

universal improvements in low — moderate energy sea states with wave heights up to 3.25 m. In

particular, sea-states with wave heights of 1.25 m and 1.75 m saw significant improvement.

When considering the annually-average power conversion efficiency across all sea-states, there

was an increase from 3.5% to 3.6% with the implementation of active control. This is an

indication that the active controller improves the net efficiency with which power is absorbed

and converted from low energy waves. This improvement is significantly larger than that seen in

net power output, because the power absorption factors in improvements across all three devices,

rather than improvements solely made in the third device. In order to better assess improvements

in efficiency as a function of the energy of the sea-state, Table 5.8 summarizes the efficiency and

energy production under the influence of the active control strategy as a function of significant

wave height.
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Table 5.8: Summary of the efficiency and energy production of the actively controlled AOE

WEC as a function of significant wave height.

Wave Height [m] 075 125 175 225 275 325 | 375 425 475

Conversion

o -2.27 1783 ' 58.71 71.21 | 74.01 77.25 78.92  80.86  81.86
Efficiency [%0]
Absorption

o 333 494 601 6.27 567 521 490 432  4.02
Efficiency [%0]

Total Efficiency [%0]  -0.08 0.88 | 3.53 | 4.47 420 403 | 3.86 350 3.29
Probability of

Occurrence [%0]

6.15  25.68  24.10 16.51 1187 750 | 478 262 0.80

Component of
Annual Wave Power = 055 @ 6.98  13.72 | 16.02 17.84 16.42 14.14 10.39 3.93
Transport [%]
Component of
Energy Production | 0.00 | 2.29  13.23 19.10 | 19.98 17.61 1455 9.72 @ 3.52
[%6]
NOTE: All probabilities are calculated relative to the sea-states included in the generation of the
PM spectrum, not all sea-states annually. These values were selected to ensure the scaling of the

percentage difference in the resource and energy production was consistent.

When considering solely the sea-states used in the generation of the power matrix, seas
with wave heights between 0.75 m — 1.75 m encompass 55.93% of the hours; under the influence
of the active controller, these sea-states account for 15.52% of the energy production, compared
to 13.74% for the passively controlled system. While this is still quite low, this corresponds to a
16.3% improvement in energy production over the passive system. A direct comparison in the

component of energy production as a function of wave height is given in Table 5.9.
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Table 5.9: Comparison of the component of the annual energy production as a function of

significant wave height for the passive and actively controlled system.

Wave Height [m] 075 125 175 225 275 325 | 375 425 475

Component of

Energy Production, = 0.00 | 1.52 | 1222 18.88 20.30 18.20 15.18 10.05  3.67
Passive [%0]

Component of

Power Production, | 0.00 @ 2.29 | 13.23 19.10 19.98 17.61 1455 9.72 | 3.52
Active [%0]

Improvement [%] | 0.00 50.66 827 117  -158 -3.24 -415 -3.28 | -4.09

The percent improvement in sea-states of 1.25 m is particularly significant; however, this
corresponds to a small change in terms of magnitude. Therefore, while the strategy functioned as
intended, there is still a significant discrepancy in energy production. However, it is important to
recognize that there may be additional benefits to these changes, aside from the magnitude of
power output per sea-state. In particular, aside from a wave height of 0.75 m, there is an increase
in the contribution from the lowest energy half of sea-states, as well as a decrease in the highest
energy half of sea-states. Therefore, the active controller provides an increase in the total energy
consumption, as well as in the continuity of power production throughout the year. This may
increase the ease with which power is incorporated into the grid. Furthermore, the percent
contributions are skewed in part by the inclusion of power output from the highest energy sea-
states. These sea-states may require the WEC to convert to a survivability mode; if this is case,
then the low energy sea-states are currently being undervalued in terms of the percent
contribution to the power output. Lastly, as a result of the net increase in power conversion
efficiency with active control, there is a basis for stating that further improvements could be
achieved by implementing the control strategy in multiple devices. In particular, the increase in
power absorption as a result of active control implementation ensures that the available energy
would also increase. This would prevent a cap from forming on the maximum power output from
control implementation. If further gains could be achieved with recirculation in multiple devices,
then there would be a much more dramatic change in the power output in low energy sea-states,

which would further smooth the annual distribution of power output.
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5.7 Summary of Active Controller

