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ABSTRACT

Empirical models based on linear and nonlinear potential #ory that determine
the forces on Wave Energy Converters (WECSs) are essential dgey can be used for
structural, mechanical and control system design as well gerformance prediction.
In contrast to empirical modelling, Computational Fluid Dynamics (CFD) solves
the mass and momentum balance equations for uid domains. CFBnd linear po-
tential theory models represent two extreme in terms of capting the full range of
hydrodynamic e ects. These are classi ed as white box modehlnd the structure of
these models is completely derived from rst principles uretstanding of the system.
In contrast black box models like a Arti cial Neural Networks ard Auto-Regressive
with, Exogenous Input (ARX), map input and output behaviour of a system with-
out any speci c physics based structure. Grey box models danstrictly follow a
rst principles approach but are based on some observations relationships between
the hydrodynamic e ects (e.g. buoyancy force) and system stateg(g. free surface
height). The objective of this thesis is to propose a data dren grey box modelling



approach, which is computationally e cient compared to hidn delity white box mod-
els and still su ciently accurate for the purpose of determming hydrodynamic forces
on heaving WECs.

In this thesis, a unique data driven approach that combinesétures from exist-
ing works in modelling of WEC and application of nonlinear hyeretic systems is
developed. To that end a CFD based Numerical Wave Tank that cadilprovide the
data needed to populate the new modelling framework is used. hull which hydro-
dynamically represents a Self Reacting Point Absorbers (SRB) with heave plate is
subjected to pan-chromatic wave elds and is forced to osl@te concomitantly. The
results provide evidence that a SRPA with heave plate exhiisi nonlinear relation-
ships with motion parameters including relative positionyelocity and acceleration.
These parameters show causal relationships with the hydngmamic force. A simu-
lation methodology to establish con dence in the componestof a model framework
is developed and the hydrodynamic forces on SRPAs with heaviage and bulbous
tank have been analyzed and compared. Two sets of humericahglation were con-
ducted. Firstly, the WECs were restricted to all degrees of feglom and subjected to
monochromatic waves and later the WECs were oscillated at vaus frequency in a
guiescent numerical tank. These results were validated agst existing experimental
data.

Earlier attempts by other authors to develop a data-driven radel were limited to
simple hulls and did not include rate dependent nonlineargs that develop for heave
plates. These studies laid the foundation to current work. Ae model framework
developed in this thesis accounts for the nonlinear relatiship between force and
parameters like velocity and acceleration along with hystetic relationship between
force and velocity. This modelling framework has a nonlineastatic, a hysteresis
(Bouc-Wen model) and a dynamic (ARX model) block. In this workhe Bouc-Wen
model is employed to model the hysteresis e ect. Five di erarmodels developed
from this modelling framework are analyzed; two are state gendent models, while
the other three required training to identify dynamic orderof model equations. These
latter models (Hammerstein, rate dependent Hammerstein anéte dependent KGP
models) have been trained and validated for various cases x#d and oscillating HP
cylinder. The results demonstrate signi cant improvemen{max 39%) in prediction
accuracy of hydrodynamic forces on a WEC with heave plate, ftnie model in which
a rate dependent hysteresis block is coupled with Hammerstear KGP models.



Contents

Supervisory Committee i

Abstract iii
Table of Contents %
List of Tables viii
List of Figures IX
Acknowledgements Xiii
Dedication Xiv
1 Introduction 1
1.1 Background . . .. ... ... ... 2
1.2 Categorization of hydrodynamic models . . . . . .. .. ... .... 5
1.3 Objectives and contributions . . . . . ... ... ........... 6
1.4 Organizationofthesis. . . . . ... ... ... ... ... . ... .. 7
2 Hydrodynamic modelling of wave energy converters 9
2.1 Background . . . . . ... 9
2.1.1 Wave Energy Converters . . . . . . ... .. . ... ... 10
2.1.2 Potential ow (inviscid) approaches . . . . ... ... ... . 12
2.1.3 Augmented potential ow approaches . . . . . ... ... ... 13
2.1.4 Computational uiddynamics . . . . ... ... ........ 15
2.2 Numericalwave tanks . . . . ... . ... ... ... 18
2.2.1 Governingequations . . . .. . ... ... 19
2.2.2 Turbulence modelling . . . . .. .. .. ... .. ... ... .. 20
223 Volumeof uid . ... ... .. ... .. ... 21



Vi

2.24 Relaxationzone . . . . . . . .. ... e 21
2.2.5 Arbitrary meshinterface . . . .. ... .. ... ... ..... 22
2.2.6 Discretization schemes . . . . . ... ... . ... ..., 24
2.3 Validation of NWT in diraction and radiation framework . . . . .. 25
2.3.1 Domainandgriddetails . .. .................. 26
2.3.2 Diractiontests . . . . .. .. ... 28
2.3.3 Radiationtests . . ... ... ... .. ... ... .0 30
2.4 NWT results for radiationteston WECB . . ... ... ....... 34
2.5 Summary and discussion . . . ... .o 36
3 Data-driven hydrodynamic modelling of WECs 39
3.1 System identi cation for hydrodynamic application . . .. . ... .. 40
3.1.1 Overview and classication. . . .. ... ... ......... 40
3.1.2 Stepsinsystemidentication . ... .............. 41
3.2 Inputdata . . . . . .. ... 42
3.2.1 Choice of modelinput . .. ................... 43
3.2.2 Design of experiments . . . . .. ... ... 43
3.2.3 Choice of excitation signal . . . . .. ... .. ... ...... 45
3.3 Block Oriented Models (BOM) . . . . ... ... .. .. ....... 46
3.3.1 Hammersteinmodel . .. .. ... ... ... ... ..... 46
3.3.2 Rate dependent Hammerstein model . . . ... ... ... .. 49
3.3.3 Rate dependent Kolmogorov-Gabor polynimial model .... . 49
3.4 Blocks of BOM . . . . . . . . . . e 52
3.4.1 Staticblock . . .. .. ... .. ... oo 53
3.4.2 Rate dependentblock. . .. .. ... ... .. ... ... 54
3.4.3 Dynamicblock . . ... ... ... ... .. .. . .. . ... 55
3.5 Parameteridentication . ... .. ... ... ... ... .. ..... %
351 Errormetric. . .. .. ... . ... 57
3.5.2 Static block identication . . .. ... ... ... ....... 58
3.5.3 Rate dependent block identication . . . ... ......... 60
3.5.4 Dynamic block identication . . . . .. .. ... ........ 64
3.6 Model Validation . . . ... .. ... .. ... 69
3.7 Summary of the various candidate Data-driven models. .... . ... 71

4 Numerical wave tank trials 72



Vii

4.1 NWT trials for data generation . . . .. ... ... .. ........ 72
4.1.1 Spar geometry and CFD domain details . . . . ... ... .. 74
4.1.2 Grid sensitivity analysis . . . . . ... ... . .0 76
4.1.3 Input signal characteristics (Sea state) . .. ... ...... 78

4.2 Hydrostatic NWT Trail . . . . . . .. ... .. ... .. ... ..... 80

4.3 Hydrodynamic NWT Trail . . ... .. ... .. ... ... ...... 81

4.4 Characteristics of the 2D WEC Fluid Structure Interaction. . . . . . 84

5 Identi cation of data driven models for Heave Plate (HP) Spar

geometry in irregular waves 87
5.1 OVEIVIEW . . . . . o e e e 87
5.2 Static block identication . . ... ... ... ... .. .. .. 89
5.3 Rate dependent block identication . . . .. ... ......... . 90
5.4 Dynamic block identication . . . . .. ... ... .. ......... 93
5.4.1 Choice of Range 1 model order and time delay . . . . . . . .. 49
5.4.2 Choice of Range 2 modelorder . . ... ... ......... 95
5.4.3 Choice of Range 2timedelay .. ... ... .......... 96
5.4.4 Results of dynamic block identication . . ... ... ... . 98
55 Validation . . . . . .. ... 105
6 Summary and conclusions 115
6.1 Summary . . . . .. e e e 115
6.2 Conclusions . . . . . ... 116
6.3 Limitations . . . . . . . . . ... 118
6.4 Future work . . . . . . . ... 118
Bibliography 121
A Numerical tank veri cation study 134
A.1 Parameters for sensitivity analysis . . . . . . .. ... .. ... ... 134
A.2 Metrics for sensitivity analysis . . . . . . ... ... o 135
A.3 Grid independence study-3D Mesh . . . ... ... ... ....... 63
B Hydrodynamic forces on WEC B 139

C Dynamic order and delay constants 144



viii

List of Tables

Table 3.1 Summary of input and output of each block . . ... ... .. 71

Table 4.1 Characteristics of various NWT simulations used fa¥ata gener-

ation . ... 73
Table 4.2 Grid independence study on 2D NWT . . ... ... .. .. .. 77
Table 4.3 Relative error , between target and resulting wave height

standard deviation . . . .. ... .. ... .. .. .. ... 78
Table 4.4 Characteristics NWT trials of various test cases udefor data

generation . . . . ... 83

Table 5.1 Summary of identi cation procedure, identi ed paameters, input

variables required and composition of internal signal . . . ... 88
Table 5.2 Values of parameters of Bouc-Wen equation, obt&d from PSO

forR2 . . . 93
Table 5.3 Ranges analyzed for various data-driven model atest cases . . 99
Table 5.4 Optimal values ofn,; ny, and ng for HP cylinder oscillating at

amp=0:25m and! =1:25rad=sfor realizationR1 . .. ... 101
Table 5.5 Optimal values ofn,; ny, and ngq for HP cylinder oscillating at

amp=0:15m and! =1:25rad=sfor realizationR1 . .. ... 104
Table 5.6 Optimal values ofn,; ny, and ng HP cylinder oscillating atamp =

0:05m and! =1:25rad=sfor realizatonR1. . . .. ... ... 104
Table 5.7 Optimal values ofn,; n, and ng xed HP cylinder for realization

Rl . . e 105
Table 5.8 Optimal values ofn,; ny, and nq for xed square cylinder and HP

cylinder . . . . . . . . 106
Table 5.9 Error metric for all the cases of HP cylinder oscilteon . . . . . 109

Table 5.10Approximate clock time required ineachstep . .. ...... 114



List of Figures

Figure 1.1
Figure 1.2

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6

Schematics of the two WEC model con gurations . . . . .. 3
Schematics of the oating point absorber-miniWEC .. . . . . 3
Schematics of four spar hulls analyzed by Yeung adiéng (2011) 14

2D plane visualization of the structure of mesh faNEC A . . 23
2D plane view of a 3D mesh and domain for di ractionest . 26
2D plane view showing the position of spar relatite oat over
ltimeperiod . . .. .. ... . .. ... 27
Normalized di raction force magnitude 4= ) for WEC A, WEC
BandFloat . . . ... ... ... ... ... ... .. . ... . 30
Variation of hydrodynamic force on oscillating sgr for A = 0:04

m, r is the correlation coe cient. The x-axis is nondimension-
alized over time period of oscillation. . . . .. ... ... ... 33
Hydrodynamic forces on WEC B oscillating at amplitues of
0:03m, 0:04 m and 006 m. The x-axis is non-dimensionalized

over time period of oscillation . . . . ... ... ........ 36
CFD calculated hydrodynamic force on WEC with heavelgte
oscillating with an amplitude of Q08 m . . . . . . .. ... .. 38
Working principle of system identi cation . . ... ... ... 41
Block diagram representing sequence of steps isteyn identi-

cation . ... L 42
Block diagram representing Hammerstein model . . .... . . 47
Block diagram of modi ed nonlinear system identication model

with rate dependent block {.e. Bouc-Wen model) . . . . . .. 50
Possible scenarios in system identi cation dedging causality,
blocks represent discrete time steps . . . . . . ... ... ... 56

Process diagram representing di erence betweeregiction and
simulation . . . . . ... 70