In this chapter, an active controller was developed for the increase of power production in
low energy sea-states; the controller was subsequently applied to the first device in the AOE
WEC. The active controller applied a strategy by which the energy absorption in low energy sea-
states was increased by improving the continuity of air throughput. In particular, the active
controller used valve control in combination with four variable pressure accumulator tanks to
recirculate air within both the upper and lower chambers of the piston. The selected
configuration of active controller used a single recirculation tank for the upper chamber, two
recirculation tanks for the lower chamber, and a single air throughput tank. This configuration
was selected following the study of 1, 2, 3, and 4 - recirculation tank arrangements. The study of
each of these arrangements was enabled by the application of the dynamically coupled model
developed in Chapter 2.

Following the selection of an optimal active controller, a power matrix for the actively
controlled AOE WEC was developed. In addition to providing comprehensive performance data
for the AOE WEC under the influence of a novel active control strategy, the power matrix data
was used to assess the performance benefit achieved with increased control complexity. In
particular, the actively controlled system was found to produce 30.24 kW, which was an increase
of 3.0% over the passively controlled system. The increase in power production in the first and
second devices in the WEC chain were 7.8% and 3.8%, respectively. In addition to performance
improvements, the absorption efficiency saw a marked improvement, from 4.7% to 5.2%. This
provided a basis for stating that the overall power production of the system could further be
improved with implementation of the active controller in the second and third devices of the
AOE WEC.

However, even with implementation in a single device, the active controller increased the
continuity of power production throughout year. The component of the annual power production
increased in sea-states with significant wave heights of 1.25 m — 2.25 m, while decreasing in sea-
states with greater wave heights. This change was driven by a significant increase in the
component of annual power production in low-energy sea-states (those with significant wave
heights of 0.75 m — 1.75 m) from 13.74% to 15.52%, when compared to the passively controlled
system. Therefore, the active controller was successful in increasing both the energy absorption

and power production of low-energy sea-states.
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Chapter 6. Conclusions and Future Work

In this work, a dynamically coupled model architecture of the Accumulated Ocean
Energy Inc. wave energy converter was developed using the finite element solver ProteusDS and
MATLAB/Simulink. This model architecture was subsequently applied for implementation of
passive and active control in the AOE WEC, for which detailed performance assessments were
conducted at each stage. Through the development and implementation of these stages,
significant contributions were made to the fields of wave energy modelling and control, while
also uncovering new directions for future research. This chapter summarizes these findings,

through the discussion of conclusions, recommendations, and future work.

6.1 Conclusions

Recent improvements in the complexity and computational speed of numerical methods
have seen an increased interest in the application of numerical simulation tools for the modelling
of wave energy converter devices. However, many of these approaches make use of significant
simplifying assumptions, particularly in modelling the WEC power take-off. Consequently, the
implementation of control in a cascaded technology such as the AOE WEC necessitated the

development of an improved model architecture; in particular, one that could simultaneously
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resolve the real-time state of particular PTO components within multiple WEC devices, without
prohibitive computational times. The developed model architecture expanded on the dynamically
coupled modelling approach developed by Bailey et al [6] [27] in order to resolve the
hydrodynamic, PTO, and mooring forcing acting on the three devices within the AOE WEC.
These forces are then used to determine the complete state of the system at each time step of the
simulation. The subsequent application of this modelling approach to a passive control problem
demonstrated high sensitivity to PTO parameter selection, which suggests that the fidelity of the
developed model may be critical for developing realistic PTO designs and control strategies.

The passive control problem was realized as an optimization of eight critical PTO
parameters with the objective of maximizing exergy output. After only 15 generations, the
optimization procedure led to an increase of 330.35% over an initial, informed estimate of the
optimal design. As a result, the developed methodology reduced reliance on complete knowledge
of the WEC design space when attempting to maximize power output. Furthermore, the
developed procedure simultaneously informed future research directions through the exploration
of power quality and survivability considerations. In particular, compromises in the design space
were identified, such that a 5.5% reduction in exergy output was sufficient to produce a 55%
reduction in the end-stop collision rate. Furthermore, the disparity in power production between
low and moderate energy sea-states informed the objective of the active control strategy; namely,
the increase of power production in low energy sea-states.