Figure 4.1 Classi cation of experiments for data generation The input
and output of these experiments are tabulated in Table 4.1 . . 73
Figure 4.2 Schematics of 2D prismatic test geometries: a sgeaylinder
and a Heave Plate (HP) cylinder . . . . . ... ... ... .. 74
Figure 4.3 Domain dimensions and mesh for NWT trials . . ... .. .. 57
Figure 4.4 Schematic of mesh sizes used in the sensitivitydyu . . . . . 76
Figure 4.5 Distribution of characteristics of input signal &r Hg = 0:5 m
andTp=10s . ... ... ... ... 79
Figure 4.6 Variation of hydrostatic force with relative heigpt . . . . . . . 80
Figure 4.7 Variation of free surface height and relative Heiglior R2 82
Figure 4.8 Flow eld around HP cylinder oscillating at 025m and 1:25rad=s 86
Figure 5.1 Time series of excitation forcége on oscillating HP cylinder . 91
Figure 5.2 Excitation force on oscillating HP cylinder &mp = 0:05m) for
realization R1 with relative position and velocity . . .. . .. 92
Figure 5.3 Amplitude spectrum of hydrodynamic force for realation R1 96
Figure 5.4 Amplitude spectrum of internal force for realizabn R1 . . . . 97
Figure 5.5 NRMSE for xed square cylinder for Range 1 . .. ... ... 100
Figure 5.6 NRMSE Vsn, for HP cylinder oscillating atamp = 0:25m for
realization R1 and Range 1 and Range 2 using Hammerstein
model . . . ... 102
Figure 5.7 NRMSE for HP cylinder oscillating atamp = 0:25 m for real-
izatonR1land Range 2 . ... ... ... .. ... ...... 103
Figure 5.8 Comparison of amplitude spectrum of hydrodynamiorce on
square cylinder from CFD experiment and that estimated from
Hammerstein model for training data-Range 1 (MAPE=14  2)106
Figure 5.9 Comparision of CFD generated hydrodynamic force @ndam-
merstein model pridictions on xed square and HP cylinder 107
Figure 5.10 Hydrodynamic force on HP cylinder (Training data-Bnge 1) . 111
Figure 5.11 Hydrodynamic force on HP cylinder (Training data-Bnge 2) . 112
Figure 5.12 Hydrodynamic force on HP cylinder (Training data-Bnge 1) . 113
Figure A.1 Convergence of force on spar for dierent grid dengs. M
stands for millions ofcells . . . . ... .. ... ........ 137



Figure B.1

Figure B.2

Figure B.3

Figure B.4

Figure B.5

Figure B.6

Figure B.7

Figure B.8

Figure B.9

Figure C.1

Figure C.2

Figure C.3

Xi

Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 4:04 rad=s

................................... 139
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 3:72rad=s
................................... 140
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 3:47 rad=s
................................... 140
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 3:15rad=s
................................... 141
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 2:90 rad=s
................................... 141
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 2:65rad=s
................................... 142
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 2:34 rad=s
................................... 142
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillating at = 2:08 rad=s
................................... 143
Comparison between CFD and experimental results bfdro-
dynamic force values on WEC B oscillatingat = 1:77rad=s
................................... 143
NRMSE for HP cylinder oscillating atamp = 0:25 m for real-
izatonR1land Range 1 . ... ... ... .. ... ...... 145
NRMSE for HP cylinder oscillating atamp = 0:15 m for real-
izatonRland Range 1l . ... .. ............... 146

NRMSE for HP cylinder oscillating atamp = 0:15 m for real-
izationRland Range 2 . ... .. .. .. ........... 147



Xii

Figure C.4 NRMSE for HP cylinder oscillating atamp = 0:05 m for real-
izatonRland Range 1l . ... ... .............. 148
Figure C.5 NRMSE for xed HP cylinder for realizationR1 and Range 1 149



Xiii

ACKNOWLEDGEMENTS

A fellowship with supervisors is what nurture's an idea int@ treatise. | start with
an expression of gratitude toward Drs. Bradley J. Buckham an@urran Crawford. |
have always looked for wisdom in the aphorism and knowledgethe cogent disqui-
sition. Equally indelible is the involvement of Dr. Peter Obkai. The originality of
their ideas have inculcated maturity in the thesis and the idividual. | am also sin-
cerely appreciative for the insightful feedback providedybcommittee members Late
Dr. Martial Agueh and Dr. Richard Dewey.

Also, I would like to thank the Natural Sciences and EngineerqnResearch Council
of Canada (NSERC) and Mitacs for their nancial support and Conpute Canada for
the computational resources throughout this research.

| thank my friends and colleagues at the SSDL, WCWI, PRIMed andESVic. |
am thankful to Dr. llamparithi Thirumarai Chelvan and Ravi K rishna Chaitanya for
sharing your thoughts and challenging mine, to Helen Baileyxush Bubbar, Scott J
Beatty and Shahab Yeylaghi for the exciting discussions wed, to Juan P Ortiz and
Meysam Karimi for pushing me when required, to Premkumar Gawdappa for your
good stories and Prashant Pednekar and Archana Pednekar foaving an open ear
to my niggles.

Parents do owe a special mention for their indubitable befi@nd prayers. Your
love and wisdom has guided me through the tumult of life leadg to culmination of
this thesis. | am in-dept to my brother Ritwick Mishra, for upholding all these years
what should have been mypharma.

This thesis is a synopsis of an ardent a air; and the one who thiout any trep-
idation left the cocoon of homeland with me to see the greyeat well as the most
scintillating days has to be thanked with pious of words. Thaks to my lovely wife
Richa Mishra for everything. And thanks to my daughter V rttifor understanding
why Pitaji is at school when he should be at the park. Hopes and prayersathust
like the meaning of your name life will come full circle one ga

Gratitude and prayers toPit and Mat (Ancestors) andBrahman for providing
me every opportunity leading to this thesis.

Virag Mishra



Xiv

DEDICATION

To Late Shri Kishore Kumar Sharma



Chapter 1
Introduction

Wave Energy Converters (WECs) are mechanical devices that tv@st energy from
the surface of ocean by virtue of interaction between wavesdthe device itself. Wave
energy converters have yet to converge on a standard desigrdaperating principle,
and the di erent types are classi ed based external shapeperating principle, direc-
tion of motion etc. Point absorbers are devices that have small dimensions qoemned
to the wavelengths of incident waves and are activated by hyadynamic forces dis-
tributed over the WEC hull. To complete energy conversion, faes created by the
interaction of the wave and the hull must be transferred to a &wer Take O (PTO).
When the PTO is located between two oating bodies, it is calle a self-reacting sys-
tem and this category of WECs is called the Self Reacting Poidtbsorber (SRPA).
SPRAs exploit the dynamic and hydrodynamic properties of mang bodies to absorb
and convert ocean wave energy into useful forms. In this thes new technique is de-
veloped to predict the hydrodynamic forces on WECS, in typidaperating conditions
through numerical modelling.

Numerical modelling for wave energy conversion can be clasdiunder two cat-
egories based on the underlying assumptions namely, lineand nonlinear. Linear
models are based on the assumption of small waves, inviscrdlancompressible uid
and small body movements. In linear modelling, principle auperposition is also
applied. These simpli cations lead to errors which succeassly add up and evidently
render the model inaccurate. A mathematical model is req@d which could reduce
the errors associated with superposition of forces from dirent experiments and be
able to capture the important nonlinearities. The above ragirements suggest that
data driven meta-models (black box), or a combination of datand physics based
modelling (grey box) could be a good alternative. When theseadels are used the



complexity of the physical system of uid-body interactionis captured using limited

experiments and the data thus generated can be used to traihg model to operate
in various realizations of input conditions. The numericalechnique developed in this
thesis for hydrodynamic analysis of WECs is a combination ofth and physics based
model.

1.1 Background

Heave plates as shown in Figure 1.1 and Figure 1.2, have becomet&cal component
of many ocean structures and SRPAs design. Therefore inter@s the evaluation of
hydrodynamic behaviour of SRPAs with heave plates has incread (Cong and Teng,
2019). The primary purpose of a heave plate in o shore platfms is to mitigate the
heaving motion (Lake et al., 1999; Li et al., 2013). In pointlasorber wave energy con-
verters, heave plates are employed at depth below free-sag# as relatively stationary
bodies against which the Power Take O (PTO) can stroke (Bedy et al., 2013). It
is the uid inertia that reduces the response of heave plateotthe reaction force of
PTO. In the vicinity of the plate, due to large diameter to thickness ratio of the plate
and directional asymmetry, the ow eld is also asymmetricd rotational (vortical),
and transient under the action of irregular waves (Brown etlg 2017). It is due to
these uid phenomenona that the models of SRPA hydrodynamidsased on poten-
tial theory fail to accurately predict the hydrodynamic forces on these WECs (Beatty
et al., 2015).

Mathematical models are crucial, for example, for power pdoction assessment,
simulation of device motions and model-based control steqgies. Models based on
potential theory variegate in their degree of nonlinearityyet all su er from limitation
of fundamental assumptions of inviscid uid, irrotational ow, small waves, small
body motion and superposition. Fully nonlinear CFD models & able to describe the
full range of hydrodynamic e ects, but are computationallyvery expensive to assess
a physically down-scaled tank test situation, let alone a wiulation of a full scale
commercial operation (perhaps including multiple SRPAs in &rm arrangement).
For example, perform a simulation of WEC motion under realigt ocean conditions
in 3D space it would require a dedicated $50000 1M CPU cluster and that cluster
would be obsolete in 5 10 years. However, by developing a system identi cation
modelling technique the simulation and testing time can beeduced drastically and
the model prediction can be performed on a home computer. Bhimethedology



Figure 1.1: Schematics of the two WEC model con gurations angded in Chapter 2
| WEC A (left) features a bulbous tank and WEC B (right) features a large heave
plate. Both WECs have identical oat shapes, drafts, PTOs, ad instrumentation

systems. (From (Beatty et al., 2015))

Side

~
_~

Figure 1.2: The spar with heave plate uses the rotation of a Spg loaded spindle to
produce power. The labeled components are A) the extensiorrisgs, B) the spring
load cell, C) the heave plate tether load cell, D) the springpindle, E) The tether
load cell, and F) the rotary dashpot. (From Brown et al. (2017)



will provide a foundation for development of machine learng algorithms for online
application of PTO controls during operation of WEC.

In a problem which involves ow of uids, conservation of mas and momentum
across discritized domains provides accurate accounting energy dissipation. Dis-
cretization of uid domain into nite volumes to solve uid ow problems is known
as Finite Volume Method (FVM) based CFD, and is one of many populanumerical
modelling techniques. The accuracy of nite volume based CFinhodels are nega-
tively impacted by weaknesses in the techniques for meshitige interfaces of the
water, air and SRPA hulls. Most WECs involve relative motion letween compo-
nents. The challenges and expertise associated in maintaig the required quality of
mesh for successful application either results in excessisomputational overhead or
inaccurate solutions.

Other physics based numerical approaches like nonlineartpnotial theory models
or Smooth Particle Hydrodynamics (SPH) with characteristicbetween the CFD and
potential theory extremes are limited to simple geometrieg/hich do not represent
the diversity of WEC designs. Another limitation of SPH is the equirement of xed
number of water particles and enclosed simulation domaingnplying necessity of
large numerical tanks hence excessive computational resmei

Several modeling techniques including data driven technigs have been developed
in the past and can be classi ed based on accuracy and comptit@al speed. The
models whose structure is completely derived on rst-pringles understanding of the
system, even if some parameters are estimated from data ameolwn as white box
models. For example several parameters in turbulence mddej are tuned to case
speci ¢ data still Direct numerical simulation (DNS), Largeeddy simulation (LES),
Detached Eddy Simulation (DES), Reynolds Averaged Navier-8kes (RANS) along
with other formulations based on Navier-Stokes can be catagmed as white box
models. Black-box models map input and output behaviour of system without any
speci ¢ physics based insights being used to chapter the cmttions between those
inputs and outputs. Both the model structure and parametersire determined from
experimental modelling. Black box models might even open upe range of inputs
considered since they don't use physical principles to date what the relevant input-
output relationships are. While white-box models can supplyseful insights into the
various factors that in uence the behavior of a system, bl&ebox models can be more
straightforward to produce and sometimes provide a more agate model.