The developed controller was limited by the pneumatic and cascaded nature of the AOE
WEC. In contrast to much of the control literature, an optimal PTO force could not be dictated
directly; instead, focus was placed on developing a realistic control strategy that was structured
around the improvement of device efficiency in low energy sea-states. To this aim, a
recirculation-based control strategy was developed, in which three accumulator tanks were used
to selectively pressurize and de-pressurize the piston at opportune times, thereby increasing the
continuity of air throughput. Under the influence of the active controller, the annually-averaged
power output increased by 3.0%, from 29.37 kW to 30.24 kW, this represented an increase in
efficiency from 3.5% to 3.6%. Furthermore, the contribution of low-energy sea-states to the
annual power output increased significantly. In particular, sea-states with significant wave
heights between 0.75 m — 1.75 m, which encompass 55.93% of the hours on average throughout

the year, saw their contribution to the annual power production increase from 13.74% to 15.52%.
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In addition to this improvement, these metrics do not capture the intrinsic value in increasing
power continuity; as a result, there is significant value in implementing the active controller.

In conclusion, the development of a dynamically coupled model for the AOE WEC
enabled the implementation of passive and active control in the AOE WEC, which resulted in
significant improvements to the quantity and quality of power output. These control strategies
account for and incorporate realistic PTO parameters, and as a result, provide significant value
for the continued development of the AOE WEC. More importantly, these improvements
demonstrate the significant value in the implementation of this tiered control methodology, with

the hope that this work will better inform WEC control development in the future.

6.2 Recommendations and Future Work

This work has produced a number of technical tools, which are of significant value to the
WEC modelling and control fields. However, to inform future research in the implementation of
control in cascaded pneumatic wave energy converters, several key areas were identified for
future work. These research directions are broken into two major categories: model validation

and further control assessment/implementation.

6.2.1 Model Validation and Improvement

The first potential research direction lies in the experimental validation of the
dynamically coupled modeling approach. While the model made use of experimentally verified
ProteusDS software and literature-based thermodynamic equations, the accuracy of individual
components is not sufficient to verify the accuracy of the collective model. Therefore, future
work may perform tank testing in order to validate larger components of the modelling structure.
In particular, work can assess the accuracy of the PTO model both with/without the active
controller, in order to see if the accuracy of the model is significantly affected by the
introduction of additional dynamic perturbations.

Furthermore, the model may be expanded to include a dynamic model of the on-shore
architecture. This would properly account for the effect of control on the power conversion
chain, while resolving components such as the pipeline to shore; these components are critical
for assessing downstream losses in the power conversion process, and may lead to more accurate

assessments of the final power production. In addition, the simplified assumption of dry air
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within the system may be better resolved, through the inclusion of site and temperature-specific
humidity in the ambient air. Accounting for humidity will likely have a substantial effect on the

temperature gain during piston compression.

6.2.2 Future Control Implementation

In addition to model-based considerations, several directions for future work arose from
the optimization results. Primary among these considerations are the more accurate assessment
of the effect of power quality and end-stop collision rate on the optimal design. While both of
these considerations are important for the eventual deployment of the AOE WEC, these factors
were not included in the objective function of the optimization. Consequently, future work could
assess the potential design compromises arising from the inclusion of these factors. In particular,
future work must address the collision rate as it is prohibitively high (~1.34 collisions/min), and
must be reduced if the design is to be considered feasible. However, the collision rate does not
provide sufficient data to accurately assess the potential design compromises needed to ensure
WEC survivability. In order to assess the design compromise arising from the inclusion of both
power output and survivability factors, future work may perform a design optimization in which
the force limits in the converter are resolved. For example, these limits may address design
constraints on the moorings, PTO force, and end-stop collision rate. Conversely, active control
may be assessed as a method of reducing the end-stop collision rate.

In addition, future work may continue the optimization procedure in order to attempt to
identify a global optimum; however, given that there was a 311.98% increase in the objective
function following the first seven generations, and an 18.37% increase in the subsequent eight
generations (despite an increase in the population size from 60 to 90), it is expected that there
will be diminishing returns in doing so.