Grey box models do not follow a rst-principles approach, buare based on some



physical understanding. The shades of grey are determineg the extent of rst prin-
ciples understanding and dependency of data required (NealJe2001). The grey box
models for hydrodynamic applications can be based on potaittheory formulation
or nonlinear CFD. The models that solve the linear decompogin of hydrodynamic
problem into combination of radiation and di raction phenamenon (Cummins, 1962;
Falnes, 2007) and potential ow based models with varying dege of non linear-
ity, (Babarit et al., 2012; Babarit, 2015; Bhinder et al., 205) are examples of grey
box model. Morison's approach (Morison et al., 1950) of molllag viscous ow to
identify real world uid behaviour around cylinders can be tassi ed as white box
model, but the models developed by abstracting this idea toadel ow around other
geometries can be refereed as grey box models.

1.2 Categorization of hydrodynamic models

For WEC applications, several model structures have been egorized and analyzed
in literature (Giorgi et al., 2016b). A brief description ofthe classi cation relevant
for the selection of model structure developed in this thesis provided below.

Continuous/discrete time When the mathematical expression describing the sys-
tem assumes in nite number of points between any two time vaés the model
is a continuous time model. An advantage of CT models is that &y provide
a good insight into system understanding, because the modwerameters are
strongly related to the physical system properties. When derence equation
rather than a di erential equation is used to describe a sysin at discrete inter-
vals, the model is called discrete time model. In this thesReynolds Averaged
Navier-Stokes equations are used to generate the inputs féretmodel and the
data driven model that is developed are based on discrete #napproach. Dis-
crete time modelling uses signals only speci ed at the digte time instants
t = kTs, wherek is integer andT; is sampling period.

Causal/noncausal A system is causal if the output at current instant depends dwn
on the present and past input where as in a noncausal systemetioutput at
current instant depends on the future input (Falnes, 2007).

Linear/nonlinear input-output relationship If the constants of equation are re-
sponsible for describing a linear relationship between inpand output of the



mathematical model, it can be classi ed as linear. For exang a spring-mass
system with a constant spring coe cient shows a linear inpubutput relation-
ship between the restoring force and displacement, wherdhg drag coe cient
in viscous uid problems shows a quadratic relation betweevelocity and drag
force. (Refer Section 3.4.1 for more explanation on this ekl cation and its
application to this thesis).

Static/dynamic A model in which the output depends on the instantaneous vadu
of input rather than previous or future input values is a staic model. Where
as in a dynamic model the memory e ects are accounted by swaayp over the
past or future time instants. In other words, in dynamic modks current value
of an output can be dependent on the range of inputs seen ovepr@vious time
period as well as on the range of outputs seen over that sammé period. In
this thesis a dynamic model is considered over the simpligibf static model.

A mathematical model is required to model WECs with heave platdesigns, which
exploits accuracy of nonlinear CFD simulation but not its tadiness for industrial
application. The objective of this thesis is nd a balance teeen the physics based
modelling approaches (use of representative di erentialgeations) and data from
previous tests (used of parameter identi cation).

1.3 Objectives and contributions

The overall objective of this research is to develop a dataiden grey box modelling
approach suitable for model based performance assessmemnt simulation of heaving
SRPAs with heave plates. The developed modeling approach vaibe similarly
applicable to other wave-body interactions where signi aa viscous-driven separation
hydrodynamic phenomena are present. More speci ¢ objeatis are itemized as below.

1. Objective A data-driven mathematical model for accurate evaluation fohy-
drodynamic forces on SRPAs with heave plates is required tosteibe a broader
range of WECSs.

Contribution A framework for development of high- delity data-driven nu
merical models, that accurately estimate the hydrodynamitorces acting on a
SRPAs with heave plate is proposed in this thesis. A CFD based watank is
used to generate inputs for data-driven models. Performamof ve di erent



models including two proposed models based on the framewaie validated
with a SRPA design with heave plate. The integration of modetomponent to
model the uid hysteretic e ects into existing models, and ts application to
wave energy conversions are the novel contributions of thisesis.

2. Objective Establishing con dence in numerical methods for data genation
methodology is another objective of this thesis. To avoid thneed for physical
experimentation to provide the data sets on which the new datdriven approach
must be built, a technique for modeling SRPA heaving motiongn CFD is
implemented and results compared against data produced intplished physical
experiments.

Contribution A methodology for estimation of hydrodynamic forces is pre-
sented to validate the data generated by NWT. This methodologyncludes
viscosity which is neglected in potential theory calculatins. The NWT results
are validated for two SRPA designs using 3D geometries. Aftgalidation with
physical tank results for two di erent SPRAS, a solution mettodology is devel-
oped using NWT trials for the purpose of data generation for theata-driven
models.

3. Objective An objective of the thesis is to demonstrate a solution apprch
for transient simulation of a 3D body tted mesh, which wouldcapture the
dynamics of multibody WEC.

Contribution  The hydrodynamic analysis of WECSs is primarily dependent on
the ability to simulate its dynamic motion. As multiple WEC con gurations
utilize the concept of harnessing energy by relative motiohetween di erent
components, the challenge associated with designing a WEG,simulation of
multi-body motions using appropriate boundary conditionsand capturing the
interaction between these bodies. Though recent developmién overset mesh
motion can be an expensive alternative, a methodology is adoped in this work
for heaving multibody motion by simulating relative motionbetween oat and
spar for two SRPAs.

1.4 Organization of thesis

This section provides a map of the dissertation. Each chaptes provided with a ded-
icated literature review, as the nature of the subjects of #hchapters is substantially



di erent. The thesis is sketched out in the following chaptes:

Chapter 1 contains a statement of the key contributions which will be ved by
this dissertation followed by an overview of the structurefadhe document itself.

Chapter 2 contains the literature review, details of governing equains and design
of Numerical Wave Tank (NWT) experiments. The hydrodynamic fotes were
calculated using CFD tank experiments in classical framewar The perfor-
mance of the SRPA designs, xed and constrained to heave marti in regular
waves are compared. This chapter also provides justi catioon the requirement
of data driven models.

Chapter 3 contains introduction, literature review on data driven maels. Along
with the detailed description of models used in this thesisd the identi cation
and parameter estimation process for various models.

Chapter 4 contains details related to the NWT trials involved in the datagen-
eration and discussion on the results, which reiterates omé required model
architecture.

Chapter 5 demonstrates the implementation of modelling framework tasing four
di erent cases of xed and oscillating SPAR designs with heavplate and one
case of xed square cylinder. Results of training and validen simulations
for various cases of WECs in irregular sea is discussed and grexformance of
various data-driven models are compared.

Chapter 6 The thesis is concluded in Chapter 6 with summary and discues on
the contributions as well as recommendation on future work.

Appendices provide details of the physical and numerical models usedhi@supple-
mentary information referred to in the main text.



Chapter 2

Hydrodynamic modelling of wave
energy converters

In this chapter a review of physics driven modelling techniees classi ed as white box
model in Chapter 1 is presented along with a review on varioM§EC and Numerical
Wave Tank (NWT) designs. Two WECs which are distinct geometriddy, and hence
are expected to have a characteristically di erent power ewersion are analyzed under
di erent sets of conditions. One of the design features a dubus tank and other
features a large heave plate attached to the bottom of spar.h€ WECSs are subjected
to monochromatic waves, or oscillated with controlled heavmotion. The objective of
these experiments are to develop con dence on CFD generatesbults by comparing
them with physical tank experimental results, before CFD cabe used to generated
data for data-driven models.

2.1 Background

Physics based modelling for wave energy conversion, can kredaly classi ed un-
der two categories based on the underlying assumptions; nalyinviscid and viscid
modelling. Inviscid modelling can be further sub divided ifinear and nonlinear mod-
elling. It is extremely di cult to devise a generalized modding approach, therefore
this section tries to assimilate the diverse concepts into f@w di erent groups and
presents a review of existing models.
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2.1.1 Wave Energy Converters

In the current section, the WEC design used in this chapter hdseen discussed and
an attempt has been made to classify some of the WEC designs lgmad in literature
along with a brief discussion on the modelling techniques e

SRPAs, which are the WECs used for numerical analysis in this é¢isis, have been
analysed numerically and also in a physical tank (Beatty etla 2013, 2015, 2019).
SRPAs typically employ a buoyant, surface piercing body refed to as the oat which
reacts against a second surface piercing body referred to the reacting body, to
generate mechanical energy. The WEC device in the current dpsis is axisymetric,
SRPAs primarily operating in heave mode as shown in Figure 1.1t has a torus
sliding along a vertical oat and a hydraulic Power Take O (PTO) system is driven
by relative motion between the two bodies. Since this systedoes not need to react
against the seabed, it can be installed in deep water. The kdyerence between these
strategies is the shape of the reacting body. The rst, denett WEC A, is modeled
after a WaveBob—{WaveBob Ltd., Ireland) device, featuring a positively bugant oat
and a streamlined reacting body with an integral water ballst tank. The second,
denoted WEC B, is modeled after a PowerBuoy (Ocean Power Tedatlngies Inc, USA)
device, featuring the same oat as WEC A, but with a reacting bog that has tted
with a large diameter heave plate. A 1 : 25 scale model of a point absorber oating
point WEC has been studied experimentally and numerical (Bés et al., 2013, 2015)
and the same models are studies in this chapter.

Heave plates are a critical component of many ocean structsrand WECs. There-
fore interest in the evaluation of their hydrodynamic behawour has increased (Cong
and Teng, 2019). The primary purpose of heave plate in o shermlatforms is to mit-
igate the heaving motion (Lake et al., 1999; Li et al., 2013)n point absorber wave
energy converters, heave plates are employed at depth beliwee-surface as relatively
stationary bodies against which the Power Take O (PTO) can soke (Beatty et al.,
2013). It is the inertia that reduces the response of heaveap to the reaction force
of PTO. Due to large diameter to thickness ratio of the platead directional asymme-
try, the ow eld is also asymmetrical, rotational (vortical), and transient under the
action of irregular waves (Brown et al., 2017). It is due to tese uid phenomenona
that the mathematical models based on potential theory fatlb accurately predict the
hydrodynamic forces on these WECs (Beatty et al., 2015).

In published studies on these WECSs, it was concluded that pareetrically excited



11

motions must be considered in more than one degree of freedddelf-reacting devices,
where coupling between di erent modes is important, are hidy sensitive to the

nonlinear coupling of heave, roll or pitch. It is clearly demnstrated in Tarrant

and Meskell (2016) that the nonlinear heave, roll and pitchaupling occurs at large
motion amplitudes and that the partially linear potential model is able to predict
the parametric resonance, validating the model against eggmental tests in a wave
tank.

A set of power performance measures were estimated and theam@ower absorp-
tion of eight WEC with di erent working principles were compaed and a cost based
analysis of WECs was done in Babarit et al. (2012). A similarassi cation, but based
on capture width ratio was presented by the same author in Balit (2015). Falcao
(2010) suggests classifying WECs in three di erent groups bad on oscillating ow
eld, oscillating body and over-topping. Based on the motio characteristics Penalba
et al. (2017a) classi ed WECs into four di erent categoriesviz. oscillating wave
converters, heaving point absorbers, oscillating pitch ogerters and oscillating surge
converters. The WECSs discussed in this thesis can be placedtie heaving point
absorbers category.

Experimental analysis of the laboratory scaled model of th&/avestar which is
a heaving WEC is done in Hansen et al. (2013). Wavestar is a sesabmerged
hemispherical shaped WEC, oscillating around a pivot pointThe limitations of using
linear uid structure assumption in analyzing this hull shge is shown in Zurkinden
et al. (2014). The coupling of ocean structures can be de negither as one-way
coupling or two-way coupling. A one-way coupling is when thew- eld is in uenced
by changing boundary shape, as in prede ned rigid body motio A more complicated
case is a two way coupling like in ocean WEC, where the uid foes e ect the motion,
as well as the radiation and diraction due to the presence dahe body alters the
ow eld. The importance of moorings have been identi ed by sveral authors like
(Johanning et al., 2007) and (Fitzgerald, 2009). (Fitzgeraldral Bergdahl, 2008) and
(Garrett, 2005) mention that the design of moorings should éintegrated with the
dynamic analysis of WECs. The importance of moonpool regionom wave energy
production perspective has been highlighted in (Liu et al2020). Moonpool is the
annular space in-between the spar and the oat walls. It wasoocluded that compared
with the single buoy and moonpool buoy, the moonpool can eniize the wave energy
conversion in the frequency of :X{2:5 rad=s. When the wave period is short, the
moonpool hinderd the motion of the cylinder buoy.
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2.1.2 Potential ow (inviscid) approaches

Traditionally, the numerical analysis of ocean waves for gimeering application have
been based on the Stokes theory (Stokes, 1847), which asssismaall amplitude waves,
irrotational and invicid ows . This strategy helps in solving the problem using lin-
ear decomposition and the excitation and frequency resp@nsf the device can be
constructed from the discrete frequency components. Seakemodels for analysis
of WECs are based on Cummins equation (Cummins, 1962). Cumrsiequation is
used to evaluate uid-body force corresponding to incidentdi racted and radiated
waves in time domain. Frequency dependent addedmass and diag cients which
are functions of single state variable (acceleration and leeity respectively) are used
in mathematical models based on Cummins equation. Hence thdg not take into
account the e ect of coupling between di erent state variakes in realistic eld con-
ditions. However theories which were developed a couple ohitgies ago helped
in our understanding of the water wave mechanics and lead thé development of
more relevant linear and non-linear theories as Boussineggpe (Madsen, 1998) or
statistical (Booij et al., 1999) modelling.

With a rise in the demand of oil and discovery of oil basins in @&p oceans, the
focus of ocean research in the 20century shifted to investigate the interaction of
xed and oating structures and thereafter design of oceantructures (Folley et al.,
2004). Models based on potential ow theory integrate the mssure over the hull
inorder to determine hydrodynamic forces, but because ofviicid approximation it
neglects the force due to form drag. Morison et al. (1950) grosed the idea of adding
the drag force calculated using the drag coe cient into thedrce equation. Potential
ow theory and the Morison's Equation which were the state ofart are limited to
simple geometries. These theories either employ the knowesults from ow around
a vertical and horizontal cylinders or other exact techniges (Lewin, 1963; Mei, 1966).

With the use of computers direct calculation of transient prblems using Green's
functions (Shaw, 1975) and hybrid element method (Mei, 19y 8&r arbitrary geome-
tries in simple harmonic waves became practical. Evans (®7derived a general
theory for the e ciency of wave absorption for a long cylinde of arbitrary cross-
section oscillating in single or dual modes and later vericeit experimentally in Evans
et al. (1979). The same idea was extended to, two independgnbscillating bodies
in Srokosz and Evans (1979). In all the references presentdzbve ana priori knowl-
edge of added mass and damping coe cients for the body as a fiiron of wave
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frequency and amplitude was required in order to compute thesponse of the body.

These hydrodynamic coe cents have to be determined eitherybexperimental
measurment (Morison et al., 1950; Keulegan and Lloyd., 195Barpkaya and Isaacson,
1981) or other numerical techniquies. Experimental detenmation of these coe cients
is thus possible only for wave conditions reproducible in aawe tank. In order to
numerically determine the hydrodynamic coe cients, Landveber and Macagno (1967)
proposed to use a conformal mapping technique, which was isad and extended
in Ramos and Guedes Soares (1997). The Frank Close t appro¢hrank, 1967)
which is based on Green's function formulation has been wigaused, even though
it was found to calculate unreasonably high values of coe ents for some irregular
frequencies. Even in recent times, coe cients are calculedl using potential ow
solvers and then used in time domain equations of motion (Baet al., 2013, 2015).
Brown et al. (2017) calculated instantaneous values of thesoe cients by utilizing
least squares over the entire signal generated from expeemntal analysis of a WEC
with damper plate. The details of the WEC used by Brown et al. (@17) for analysis
is shown in Figure 1.2.

2.1.3 Augmented potential ow approaches

The time or frequency domain solution obtained with the assaoption of small am-
plitude fails to represent complexities associated with o the turbulent sea state
and the response of the device to the ow eld. The non-lineadependence of heave
forces on velocity for various Keulegan-CarpenteKC ) numbers was studied by Tao
et al. (2000), who calculated the viscous damping forces dmet Tension Leg Platform
(TLP) column experiencing springing vibration. Evans et al(1979) developed rela-
tions between these hydrodynamic coe cients for two bodiebased on the results of
single body by Newman (1976). Bon glio et al. (2011) perfornaeprescribed harmonic
oscillation experiments on a oating body to determine the ydrodynamic radiation
coe cients of the body at numerous frequencies using a visgs solver. The coe -
cients are determined using velocity potential methods, @nwvere compared with CFD
determined values in a similar test setup. Potential solverwith viscous or nonlinear
corrections for application in WEC analysis, have either uslesimpli ed geometries
or simpli ed experiments (monochromatic wave eld and sinlg DOF motion) as pre-
viously mentioned in order to calculate parametric coe ciats (Bhinder et al., 2015;
Malenica et al., 1999; Bai et al., 2014; Penalba et al., 207 he time domain numer-
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ical model used in Beatty et al. (2013, 2015) was based on patial theory which used
drag coe cients from experimental results and added mass dndamping coe cients
derived from Boundary Element Method (BEM). The e ect of vigosity on the heave
added mass and damping coe cients for four cylinders with derent bottom shapes
using Free-Surface Random-Vortex Method (FSRVM) has been dguented in Yeung
and Jiang (2011). As shown in Figure 2.1, the bottom shapes aret €BS), semi cir-
cular (SC), triangular (TC) and reversed-curvature (RC) whch represented range of
shapes from blu to streamlined. The authors studied the e et of draft and bottom
shape on the hydrodynamic coe cients. It was reported that mcreasing the draft
increases its Response Amplitude Operator (RAO) and added s®gbut decreased its
damping. It was also found that the damping largely increasewith introduction of
viscosity whereas added mass increases at lower frequendiet decreases at higher
frequencies for all the bodies.

BS SC i i & RC

ilKd

Figure 2.1: Schematics of four spar hulls analyzed by Yeung caiang (2011).
The bottom shapes are at (BS), semi circular (SC), triangur (TC) and reversed-
curvature (RC). (From Yeung and Jiang (2011))

The simulation results of moored oating system was revieweand validated
with the tank test data of a moored horizontal cylinder subjeted to monochromatic,
bichromatic and pan chromatic waves in Roy et al. (2015). A niieodology is proposed
which introduces a non-linear hydro-static restoring monm in the WEC numerical
model in Zurkinden et al. (2014)
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2.1.4 Computational uid dynamics

The solution obtained using models which assume small antplle waves and/or
small oscillation of WEC in irrotational and invicid ow, fails to represent complex-
ities associated with both the turbulent sea state and the sponse of the device to
the ow eld. CFD simulations with realistic transient panchromatic input condi-
tions are inclusive of all the uid-body forces, and capablef including the nonlinear
e ects. CFD simulations capture all the complexity in the uid domain with added
computational cost. The reason for such computational coss the ability of CFD
models to predict velocity and pressure uids at any point irthe spacial or temporal
domain. Such an extensive knowledge is very useful in waveergy production con-
text as the nal objective of CFD analysis for WEC design is caldation of the total
force applied by the uid on the body and the uid-body interaction. Thus the body
of CFD work in the literature can be broken down into generatio and propagation
of waves and uid-WEC interactions.

CFD modelling of propagating monochromatic water waves oversubmerged bar
has been done by Morgan et al. (2011) in the open-source CFDréby OpenFOAM
(Weller et al., 1998). The problem of absorption of re ected aves from the out-
let boundary was addressed by Jacobsen et al. (2012) where #ngthors extended
OpenFOAM to include a generic wave generation and absorptiamethod. Newly
developed boundary conditions for wave generation and alpgtion using a piston
type wave maker and active wave absorption was discussed irghiera et al. (2013a).
A companion paper (Higuera et al., 2013b) by the same authorssdusses specic
cases applied to coastal engineering by solving two phaseefrsurface problems in a
3D domain. Under operating conditions a WEC is subject to di eent wave envi-
ronments and the above papers provide an insight to boundagonditions used and
their speci cation using OpenFOAM. Propagation and breakig of regular waves was
modelled by Chenari et al. (2015). Extreme wave events were/estigated by Vyzikas
et al. (2013) by modelling a focused wave event, in an expeamtal wave tank and in
an OpenFOAM Numerical Wave Tank (NWT). In a transient simulation good agree-
ment between the two results were found initially, until unvanted wave re ections
contaminated the experimental wave tank results. The waveerection can be con-
trolled by various active and passive methods (Windt et al., @9). This highlights
one of the advantages of the NWT approach for wave energy expeents.

Agamloh et al. (2008) used a 3D numerical ume to perform coupd uid-
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structure interaction simulation of a wave energy device inrder to asses power out-
put. The technique was also expanded to evaluate the interé@nce between two buoys.
By performing forced oscillation on simple 2D circular andectangular cylinders using
OpenFOAM, Bon glio et al. (2011) were able to measure the hyaiddynamic forces on
the body during radiation experiments and compare their vaks to those predicted by
boundary element solvers. The above mentioned approach wapeated by Garrido-

Mendoza et al. (2013) and Guedes and Santos (2014) to detemmithe added mass
and radiation resistance coe cients of a oating body at digrete frequencies.

A two-dimensional OpenFOAM numerical wave tank was used to sirate non-
linear wave-body interactions between monochromatic waveand a stationary sur-
face piercing body in water of nite depth, with at and sloping bottoms in Li and
Lin (2010). A good agreement with experimental and numeritaesults of other re-
searchers was found. This study was later extended by Li andnL(2012) to include
irregular waves and varying water depth. Chen et al. (2014)aessed how OpenFOAM
performs when applied to non-linear wave interactions witle shore structures for a
range of wave conditions.

Anbarsooz et al. (2014a) studied the behaviour of a submergeunicular cylinder
WEC subjected to highly nonlinear incident waves in a viscousumerical wave tank
developed based on Navier-Stokes equation. In Anbarsooz et @014b) a fast c-
titious domain method to model a submerged wave energy cones subjected to
nonlinear waves. In this method the solid objects in the donraare identi ed using a
scalar parameter, and the momentum and continuity equatiaare solved in the entire
domain including the solid object. The methedology presead in this work reduces
the complexity of grid generation close to a solid object, apt from the uid-solid
two phase interaction. It was shown that the maximum e cieny of WEC occurs at
larger damping coe cients and as the wave height increasesmoves towards lower
lower spring constants relative to calculations done fromnlear theory. The authors
limited the applications of the described method to non-tibulent ow regimes and
low amplitude steep waves. The details of wave generationcteniques for both the
above mentioned analysis are provided in Anbarsooz et al. (). The authors have
used a piston type and a ap type wave-makers in intermediatand deep waters.
It was found that for large wave steepness, the numerical arekperimental wave
heights are slightly lower than the analytical values. Thedution was obtained using
a control volume approach in conjunction with the fast- cttious-domain-method for
treating the solid objects. It was found that the wave-bodynteraction could not
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be accurately predicted when turbulence dominated. Sevérather studies can be
found in literature which attempted to include the non-lin@r viscous damping forces
by directly solving Navier-Stokes equations (Tao et al., 200 Agamloh et al., 2008;
Afshar, 2010; Yeung and Jiang, 2011; Palm et al., 2013).

An exciting area of research is the simulation of Fluid Structe Interaction (FSI)
in multiphase ows. A notable application in this topic areais the interaction of waves
with ocean structures. Development in the numerical modatly of wave energy FSI
can be attributed to the learnings in the eld of naval hydrognamics. The VOF
technique of Hirt and Nichols (1981) and the immersed boundarfgrmulation were
combined in (Weymouth et al., 2006; Weymouth, 2008) to simate ship hydrody-
namics with overall rst-order accuracy. Shen and Chan (2@&) similarly applied the
combined VOF and immersed boundary approach in several 2Dseastudies, includ-
ing wave propagation over a submerged structure and wave geation by a moving
bed. Paik (2010) incorporated the level set method (Osher drSethian, 1988) into
CFDShip-lowa, a computational ship code developed at the Uravsity of lowa based
on RANS models. Sanders et al. (2011) conducted preliminary merical study on
the rigid-body motion in 2D incompressible two-phase owsalso by incorporating
the level set formulation for the free surface representati. Thus some of the the
capabilities in FSI that were particularly relevant to wave @ergy application are inter-
action of free surface ows with structures, dynamic mesh@) green water, structural
deformation etc.