In regards to the active controller, future work should address the inclusion of active
control in two- and three-device configurations. This will better indicate the potential
performance improvements seen with active control implementation, while simultaneously
providing a more complete perspective on the trade-off between power production and control
complexity. As can be seen in Chapter 5, the net increase in the power output from the first
device is 7.9%; however, half of this improvement is lost due to the passive control of the

subsequent two devices. With control implementation in the subsequent two devices, even if
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only two recirculation tanks are used, a larger chunk of this improvement could be carried
forward to the final device. More importantly, there is evidence to suggest that the gains could be
higher than 8%. In particular, the WEC is highly sensitive to the continual throughput of air. If
air from the third device is drawn out more frequently, then this increases the efficiency of air
throughput in the previous two devices. Removal of this bottleneck with the implementation of a
holistic active control strategy may lead to further improvements. Secondly, the active control
strategy provided significant improvements in the efficiency of wave power absorption. Since
this is the first stage in the energy conversion process, the strategy increases the cap on net power

production.
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Appendix A: Supplementary Information for
Model Development

This Appendix aggregates several supplemental descriptions of model components,

which are subdivided in the following sections.

A.1 Supplemental Equations for Defining Model-Based Valve

Flow Limits

To implement the model-based flow limits described in Section 2.4.4, the optimal
pressure is first determined, which is the pressure that the cylinder and tank will both equal in the
subsequent time step, provided that optimal mass flow (highest allowable mass flow) occurs.
This pressure is then used to determine the optimal mass flow rate. While equations for both
Popt.cyl outlet AN Mgpe vl outler aré given in Section 2.4.4. The full array of equations used in
each valve are contained here. The optimal pressure for the inlet flow valve is merely P,.,;, Such

that the optimal mass flow rate is given in Eqg. A.1.
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1 ) l(Pamb - Pcyl,ch.l)vcyl,ch.l

— P 'A
RsTambY At YEcyl,ch.1ZAcyl

ri'lopt,cyl inlet = (
(A1)

+ (Y - 1)hcylacyl,ch.l(Tcyl,ch.l - TW)

The optimal pressure and mass flow rate for the valve between the lower and upper chambers of

the cylinder is given in Eq. A.2 and Eq. A.3, respectively.

At Pcylch2Veyl,ch.2tPeylch1Veyl,cha .
P - ( ) [ L : : Sl L VP A —
opt,cyl ch.1-ch.2 VeglehatVeylchz At Y cyl,ch.14 ¢yl
(Y - 1)hcylacyl,ch.l(Tcyl,ch.l - TW) - yPcyl,ch.ZZAcyl - (AZ)

(Y - 1)hcylacyl,ch.z(Tcyl,ch.z - TW)]

1 ) _ (Popt,cyl ch.1—>ch.2_Pcyl,ch.l)vcyl,ch.l

At - YPcyl,ch.lecyl -

Mopt,cyl ch.i-»ch2 = (RsTcyl g

(A3)
(v — Dhepiacyiena (Teyiens — Tw)]

The optimal pressure and mass flow rate for the valve between the upper chamber of the
cylinder and the tank is given in Eg. A.4 and Eq. A.5, respectively. While these formulas are

already stated in Section 2.4.4 they are stated again here for continuity.

At Prank Vtank .
l:’opt,cyl outlet = (V «+ Vooren [ anAt = chyl,ch.ZZAcyl
tan cyl,ch.2 (A.4)
- (Y - 1)hcylacyl,ch.z (Tcyl,ch.z - TW) - (Y - 1)htankatank(Ttank - TW)]
. 1 (Popt,cyl outlet — cyl,ch.Z)chl,ch.Z .
Mopt,cyl outlet = (R Tevren Y) - At - YPcyl,ch.ZZAcyl
,ch.2
S (A5)

- (Y - 1)hcylacyl,ch.z(Tcyl,ch.z - TW)
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The optimal pressure and mass flow rate for the valve between the tank and subsequent

connecting pipe (used in devices 1 and 2) is given in Eg. A.6 and Eq. A.7, respectively.