In the context of two-body heaving SRPAs the simulation of i in the moon-
pool region is particularly challenging. Such FSI problemsgse signi cant challenges
to current numerical methods, as both the uid- uid interface and uid-solid interface
must be accurately computed to faithfully represent the imprtant physics involved.
Though recent development in overset meshing adds severapabilities in simulation
of heaving motion of two closely placed annulus geometrie&s of time of this research,
it is believed that all the overset capabilities were at inflacy when this work started
and to this date these capabilities are only available commeally and are not present
in the open source domain. Thus, few works have been condutstong this direction
in ocean energy domain, and even fewer have considered thalistic interactions
involving all the important aspects: uid motion, structure movement and multiphase
free-surface ow.
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2.2 Numerical wave tanks

NWTs are a set of boundary conditions that can be applied to pates which replicate
physical boundaries in physical wave tanks. This boundaryoaditions are used to
perform wave generation or absorption and assign values afid parameters (veloc-
ity, pressure, viscosity, turbulence properties, uid tyg etc) to nite volume cells.
NWTs have been used for many years in ocean engineering to azalyuid structure
interaction. Numerical tanks not only provide an alternatie to the expensive phys-
ical tank experiments but also give the exibility of desiging an experiment. Thus,
it is important that the numerical tank uses high delity numerical models. The
numerical tank in this study is based on the open-source CFDftgare OpenFOAM.
OpenFOAM uses a nite-volume discretization technique thatrequire a computa-
tional mesh which divides the spatial domain into discrete nite domains known as
control volumes. The governing equations are solved for éaaite control volume
in the mesh, and the variables like velocity and pressure aselved and computed at
the nodes and face centres respectively for a staggered gis#ctions 2.2.1-2.2.6 pro-
vides a background on the fundamentals of NWT utilized in thistiesis and has been
divided into several parts which brie y touch upon the goveming equations of uid
ow, solid body motion, relaxation zone, volume of uid, arbtrary mesh interface
and various discretization schemes used.

Some of the important advantages of using a numerical waventafor analysis are
as below.

" Re ections from “tank' walls can be e ectively controlled
Can test the device at full scale, eliminating scaling e est

Free response tests can be implemented

The device can be constrained to di erent modes of motion wibut requiring
mechanical restraints, which can add friction and alter thelevice dynamics

Hydrodynamic force measurement.
Specialist equipment, including a prototype WEC device, isat required

However, NWTs are not without drawbacks. Some of the disadvargas are item-
ized as below.
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" The chief disadvantage, over a conventional wave tank, isahexcessively long
time to perform the numerical computation. Thus it is a key p& of any NWT
assessment. The computational requirements can be qua®d by the run time,
t;, normalised by the simulated time s , and the normalised for run time per
cell. The normalised for run time for most of the state of soér were found to
be in the range 250 300 as published in Windt et al. (2019).

NWTs can take considerable experience to use well, in partiemlsetting up a
spatial mesh, which o ers a reasonable compromise betweamgutation time
and accuracy.

The pressure peaks, due to the impact between waves and the WECcur over
short time scales; therefore, it is necessary to utilise sthime steps, in order
to accurately describe the pressure peaks, which increasies simulation time.

2.2.1 Governing equations

The Reynolds Averaged Navier-Stokes (RANS) equations are tinageraged equations
of motion for uid ow. These equations are derived by time aeraging of the Navier-
Stokes equations. For an unsteady, incompressible, turbote ow the continuity
equation Eq. (2.1) and the momentum equations Eq. (2.2) are:
@i
@x
@i . @u Ug)i Uy
@t @x

= 0 (2.1)

@p, @ , @U
@x @x @%x

= 0 (2.2)
where is uid density, x; (i =1;2; 3) representx; y and z directions respectivelyt is
time, g (i = 1;2;3) are the body force intensities irx;y and z directions respectively,
pis pressure, U Uy); (i =1;2;3) is the resultant velocity components irx;y and z
directions respectively when the grid points have a veloyitJ, in that direction, U;
(i =1;2;3) are the mean velocity components ir; y and z directions respectively and
is dynamic viscosity of the uid. In the above j; = T‘uf’ represents the Reynolds
stress components and? (i = 1;2;3) are the components of uctuating velocity in
X;y and z directions respectively. These equations cannot be solvddectly as they
no longer constitute a closed set and require additional egions in the form of turbu-
lence models. In this study the realizabl&-" model (Shih et al., 1995) for turbulence
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has been used. The aim of any turbulence model is to expresg tReynolds stress
in terms of known or calculable quantities. In Cartesian cadinates the components
of the viscous stress tensor which represents additional mentum transfer due to
turbulent uctuations are de ned based on the Boussinesq @y viscosity hypothesis
as:

2
i = §,k i T 1S (2.3)
@, & @
! @x @x (&4)
In the above j is Kronecker delta (= 1 wheni = j, otherwise 0), k is the ki-

netic energy,  is the turbulent viscosity and S; is the mean strain rate. As the
Reynolds stresses are not known, appropriate turbulence dels (realizablek-" in

current study) are introduced for calculating these stregs and their interaction with
the mean ow variables. These models are called closure mtde The additional

viscosity due to turbulence of ow known as the turbulent visosity ; is given by:

k2
t — C - (25)
whereC is calculated as follows for realizablk-" model:
1
C = 2.6
Ao+ AkU =" (2.6)

Ao is a model constant (= 40), where as the parameteAq is a function. Readers
are directed to (Shih et al., 1995) for further curiosity on radel parameters used in
realizablek-" turbulence models.

2.2.2 Turbulence modelling

In this study the realizablek-" model (Shih et al., 1995) for turbulence has been used.
This turbulence model belongs to the family of 2-equation €g viscosity models and
involves two transport equations, one for the kinetic eneyg(k) and other for the
dissipation rate of the kinetic energy (). The transport equations fork and " are:
@k @KY) _ oY ., @ @k

+ — —+

@t @x U @ @x & @x 1)
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@' @Wu) " @V 2@ @"
—+ =Ciy- UWUWW—= Cip —+ — + =
@t  @x 'k "T@x T* k@ @x
whereC.q; C.,; are constants,  and - are the turbulent Prandtl numbers fork and

" respectively. The values of the constants for realizable" turbulence model are as

follows: C.;y =144, C»,=1:9;, (=1; .=1:2.

(2.8)

2.2.3 \Volume of uid

The multi-phase problem is addressed using the volume of diformulation, where an
additional parameter known as the volume fraction () is used to represent the phase
of the uid in the nite volume cells. The free surface is traked as = 0 represents
the pure air phase while = 1 represents pure water phase and the interface is
represented by the intermediate values. The properties of the uid are computed
based on the volume fraction of the cell:

= wt( ) a (2.9)

where is any uid property like density ( ) and viscosity ( ); while index w and a
indicate water and air respectively. The di usive propertyof the VoF method at the
wave interface is suppressed by introducing an arti cial copression term into the
transport equation for the volume fraction as mentioned inRusche, 2002).

@, . . . _ ,

@t re((U Upd)+r:( @ )HY)=0 (2.10)

Eq. (2.10) is the transport equation for the volume fraction where U; is the

velocity eld suitable to compress the interface. The articial compression term has
an e ect only at the interface region (Hemida, H., 2008).

2.2.4 Relaxation zone

The relaxation zones are implemented to avoid re ection of was from the far eld
boundaries. The free surface is displaced from equilibriudue to generation of waves
caused either by the heaving motion of the spar or its re eain from the oat. The
deformation of the free surface may propagate to the boundes of the numerical
tank and in turn be re ected to contaminate the near eld of the WEC. The present
relaxation technique was implemented in Jacobsen et al. (Z)land is based on Mayer
et al. (1998).
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A relaxation function ( r) is calculated using Eq. 2.11 inside the relaxation zone

exp( &> 1)

r( R)=1 exp(l) 1

(2.11)
The value of g in the above equation should be between 0 and 1. The terny is
de ned such that r should be 1 at the interface of relaxed and unrelaxed zone. &h
value of uid velocity (U) or volume fraction ( ), can be found out by substituting
the value of g in the Egs. 2.12 and 2.13 below,

U= gUc+(l Rr)Ut (2.12)
= rRct(@ Rt (2.13)

where indexc and t indicate computed and target values respectively.

2.2.5 Arbitrary mesh interface

In the current work, two di erent nite volume domains surrounding the spar and
the oat have been considered. The governing equations foorttinuity, momentum,
turbulence and rigid body motion are solved separately foraeh domain. The ex-
change of values of uid properties takes place across theteuboundary of the inner
domain and the inner boundary of outer domain using a conseatiwve interpolation
method by local Galerkin projection proposed in Farrell and/laddison (2011). This
technique has been implemented in OpenFOAM and is known as anbirary Mesh
Interface (AMI). It enables simulation across disconnecteddjacent, mesh domains;
where each face accepts contributions from partially ovegpping faces of the neigh-
bour patch. AMI weights de ne the contribution as a fraction d the intersecting
areas. For each face, the sum of the weights should equal 1. n€ervation errors
are introduced as the sum of weights deviates from 1 where thatch geometries are
not well matched. Though these errors are localized and dotrmause the method to
fail, users can specify a lower limit to the sum of weights. Whethe sum of weights
goes below this limit, the interpolation across the AMI boundry cells stops and a
Dirichlet boundary condition is imposed to particular patt faces.

The grid for the oat and spar have been generated separatelyet care has been
taken that the inner most extent of domain containing the od matches exactly
with the outer most extent of the domain containing the sparInitially the spar and
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p Float

(a) View of the complete extent of mesh in(b) View of the mesh close to oat in the
the outer domain (Front view) outer domain (Top view)

(c) View of the mesh in the inner domain (d) View of the mesh in the inner domain
(Front view) (Bottom view)

Figure 2.2: 2D plane visualization of the structure of mesh ithe outer and inner
domain close to oat and spar of WEC A.
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oat are placed at the centre of their respective CFD domainsThus when both the
domains are combined the central axis of the combined domanoincides with the
central axis of each individual domain. The outer domain ishewn in Figure 2.2a
and Figure 2.2b and the inner domain in Figure 2.2c and Figure 212 Perfectly
overlapping boundaries at the mesh interface throughout ghsimulation would imply
consistent spatial distribution of uid properties, but it can be seen from Figure 2.2c
that the interface close to the upper conical section of the WE is also conical.
Thus, with the current dynamic mesh algorithm maintaining @erlapping interfaces
throughout the simulation at the upper conical section is rigpossible. This is treated
as a limitation in the current study and may be addressed in gnfuture work.

2.2.6 Discretization schemes

The governing equations are solved at the center of the celfsa nite volume do-
main discretized into structured hexahedral cells. The disetisation scheme used for
the Laplacian and gradient terms ag :( r U) is Gaussian integration (here after
referred as Gauss) with linear interpolation of values froroell centres to face centres,
and the interpolation scheme for the di usion coe cient ( ) is linear (central di er-
encing) with explicit surface normal gradient scheme whicimcludes non-orthogonal
correction. For the divergence terms the discretisation seme used is Gauss and the
interpolation schemes for velocity ), turbulent kinetic energy (k) and dissipation
of kinetic energy (') is rst/second order, bounded. A rst order, bounded implicit
scheme is used for the rst time derivative. The algorithm usd for the resolution
of the governing Equations 2.1 and 2.2 is based on the PIMPLEathod which is a
combination of the algorithms SIMPLE (Semi-Implicit Methad for Pressure Linked
Equations) and PISO (Pressure Implicit with Splitting of Operator). The SIMPLE
algorithm (Patankar, 1980; Versteeg and Malalasekera, 2ZD0is used to solve steady-
state problems with emphasis on the treatment of the non-lear e ects of the velocity
rather than the precise determination of the pressure eldEach iteration is assumed
to be a pseudo time step. Stability is assured and convergens improved by under-
relaxation of uid properties. The PISO algorithm (Marquez 2013; Issa, 1986), is
suitable for solving the velocity-pressure coupling for eh time step in a transient
simulations. The non-linear e ects of the velocity are redeed by setting small time
steps characterized by Courant numbers (Courant et al., 195 below 1.
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2.3 Validation of NWT in di raction and radiation
framework

The objective of CFD simulation in the classical framework aodi raction and radia-
tion is to establish con dence in the quality of the numerichwave tank results. Data
generated by NWT will be used for the data-driven models desbed in Chapter 3.
The experiment design for data generation is discussed in &fjter 4. In these ex-
periments the oscillating WECs are subjected to panchromatiwave inputs. In this
chapter, results from a simpli ed setup of NWT is validated. The simpli ed experi-
ments in NWT consists of di raction and radiation. The resultsare validated against
the experimental and numerical results in Beatty et al. (208). In the published
results, the Boundary Element Method (BEM) code WAMIT was use to calculate
the nondimensionalized parameter, and two sets of physidank experiments were
performed. These experimets will be referred as di ractioaxperiment and radiation
experiment. In the diraction experiment, direct measurenments were taken of the
wave forces on the WEC bodies while held xed in regular wavesn the radiation
experiment, forced oscillation of spar induces WEC body mains in a quiescent tank.
The hydrodynamic force on the components of WEC is recorded eavthe duration
of experiment. Though the performance of BEM model was valited against dif-
ferent physical tank experiment conditions, it failed to snhulate the complex ow
phenomenon in the moon-pool region between the oat and spaf numerical moon-
pool lid was introduced at the water surface in the annular gabetween the oat
and reacting body. The moon pool lid mitigates erroneous BEMumerical solutions
such as negative added mass and unrealistically high rad@mt damping in the uid
domain arising from resonant oscillations.

The methodology to simulate oscillating motion between twannulus geometries
discussed in Section 2.2.5 is used to address this issue ainitibve one of the major
contribution from the current thesis as mentioned in Sectio1.3. The Finite Volume
Method (FVM) code OpenFOAM is used to for comparison with expemental and
WAMIT results. The nite volume mesh is shown in Figure 2.2, Figue 2.3 and Fig-
ure 2.4. The water depth in all the cases is:@m. The spatial domain is assumed
to have nite and in nite size (i.e. tank wall e ects were nedected) for FVM and
BEM calculations. A two-body analysis of each WEC con guratn was performed
in OpenFOAM, so that the hydrodynamic e ects of oat and reacing body were
included in the presence of the other body. But the e ect of at was not considered
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in BEM and physical tank experiments.

2.3.1 Domain and grid details

Two di erent meshes were used to perform di raction and radition tests. The di rac-
tion tests involves generation and absorption of waves a, dhefore a cuboid shaped
domain is used where as wave are not generated in radiatiorstteherefore a cylin-
drical domain is used. The acceptable distance between thellccentroid and wall
adjacent cells is usually measured in the wall unif* as, and is given by the formula
y* = l;u= whereu = “w= Is the friction velocity and , is the wall shear
stress. For the wall law to be applicable, the grid size shaube adjusted such that
30 y* 300, and the wall adjacent cells are not placed in the bu er {er of y*
=5 30. An excessively ne mesh has been avoided near the body aoe when
standard and nonlineark-" turbulence models are used.

The veri cation study of determining grid resolution and daonain dimensions are
presented in Appendix A. The grid resolution close to the freegface are based on the
Appendix A. A separate veri cation study for 3D tank is descriled in Section A.3.

2.23m

13 m 15m
(a) Mesh for WEC A in xy plane

223 m

(b) Mesh for WEC B in yz plane

Figure 2.3: 2D plane view of a 3D mesh and domain for di ractiotest

Di raction tests

The domain dimensions and the associated structured mestoand the WEC is shown
in Figure 2.3. For this test the spar is placed at 15 from inlet and 13m from outlet,
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because wave modelling requires larger distance from inl@bd outlet boundaries
to allow wave generation and absorption. A generation zonen@ absorption zone
is placed close to the inlet and outlet respectively accordj to the discussion in
Section 2.2.4. Figure 2.3a shows the domain dimensionsxin plane when WEC A is
in the NWT. Whereas, Figure 2.3b shows the mesh around WEC B yr plane. In
all the tests, numerical tank is 223 m deep and 44 m and the total number of nite

volume cells in the domain were around 4 million.

Radiation tests

The outer and inner computational domain is contained im 2 [0:176 5:5] m and
r 2 [0:0;0:176]m respectively in the radial direction and the extent in the amnuthal
direction for both the domainsisz 2 [ 3:21,2:79]m. The draftis z=1:4 m.

The structured hexahedral mesh extends to both the domainach that continuity
of node points and gradient is maintained in the same domaimd also across the
AMI boundary. A narrow band of highly resolved mesh can be seanthe location of
free surface to maintain a sharp air-water interface and sppess the di usive nature
of the VoF technique. It can bee seen from Figure 2.4 that whenheaving motion is
imposed between the domains, the outer boundary of the inndomain also oscillates
at the same frequency and amplitude as the spar.

(@ t=0;T (b) tw ) tw 3

Figure 2.4: 2D plane view showing the position of spar relagvto oat over 1 time
period

Grids with varying degree of mesh resolution have been stedifor their prediction
of force values in the grid independence study. The total ¢elount for di erent grids
are approximately 3 5 million. The results of the grid independence study have be
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discussed in Section A.3. In the previous study by Yu and Li (23), the geometry was
simpli ed to a locked single-body system in order to avoid nsgh deformation in the
moon-pool region. An important feature of this study is that he mesh deformation
close to the oat and spar has been avoided by use of AMI, henchet system is
representative of actual WEC operation and the forces are expted to be calculated
with accuracy.

2.3.2 Diraction tests

The wave excitation forces in the heave direction on all boes were measured in
regular waves for frequencies in the range of51 4 rad=s and for wave heights of
0:04 m. Di raction tests were executed for each body with the othebody held xed
at its equilibrium position. The durations of experiments inNWT were limited to 20
time periods in this thesis to avoid longitudinal tank re edions as well as to attain
steady state. 10 time period of wave oscillations were chader analysis between 5
to 4 rad=s. The physical tank experiment (Beatty et al., 2015) were calucted for
150 sec. In these experiments, the oat and reacting body veeheld xed, the heave
forces and the water surface elevation were recorded. Thecigation force magnitude
and phase data were extracted from the force time series irfléaving steps.

1. First, the force time series was split into non-periodic &msient and periodic
steady-state data.

2. The initial (physical wave tank and NWT data) and nal transients (physical
wave tank data) were discarded.

3. From the remaining data the force time series was split iatwindows of data,
of duration 1 wave period, each containing an excitation foe maximum and
minimum.

4. Lastly, for each window, the di raction force magnitude ér physical wave tank
experimental and numerical results were obtained. An ensetalaveraging over
one time period was done over the sample period.

The CFD, experimental and BEM derived di raction forces, forWEC A, WEC
B, and the oat, are summarized by the frequency dependent daction force plots
shown in Figure 2.5. WEC A features a bulbous tank and WEC B feates a large
heave plate. Both WECs have identical oat shapes (refer Figerl1.1). A comparison



(a) Diraction force on WEC A

(b) Di raction force on WEC B
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(c) Diraction force on Float

Figure 2.5: Normalized di raction force magnitude {4= ) for WEC A, WEC B and
Float. The physical tank experiment and WAMIT results were praessed and repro-
duced from the experiments done by Beatty et al. (2015)

of force time series for all the frequencies for WEC B and oatsialso presented
in Figure B.9a to Figure B.1la in Appendix B.

Key observations to be made from Figure 2.5 are as follows. Ejrthe numerical
di raction force data agrees well with the tank test data as wll as BEM calculated
values. The excitation force magnitude curves seen in Figgrg.5a, 2.5b and 2.5c, are
normalized by wave amplitude, and are observed to collapsegether. It should be
noted that in setup in NWT the oat was present with the spar wheeas in physical
wave tank or WAMIT results the oat was not considered along wh spars. This
might have contributed to the di erence what-so-ever betwen the values of di raction
forces. It is apparent therefore, that di raction forces ae well predicted by FEM and
BEM analysis in most of the wave frequencies tested.

2.3.3 Radiation tests

The objective of the radiation tests was to establish the mkéedology to simulate
motioin of two annulus geometries oscillating in heave andtsee the in uence of
oscillating amplitude and frequency on the pro le of hydroginamic force. These tests
comprised of forced heave only motions of WEC A and WEC B. WEC A faares a
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bulbous tank and WEC B features a large heave plate. Both WECs & identical
oat shapes (refer Figure 1.1).

WEC A

The hydrodynamic forces on a oscillating self-reacting pti absorber wave energy
converter WEC A is calculated using CFD. The component geométs of oat and
spar are enclosed in two di erent uid domains, each subjeet to relative motion
using a dynamic mesh algorithm. The transfer of eld varialds across the domains
is achieved through an Arbitrary Mesh Interface (AMI). This unque methodology
avoids cell deformation close to the component parts of the WE thus eliminating
the errors in force calculation due to deformed cells. The minuity and momentum
equations along with the free surface are solved separatety each domain. The
validation of radiation force calculated from CFD is done byhe experimental results
of Beatty et al. (2015).

In this section four cases are analysed for the forces actiog the WEC when the
spar is oscillating at a constant frequency. The displacemiepro les used as input
in these cases were generated using a sine functigih) = A sin(!t ). Where A is the
amplitude of oscillation of the spar,! is the angular frequency and is the instan-
taneous time. Four di erent cases with the amplitudeA = 0:04m but with di erent
angular frequencied = 2:06;, 2:61 ;3:17 and 399 rad=s were used. The variation
of hydrodynamic forces acting on the WEC as obtained from CFD we compared
with the experimental results. The variation of forces for derent cases are shown
in Figure 2.6a, Figure 2.6b, Figure 2.6¢c and Figure 2.6d. The Psan's coe cient of
correlation between the CFD and experimental results are®®; 0:98 0:99 and 099
respectively. The values of correlation coe cients were tod to be close to a perfect
correlation. However, it should be noted that the Itered valies of experimental data
were used for nding the coe cients. The comparison of valug of hydrodynamic
forces obtained from CFD and experiment are satisfactory fall the cases, though a
negligible phase shift can be seen in all the cases. The coent re ect the correlation
of the magnitude only and not of the phase of the pro le. One dhe possible reason
for this shift may be the absence of oat in the physical tankxperiment another pos-
sible explanation can be the mapping of the interface near eéhupper conical region
when the spar is not at the mean position, as mentioned in Sem 2.2.5. It can also
be seen that the discrepancy in peak force magnitude increaswith frequency. The
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possible reason for this discrepancy can be the poor resaut of the linear motor

that was used as an actuator to control the displacement of ¢hspar in the physical
experiment. The close proximity of the tank bottom in expernents can be another
possible contributor to this discrepancy. The distance beten the spar and tank
bottom is only 0:6 m at mean position in experiment, while the same isS2L m in

CFD. The decision on the depth of numerical tank was taken to eare minimum

in uence on the WEC hydrodynamics from the NWT tank bottom.

(b) ! = 2:61lrad=s (r =0:98)
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(c)! = 3:17rad=s (r =0:99)

(d)! = 3:99rad=s (r =0:99)

Figure 2.6: Variation of hydrodynamic force on oscillatinggar for A = 0:04 m,r
is the correlation coe cient. The x-axis is nondimensionalized over time period of
oscillation.
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2.4 NWT results for radiation test on WEC B

For this test the spar of WEC B was subjected to forced oscilletn with amplitudes
in the range of 003 0:08 m and frequency in the range of 5 3:99 rad=s us-
ing CFD simulations in a quiescent tank. The test was perforndefor 30 s and the
displacement, acceleration, and heave force were recorddthe hydrodynamic force
on WEC B for amplitudes of Q03 m; 0:04 m ;0:06 m; 0:08 m is plotted in Fig-
ure 2.7a, Figure 2.7b, Figure 2.7c and Figure 2.8b respectivelyhe time in the x
axis is normalized with the time period of ocsillation. It ca be seen that as the
amplitude increases the pro le of hydrodynamic force chaeg.

Beatty et al. (2015) concluded that the experimentally devied total damping from
the physical wave tank radiation tests results for both the bdies is much greater
than the BEM derived damping (Beatty et al., 2015). The reaso stated for this is
that the BEM code accounts for the damping e ect due to radiabn of waves but
does not account for viscous e ects. Since radiation is a &esurface phenomenon
and the geometries of both the reacting bodies are small atehfree surface, the
radiation damping is negligible. From this argument it is aar that viscous e ects
are the dominant source of damping for both reacting bodieé&part from the viscous
e ect, the nonlinear relationship between the body positio and hydrodynamic force
is exposed by Figure 2.8. The body was oscillated in a perfgctinusoidal manner
about the mean position, yet the output force pro le deviate from the perfect sine
form.