At PtankVtank*PpipeVpipe
Popt.tank outlet = (Vtank+v e [ - - At e (y— 1)hpipeapipe (Tpipe - TW) -
PP (A.6)
(Y - 1)htankatank(Ttank - TW) + YRsTcyl,ch.Zrhcyl,outlet ]
i . ( 1 ) l (Popt,tank outlet — 1Dtank)vtank

opttank outlet — R.T - A

tankY t
T (A7)

— (v = Dheank@tank (Trank — Tw) + YRsTcyl,ch.chyl,outletl

The optimal pressure and mass flow rate for the valve between the pipe and subsequent cylinder

chamber (used in devices 1 and 2) is given in Eq. A.8 and Eq. A.9, respectively.

At ) [Pcyl,ch.lvcyl,ch.l + Ppipevpipe

At + yPcyl,ch.l ZAcyl

l:)opt,pipe outlet — (V Vv
cyl,ch.1 + pipe

- (Y - 1)hpipeapipe (Tpipe - TW) - (Y - 1)hcylacyl,ch.1(Tcyl,ch.l - TW) (A'8)
+ YRsTtankrhtank,outlet ]

1 > _ (Popt,pipe outlet l:)pipe)vpipe
RsTpipeY At

rhopt,pipe outlet = <
(A.9)

- (Y - 1)hpipeapipe (Tpipe - TW) + yRsTtankrhtank,outlet

Eqg. A.6 and Eq. A.7 define the model-based flow limits in both the throughput tank and
recirculation tanks. However, an additional set of formulas is needed to define the model-based
flow limit when air is passing from the recirculation tank back to the lower and upper cylinder
chambers. The optimal pressure and mass flow rate for the valve between the recirculation tank

and the lower cylinder chamber is given in Eq. A.10 and Eq. A.11, respectively.
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At ) [Ptankvtank + Pcyl,ch.1chl,ch.1

Popt,RT—»cyl,ch.l = ( At

Vtank + chl,ch.l

- (Y - 1)hcyl,ch.lacyl,ch.l(Tcyl,ch.l - TW) (A.lO)
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1 ) [_ (Popt,RT—>cyl,ch.1 - 1Dtank)vtank

m =
opt,RT outlet <RsTtankY At

(A.11)
- (Y - 1)htankatank(Ttank - TW)I

The optimal pressure and mass flow rate for the valve between the recirculation tank and the

upper cylinder chamber is given in Eq. A.12 and Eq. A.13, respectively.

p _ ( At ) [Ptankvtank + l:)cyl,ch.zvcyl,ch.z
opt,RT—cyl,ch.2 Vtank + chl,ch.z At
- (Y - 1)hcyl,ch.zacyl,ch.z (Tcyl,ch.z - TW) (A'12)

- (Y - 1)htankatank(Ttank - TW) + YPcyl,ch.ZZAcyl

. _ 1 (Popt,RT—>cy1,ch.2 - 1:)tank)vtank
Mopt,RT outlet = -

RsTtankY At (A.13)

- (Y - 1)htankatank(Ttank - TW)]

This set of formulas (A.1 — A.13) defines the application of the model-based flow limit by stating
the formulas for each valve in the PTO model; these equations are consistent for each device in
the WEC.

A.2 Filter Selection for Actively Controlled System

This section describes how filters for the determination of peaks and troughs in the piston
motion (needed for application of the active controller) were determined. The application of
these filters within the active controller is described in Section 5.4.2. The two filters used in the

filtering process are a Savitzky-Golay (SG) filter, as well as a motion threshold. The motivation
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behind the selection of the Savitzky-Golay filter, as well as the resulting ideal set of SG filter
parameters, is described in the following section. This is followed by the selection of the ideal set
of motion threshold parameters; the motivation for the motion threshold is provided in Section
5.4.2.

A.2.1 Selection of Savitzky—Golay Filter

When selecting how best to filter the piston motion signal, analysis was performed on
two primary methods: frequency and polynomial based filtering. SG filtering was found to
perform much stronger than frequency-based methods, as the frequency bandwidth shifted
significantly within the sea-state. The frequency distribution contained within the piston motion
inalow (Hs =1.25m, Te = 6.5 s) and high-energy (Hs = 4.25 m, Te = 10.5 s) sea-state is included
in Fig. A.1; these piston motions were gathered during power matrix generation under the
influence of the passive control strategy.