The validation of the NWT using the di raction and radiation te sts establishes
con dence in the overall accuracy of results generated ugithis NWT. Though inac-
curacies exists between the NWT and physical wave tank resulthie source of these
can be attributed to several reasons as mentioned below.

" It has been concluded in Beatty (2015) that the transverse was were present in
the physical tank experiment. An assessment of the tank staimd) wave resonant
frequencies and are given in Beatty (2015, Appendix F). The reggsion results
indicate repeatable di erences between the centreline amolset wave probe
signals at 26 rad=s-4 rad=s. These repeatable di erences are likely a result of
excitation of transverse standing waves between the wall§ the tank.

It has also been mentioned in Beatty (2015) that the poor rekdion of the
linear motor (used as a position control actuator forcing t@ displacement of



(&) Amplitude =0 :03m

(b) Amplitude =0 :04 m
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(c) Amplitude =0 :06 m

Figure 2.7: Hydrodynamic forces on WEC B oscillating at amplitdes of 003 m,
0:04 m and 006 m. (Hydrodynamic forces on WEC B oscillating at amplitude of
0:08 m is shown in Figure 2.8b. Thex-axis is non-dimensionalized over time period
of oscillation

spar in the experiment) as possible source of error in the pigal tank test.

" In the physical experiments, the oat was not present, and té tank depth was
kept 2 m.

2.5 Summary and discussion

The potential theory formulation for WEC analysis along withthe various assump-
tions also requires a set of reduced experiments. These sineg tank tests are used
to generate constant hydrodynamic coe cients. Due to the nture of the tank tests

and the superposition of various components in the mathemeaal model the accu-
racy of the results is adversely a ected. The modi ed form oNewton's second law
with distinct di raction and radiation components derived from these tests is called
Cummins equation (Cummins, 1962). Several attempts that a been made to in-
clude the non-linearity (mainly, viscid forces) as an addibnal term to the famous
Cummins equation have been discussed in this chapter. Though this @pach is
systematic, time tested and accurate for simple geometriesd simpli ed environ-
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mental conditions, it fails to predict the response for eitlr oscillation of complex
single/multi body geometry or complex environmental condions. It can be con -
dently said that the due to the mathematical complexity, thesources of nonlinearity
cannot be segregated. It was found that force magnitude olwed from CFD or
NWT compared very well with the physical tank test results. But due to absence of
viscosity the BEM method could not provide accurate valuesfa@amping. Thus these
results developed con dence in CFD methedology for furthemalysis.

In engineering applications, hysteresis nonlinearlity isften used to model the
memory e ect (Talatahari et al., 2012). The hysterisis nonhearity has rate depen-
dent characteristics,i.e. the output is nonlinearly dependent on the rate of input.
This has been con rmed based on Figure 2.8a as the input to the NWWas sinusoidal
oscillation of WEC B. From the WECs context it means that the hylrodynamic force
should be related to the rate of input like body velocity/reative velocity or higher
derivative of it like acceleration. The geometry considedeis WEC B. The hydrody-
namic force plotted in Figure 2.8a with heave velocity show Bjeresis e ect, these
results have been plotted over various cycles of oscillat& The above mentioned hys-
teresis and nonlinearity indicate that the model structurepreviously studied should
be analyzed with new perspectives, keeping in mind the hegpiate designs of WEC
geometries.

Thus, it is required that relationship between state variales and hydrodynamic
forces should include variables like relative height, relge velocity and relative accel-
eration rather than uid free surface, uid velocity and ui d acceleration. The e ect
of uid coupling due to radiation from oscillating geometres and scattering from ir-
regular wave eld should be simultaneously captured. Thisetationship should be
the foundation on which mathematical complexity is added toiswlate phenomenon
like memory e ect and causality/non-causality. An approachto use the data from
a diverse set of representative tests and development of a aeb which would pre-
dict the systems response in a border set of environmentalnciitions is required.
The estimation/training data used should provide drue description of the test case,
i.e the data should be generated from high delity numerical moelling or physical
experiments.
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(a) Hysteretic relationship between hydrodynamic force
and spar velocity

(b) Hydrodynamic force on spar in transient simulation

Figure 2.8: CFD calculated hydrodynamic force on WEC with heawvelate oscillating
with an amplitude of 0:08 m
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Chapter 3

Data-driven hydrodynamic
modelling of WECs

In the previous chapters it has been shown that, even thoughofential theory and
mesh-based CFD methods are popular for modeling WECSs, they leainherent lim-
itations. Potential ow theory assumes that the uids are inviscid and irrotational
and can only model simple hull structures and small amplitugl motions. Similarly
in the nite volume based CFD codes it is dicult to treat large deformation and
displacement of the uids and structures and the complex ud-structure interactions
like over topping, wave breaking etc. Thus, new numerical ndels are necessary to
solve these problems and to model SPARs more accurately.

The modelling approach presented in this Chapter and valided in Chapter 5 is
that of system identi cation, where models are constructedrom input/output data
measured from the system under study. These models are usenoas a range of
engineering elds to produce dynamic models of various sgshs as discussed in the
literature review in Chapter 2. There are three main compomgs to data-driven
modelling, the input/output data, parametric model structure, and the identi cation
process. These components are analysed in this chapter. Aebroverview of the
system identi cation, in general and speci ¢ to hydrodynant modelling, along with
a review of previous work is presented in Section 3.1. The chateristics of the input
signal and advantages of numerical wave tank utilized for tegeneration is described
in Section 3.2. Section 3.4 details the general classi cati of model structures based
on the modelling issues that a system identi cation model ghuld resolve, along with
the speci c characteristics of the blocks involved in blocloriented models used in
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this thesis. Section 3.3 describes the models used in thiedis. These models are
subdivided into blocks with speci ¢ input, output and process. The block division
facilitates parameter identi cation, which has been discssed in Section 3.5. The
validation of models is discussed in Section 3.6. The chaptnds with a summary
of various candidate models in Section 3.7.

3.1 System identi cation for hydrodynamic appli-
cation

For hydrodynamic applications described in Chapter 2, a mhematical model is
required which could reduce the errors associated with supesition of forces from
di erent experiments, yet be able to capture the important nlinearities of the real
system in real time. The above requirements suggest that damodels (black box),
or a combination of data and physics model (grey box) could ke good alternative
to a purely physics model (white box). A general discussiomahe colour coded
classi cation is presented in Chapter 1, with emphasis on #hthe characteristics of
grey box model used in this and Chapter 5.

3.1.1 Overview and classi cation

In this chapter the complexity of the physical system is capired using limited CFD
tests and the data thus generated is used to train the model toperate on various
realizations of input condition. Several other applicatins of such models in wave
energy conversion eld (Bacelli et al., 2017; Cho and Coe, P®) suggest that with
su ciently informative input data for the identi cation of nonlinear system, conver-
gence with experimental or numerical data is obtained. Badeon the above model
categories, the building blocks of this work have been apptl successfully to simple
hull geometries heaving in water in Giorgi et al. (2016a,b)a Ringwood et al. (2016).
In previous studies the focus was to construct a model struge to nd a relation-
ship between free surface and total hydrodynamic force fob2 square, circular and
triangular cylinders. The hydrodynamic force for these geetries were predicted
from the model trained by CFD tests and performance of four disete time mod-
elsviz. Autoregressive with exogenous input (ARX), Nonlinear autoregssive with
exogenous input (NARX), Arti cial neural network (ANN) and Kolmogorov-Gabor
polynomial (KGP) were compared. Though these models were labio predict the
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hydrodynamic forces for simple hull shapes, these were ligd to static non-linearity

and did not include rate dependent input-output relationsips. It is expected that
the model structures employed in this thesis to simulate theydrodynamics of more
realistic WEC geometries like heave plates, should have cdyildy to include larger

degree of nonlinearity. The performance of the models empéalin this thesis have
been evaluated in Chapter 5.

3.1.2 Steps in system identi cation

The expectations from a system identi cation model is thatti should be capable
of describing the real system accurately, thus the objecgvof system identi cation

is illustrated with the help of Figure 3.1. Assuming that the pocess or CFD tests
produces only a single output, it is expected that the model il also do so and
represent the behaviour of a process as closely as possifilee quality of model is

measured in terms of the error between the process output amibdel output. This

error should be utilized to tune and optimize the parametersf the model.

5 gl P Output
2 g rocess Outpu
% : Process Jd
= Ck (CFD tests)
E A+
D}
W _
Model Model Output fEd

P

Figure 3.1: Working principle of system identi cation

In order to understand the data based modelling methodologthe procedure can
be divided into various steps (Nelles, 2001; Isermann and Mehhof, 2011). The
general order in which these steps are sequenced in this despand Chapter 5 is
presented in Figure 3.2. The complexity and requirement of jor knowledge typically
decreases as we move from step 1 to step 5. Each step in the pdate involves some
decision making and can be intervened. The decisions invetl in this thesis are
enumerated as below and discussed in detail in Sections 3.8-

1. Choice of model input



2. Choice of excitation signal

3. Choice of model structure and complexity

4. Choice of model parameters

5. Evaluation of above choices (Validation)
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Based on the ve steps mentioned above the purpose of systedemti cation is
to identify parameters that minimize the di erence in the malel output and process
output. The model utilizes these parameters and predicts éhoutput with di erent

set of input data.

1 r———————= ] T amrrwar—
I | Model input | I I | Block-1 | I I | Polynomial fitting | I
I | Experiment design | L _____ _i | BIocI<-2 | I o I | Optimization function | I
I | Excitation signal | I I I I | Constraints | I
I | Model Struct I I I
L____lnputData I___O_e e Identi fication alLormem_l
I
I
5 —r |
S I | Block-1 | I I
1S I I
]
2 | | Block-2 | | |
8 | - I |
c : I
s I : | |
-g I Parameter identi  fication ] I
5 _— |
g Model Identi fication |
ks
S I
Proposed |
model I
Not OK I

e e e e e —— — —

Model validation

OKl

Accepted

Figure 3.2: Block diagram representing sequence of steps ystem identi cation

3.2 Input data

The primary requirement in system identi cation is ensurirg that the experimental
design used to generate data and the input-output data pairsed to determine the
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model is su ciently representative of the system dynamics.Data generation pro-
cess for the system identi cation can be subdivided into tlee main components as
discussed below.

3.2.1 Choice of model input

As discussed in Chapter 2, the general procedure in wave tangsting is to either

control the body oscillation or the free surface (radiations modelled by forcing the
device in the absence of waves and excitation by locking thevdce and measuring the
force excreted by the waves). However, it has been well esiabkd in literature and

previous chapter that the nonlinear e ects are not capturedecause of this simpli -

cation. A better approximation of the nonlinear e ects can le obtained by including

both the inputs in the model as well as in the experiment desig Thus in this thesis,

the model input encapsulates the free surface height)(and the relative position of

spar and oat by a superimposed relative height () time series. This relative height
represents the dynamic position of the spar with respect tode surface height. The
main advantages of forcing both the inputs at the same time tlaer than single inputs

are

1. Broader representation of operating conditions
2. Reduced signal to noise ratio

Once a model input, capable of reproducing the desired phenenon to be modelled in
an actual process is selected, the next step is to come up witie design of experiment.
A brief outline on the modes of experiments for WEC, highliglmg the bene ts of
one over the other is presented below in Section 3.2.2. The CERperiments utilized
in this thesis for data generation will be discussed in Seati 4.1.

3.2.2 Design of experiments

In the case of WEC, there are three possible modes for data geximn for populating
a system identi cation model, viz. open ocean, physical wave tanks and numerical
wave tanks. In this thesis the input data considered for theystem modelling are
generated using Numerical Wave Tanks (NWTS).

NWTs are used primarily for modelling nonlinear free surface aves, hydrody-
namic forces and oating body motions, these are general@eirtual simulators with
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rst principles application of uid dynamics. Current day computing power allows
the implementation of NWTs using CFD. A comparison between vasus numerical
tank software can be found in (Windt et al., 2019). In this thes NWT has been
introduced in Section 4.1.1 and the testing procedure willédbdetail in Sections 4.2
and 4.3 from data generation perspective for system identiation application.