Hs=1.25m,Te=6.5s
Hs=4.25m,Te=105s

Amplitude [m]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency [HZz]

Figure A.1: Single-sided amplitude spectrum of piston motion signal in D1.

Three frequency peaks are exhibited in the low energy sea-state, while two peaks are seen

in the high-energy case. This is an indication that the frequency content of the piston motion
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signal is highly dependent on the sea-state in which it the WEC is placed. Therefore, no single
bandwidth could be used to filter the motion of the piston signal in a variety of sea-states. As a
result, attention was shifted to polynomial based filtering. In particular, a Savitzky-Golay (SG)
filter was selected as it is a more generalized form of a moving average filter, in which a
polynomial is fitted to the last N points of a signal [1]. The SG filter is better than averaging as it
allows smoothing without the removal of data features, such as peaks, that are typically
attenuated by a moving average filter [1]. The SG filter is based on the following three
parameters:

1. Polynomial order

2. Number of points that are used to generate the polynomial.

3. Point about which the polynomial is centered around, which is realized as a delay.

The selection of these parameters was conducted through testing in a combination of sea-
states. This testing was initially conducted via post processing of the power matrix simulation
data for the passively controlled WEC, followed by testing in the actively controlled system.
First, the polynomial order was selected as the minimum order with which the signal could be
recreated accurately; this prevents fitting to higher order, non-physical, responses. A second
order polynomial was found to meet this criterion, as a linear fit could not capture rapid changes
in device motion. A sample comparison of the first and second order polynomial fit for passively
controlled piston motion in a low energy sea-state (Hs = 1.25 m, Te = 6.5 s) is given in Fig. A.2;
this piston signal is for passively controlled motion. It is important to note that no delay is

introduced in the signal.
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Figure A.2: Sensitivity of SG filter to polynomial order for Hs = 1.25 m, Te = 6.5 s seas.

The 1%t order SG filtered signal is not able to capture the sharp-peaked nature of the
piston motion signal; this is clearly exhibited in the time period from 160-170 s, in which the
motion of the filtered signal opposes that of the true signal. Conversely, the 2" order signal
tracks peaks accurately; more importantly, it does so without tracking high-frequency motions,
such as those seen in the peak from 195-200 s. Consequently, the second order filter was used in
the active control strategy. Using the second order polynomial fitting, the number of points used
to generate the polynomial was tested with data from power matrix generation under the
influence of the passive control strategy. Since the number of points must be odd, the following
numbers of points were tested: 401, 601, 801, and 1001. When testing in a low and moderate
energy sea-state, for delays of 0.2's, 0.3 s, or 0.4 s it was found that 801 points produced an equal
or stronger fit than the other numbers of points. Since fit was assessed visually, each of these
studies are not included here. As an example, Fig. A.3 compares filtered signals using 401, 601,
801, and 1001 points and a delay of 0.4 s to the actual piston motion signal in a low energy sea-
state (Hs=1.25m, Te =6.55).
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Figure A.3: SG filtered signals using (a) 401 (b) 601 (c) 801 and (d) 1001 points
for Hs =1.25m, Te = 6.5 s seas.

When 401 and 601 points were used to produce the SG polynomial, high frequency
motions were captured in the signal. Conversely, 801 and 1001 points were able to eliminate
most high frequency motions; however, the SG filter using 801 points was able to do so more
readily. This behavior could potentially be caused if too many points are included, such that
significant curvature is seen in the selected portion of the signal; as a result, additional curvature
is added in the signal fit at the current time. While only exhibited for the above sample signal,
this behavior was seen repeatedly in other tests. Consequently, 801 points were used in the SG
filter.

While the determination of the first two parameters was based on data from the passively

controlled system, the delay can only be tested in real-time, as performance of the active control
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strategy is believed to be highly dependent on the accurate timing of the peak and trough
locations. As a result, there is a significant compromise in selecting the delay, as increasing the
delay will increase the accuracy of the filtered signal (reaching a maximum at 400 samples, or
0.8 s), but will simultaneously introduce error in the timing of peaks and troughs in the signal. To
evaluate the nonlinear compromise between these resultant effects, power production over 500 s
was measured for a low (Hs = 1.25 m, Te = 6.5 s) and moderate (Hs = 2.25 m, Te = 10.5 s) energy
sea-state. The exergy output from each of the three devices in the WEC are contained in Table
A.l

Table A.1: Exergy output as a function of delay in SG filter.
Hs=125m, Te=6.5s

Exergy 0.2 s Delay 0.3sDelay @ 0.35sDelay = 0.4sDelay 0.5 s Delay

D1* [KW] 1.609 1.647 1.622 1.440

D2" [KW] 1547 1.581 1572 Not studied 1.488

D™ [KW] 0 0 0 0
s=225m, Te=105s

D1* [KW] 9.145 10.078 9.785 9.743 9.494

D2" [KW] 16.444 17.305 17.198 17.118 16.962

D™ [KW] 22.415 23.268 23.245 23.121 22.985

In both cases, and across all three devices, the optimal delay was found to be 0.3 s, which
provided a balance between polynomial and timing accuracy. As a result, the final SG filter

parameters were to use a 2" order polynomial, constructed from 801 points, with a delay of 0.3s.

A.2.2 Selection of Motion Threshold Parameters

In order to prevent the act of recirculation inducing peaks/troughs in the piston motion, a
motion threshold was applied. The motivation behind the introduction of this threshold is given
in Section 5.4.1. The motion threshold only records a peak or trough if the device has moved a

certain distance since the last trough and peak, respectively. As a result, when a trough is
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reached, the act of recirculating air is not sufficient to generate an immediate peak (or vice
versa). To select the desired motion threshold, exergy production from each of the three devices
was measured over 500 s in three low and moderate sea-states, for which the results are included
in Table A.2.

Table A.1: Exergy output as a function of the size of motion threshold.
s=125m, Te=6.5s
Exergy 0 0.001 @ 0.005 @ 0.01 0.02 0.04 0.05 0.06 0.1
Di" [kW] | 14374 15789 1.6472 1.6329 | 1.7246 1.8451 1.8051 1.7915 1.6326
D2" [kW] | 14926 15574 15810 15782 | 1.6199 1.6558 1.6417 1.6215 1.5555

D" [kW] = 0 0 0 0 0 0 0 0 0
Hs=1.75m, Te=85s
D:" [KW] @ 7.7191 | 7.8825 7.3163 7.5054
D2" [kW] | 12.635 | 12.993 st:ldc:t;d 12.430 Not studied 12.423 Not studied
Ds* [KW] | 17.273 | 17.653 17.041 16.967
Hs=2.25m, Te=10.5s
D1* [kW] | 10.149 10.078 10.166
D2" [kW] | 17.414 stlljdoitzd 17.305 Not studied 17.455 Not studied
Ds" [kW] @ 23.368 23.268 23.454

For all three sea-states, it can be seen that there are two peaks in performance. It is
believed that the first peak corresponds to the point at which the micro-fluctuations are removed,
while the second peak corresponds to fundamental changes in device motion, as a result of wave
or thermodynamic-induced fluctuations being ignored. Consequently, the relative magnitude of
the second peak may/may not be higher than the first, depending on whether the altered piston
motion leads to a significant positive improvement. In the three studied sea-states, the second
peak was most noticeable in the lowest energy case. This result was expected, since the SG filter
does not perform as well in low energy sea-states, particularly those with a small period; these
sea-states generate comparatively smaller and sharper peaks in piston motion when compared to
high energy sea-states. Consequently, the motion threshold may have removed some of the

remaining high frequency oscillations that passed through the SG filter. However, this local peak
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is not expected to persist in high energy sea-states. As a result, the motion threshold was selected
to be 0.005 m, in order to target improvements solely based on the removal of control-induced
fluctuations. This corresponded to the smaller, local, peak in the low energy sea-state, and was
near the global peak in seas of Hs = 1.75 m, T = 8.5 s. In the highest energy sea-state, the exergy
was not sensitive to the motion threshold; likely since the energy of the waves was sufficient to

damp out any micro-oscillations induced through recirculation.
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