Using a CFD based NWT to generate data for WEC model identi cation Bs the
following advantages:

A

A wide variety of excitation signals, including incident waes and forces directly
applied to the device.

Low run time if 2D WEC geometries are simulated.
Control on temporal resolution of measurement.

Signals can be passively measured without requiring phyaicsensor devices,
which can alter the device or uid dynamics and are subjectetb measurement
error.

In addition to the signi cant cost, physical wave tank expeiments need physical
prototyping.

Tank wall re ections in physical tank may limit the range andduration of viable
tests. The tank re ection have been discussed in severaldrature like (Beatty
et al., 2019). In NWT these re ections can be controlled at inial level of tank
design or by implementing appropriate boundary condition.

A range of excitation signals is not likely to be available inthe open ocean (at
least not in a reasonably short time frame) and there are di alties in exactly
enumerating the excitation experienced by the device as tteeis no external
control of the excitation

NWT allows measurement of free surface at the location of WEC due re-
peatability of exact simulation conditions in the absencefdVEC.

Do not require physical sensor devices, which are typicalsoes of random and
systematic errors in the measurements (Giorgi et al., 2016 Ringwood et al.,
2016).
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" One of the primary advantages of CFD is that once complete alhé ow eld
variables are accessible and this can be used to develop ioyad white and
grey models.

3.2.3 Choice of excitation signal

The signal used to excite the system during the experimentagjls an important role
in system identi cation. Input signals directly in uence the identi cation process, as
they a ect the quality of the models, data processing and exgimentation time. The
characteristic of the signal is mostly dictated by the purpse of the model, required
model input and design of experiment. If the presence of sgat nonlinearity is antic-
ipated, it is important to properly excite the system in orde to observe the system's
response over the full range of interest. The experiment foiata generation can be
designed if the mathematical model structure utilised to natel the process is available
forehand. Ideally, the objective is to excite the system asunh as possible, in the
shortest possible time, in order to obtain all the requireddenti cation information.

In this thesis a multisine signal is used as input freesurfadeight and the WEC
is oscillated with a periodic signal. The multisine signalllows strong control over
the spectral content, with free choice for the maximum amglide of each harmonic.
For a multisine signal there is exibility in the amplitude distribution, indeed the
amplitude distribution is determined by the phases of the haonic components. This
leads to control over the amplitude content, through phaseptimisation techniques
(Schoukens et al., 1998; Pintelon and Schoukens, 2012). ioglly, the crest factor for
a multisine signal is 17. Other useful signals that can be use in system identi cain
are random and pseudo-random binary signals, random ampide random period
signals and chirp signals (Isermann and Munchhof, 2011).

For a WEC, the input excitation signal ranges should be boundebetween a
maximum and minimum level, either because of survivabilityssues of the WEC, or
because the WEC is intentionally designed to work in a speci anges as discussed
in Sections. 2.3.2 and 2.3.3. In the identi cation experinmé design, it is important
to restrict the input and output amplitude to the ranges at whch the system is sup-
posed to normally operate. Indeed, it is not advantageous ifatroduce unnecessary
complexity in the model structure, just in order to describethe system behaviour,
in conditions which are not of interest, from a practical pait of view. For exam-
ple, in the case of WEC modelling for power production, the obgtive is to obtain
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a model able to describe the WEC dynamic in power production nde, and not in
extreme sea conditions when the WEC switches to survival mod&he survivability

conditions translate to situation of latched oat and spar vhich is not important to

simulate. This condition occurs mostly during storm and ar@associated with over-
topping. Thus in current study it is made sure by means of bows of input signal
that such situation is never encountered.

3.3 Block Oriented Models (BOM)

In this thesis, the nonlinear system identi cation models usd in (Giorgi et al.,
2016a,b), have been extended to include a nonlinear rate @eplent block, so that the
additional nonlinearities can be modelled and the input feesurface data can be trans-
formed into more accurate hydrodynamic force data. As with @ introduction of the
nonlinear static block, the black box ARX model becomes a grdyox Hammerstein
model. Similarly, it can be said that after inclusion of a nolmear rate dependent
block the modi ed Hammerstein model takes a lighter shade ofey. This model will
be hereafter referred as a rate dependent Hammerstein modéinother nonlinear
model that has been discussed in this chapter and in Chapter 4 rate dependent
Kolmogorov-Gabor Polynomial model (KGP), which has been bii by introducing
rate dependent block in the KGP model. The Hammerstein modes idiscussed in
Section 3.3.1 and the rate dependent Hammerstein and KGP mdslare discussed in
Sections 3.3.2 and 3.3.3, respectively.

3.3.1 Hammerstein model

The model chosen for the prediction of hydrodynamic force éxpected to exploit the
relationship between the relative position of the spar anche hydrostatic force along
with the excitation force values obtained from hydrodynanu CFD tests. A model
with a cascade connection of several individual blocks, peming speci c functions
is simple to understand and easy to implement computatiorigd One such model,
which nds wide application in engineering is the Hammerstaimodel (Eskinat et al.,
1991).
Hammerstein model assumes a separation between the nonliitgaand the dy-

namics of the process. Hammerstein model has been previoustgd to predict hy-
drodynamic force on simple spars geometries by exploitinge relationship between
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freesurface with hydrostatic force (Giorgi et al., 2015, 26a,b). In this work simi-
lar methodology has been adopted and discussed to predictdngdynamic force on
simple hull shapes and widely used spars tted with heave fks. It was found that
though the model accurately predicted hydrodynamic forcesn simple geometries it
failed to do so for Heave Plate cylinder (HP cylinder).

The Hammerstein model can be represented by a static block wilinear or non-
linear relationship between the input (k) and output variablesfgs = s(k) followed
by a dynamic block (ARX model) with linear dependence betweemmput s(k) and
estimated outputf g4(k) as shown in Figure 3.3. It implies that the general structure
of the model should be represented by the following equation

s(k) = r( (k)

= fes(k) (3.1a)
fea(k) = bys(k 1)+ bs(k  2)+ i+ bys(k m)
arfeg(k 1) axfeq(k 2) i anfeg(k m) (3.1b)

where is the input relative height, s is an inaccessible intermediate variable, ( ) is
the function which describes the static functionfgq is the output estimated hydro-
dynamic force,a;; a, :::: an and by; by, :::: by, are the coe cient values of output and
intermediate variables. The estimated current value of theutput f ¢4 (k) is dependent
on the previous values of inpus(k 1) and output fgq(k i), wherei =1;2:::m.

Figure 3.3: Block diagram representing Hammerstein model

Yu and Falnes (1995) found that the relationship between ing freesurface height
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and output excitation forcef. is causal. Therefore, it is expected that the system
identi cation model should include causality in the formuétion. Since the current
value of hydrodynamic forcef g4(k) is dependent on various values of two variables
feq(k i1)ands(k i), itis expected thatm is speci c to these variables. In a discrete
time model, the value oim can be determined by reducing the error between the value
of estimated hydrodynamic forcd gq and those generated by CFD 4. In Figure 3.3,
this is represented by the training circuit with closed swith. Let n, be the weighted
factor to determine the contribution of hydrodynamic force The dynamical order
of model is represented by, and n,. They can be correlated to the sti ness of the
model. Higher orders make the model more representative ofngalex behaviour at
the expense of generalization on new data. By introducing, and ny the e ect of
relative position on the dynamic force can be quanti ed.ny will be referred as the
time delay constant. Thus, by including the dynamic order ath time delay constants
Eq. (3.1) can be written as:

Xa Xb
fea(k)=  afea(k )+ br( (k ng 1)) (3.2)

i=1 i=0
For a causal systemnyg 0 implies that the variable at any instant only depends on
the variable at previous times, otherwise ifiy < 0 the system is non-causal and the
present value is in uenced by future variable values as shown Figure 3.5. Though
the Hammerstein model is linear ing; and b, depending on the functionr () it
can be characterized to have a linear or nonlinear input-optit relationship. Most
previous works on Hammerstein model and identi cation haveotused on the case
of memoryless nonlinearities. In general, the static nonkar block of Hammerstein
model can be carried out using polynomial form, neural netwo (Lawrynczuk, 2011),
spline functions (Chan et al., 2006) and LS-SVM (Falck et al.,9) etc. In terms
of wave energy application Giorgi et al. (2015, 2016a,b) hevxcompared the e ect
of linear/nonlinear static function for various geometrial shapes like straight walled
(rectangular cylinder, triangular cylinder) and curved wé (circular cylinder). For a
generalized nonlinear system, a Hammerstein based model iscdssed in terms of
WEC applications and procedure to identify the model paramets of the hydrostatic
model and linear dynamic ARX model are established in Secti®r3.5.2 and 3.5.4.
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3.3.2 Rate dependent Hammerstein model

Even though the classical Hammerstein model can accuratelyoael a simple physi-
cal system with linear/nonlinear static block and linear dypamic block, it fails when
the output of the real system is e ected by memory from previgs times. Memory
dependent nonlinear behaviour have often been described bysteresis. In WEC
applications it implies that the hydrodynamic force is not aly dependent on instan-
taneous or past values of forces and positions of spar butalsn the relative velocity
and relative acceleration of of spar. This hysteretic behawr is also encountered in
oscillation of damper plates as shown in Chapter 2, where tlhwdrodynamic force on
the plate is dependent not only on the instantaneous positioof the plate but also
on the previous positions with respect to the free surface.hts if the uid memory
e ects, dominates the hydrodynamic forces on the plate, a ogponent of hydrody-
namic force is represented by hysteresis loop. It has beerosin that the shape of
hysteresis component of hydrodynamic force depends on thgpled frequency of the
input (Wang et al., 2012). Such a hysteresis is called rate{olendent or dynamic hys-
teresis. This can be veri ed for analyzing hydrodynamic fae when WEC is subjected
to monochromatic waves of di erent characteristics. In ths thesis only panchromatic
input waves are used for calculating the hydrodynamic force

A Hammerstein model for rate-dependent hysteresis in WEC apgéhtion is pro-
posed in this thesis. The block diagram of the Hammerstein meldwith rate-
dependent characteristics for a WEC can be constructed as shoin Figure 3.4,
which is similar to a classic Hammerstein model, except thatraew block with higher
order state dependence and a hysteresis function is addedsurvey of mathematical
models for hysteresis can be found in (Mayergoyz, 1993). Img thesis the Bouc-Wen
model (see Section3.4.2) is employed to model the hystesesiect.

3.3.3 Rate dependent Kolmogorov-Gabor polynimial model

The Kolmogorov-Gabor polynimial (KGP) model represents aanlinear model with
output feedback and utilizes polynomial nonlinearity to dscribe the system dynam-
ics (Nelles, 2001; Bacelli et al., 2017). Like the ARX model dgged in Section 3.4.3,
KGP is also a block box model linear in model parameters, bunlike ARX, KGP can
model a nonlinear input/output relationship. The block diagram for KGP model is
same as Figure 3.3, except that the dynamic block can model antioear relationship
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Figure 3.4: Block diagram of modi ed nonlinear system identation model with
rate dependent block ((e. Bouc-Wen model)
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between the input and output. KGP model is described by the flowing equation:

Xa o Xe _
fea(k) = g1fea(k 1)+ bir( (k ng 1))
i=1 i=0
Xe 2 H X 2 ;
+  apfgg(k i)+ bar( Sk ng i)
i=1 i=0
+
)Qa n . )(|b .
+ apfeg(k 1)+ bpr( "(k ng i)
i=1 i=0
+ 0
Xa Xb _ _
+ Gifea(tk Dr( (k ng 1))
i=1 j=0
+ :::(other cross-product terms) (3.3)

where is the input relative height, r () is the function which describes the static
function, fgq is the output dynamic force,a; ; by andc; are the model parameters.
The number of parameters required for identi cation can be ltained by modifying
the equation in (Nelles, 2001) into following equation

((na+ np+1)+ np)!
Npar = | |
(Na+ np+ 1) np!

(3.4)

The number of regressors increase strongly with an increasepolynomial order p,
and dynamical ordern,;and n, leading to instability issues. Even if the problem is
stable, huge model complexity requires utilization of comypationally intensive linear
subset selection techniques. Thus, attempt should be made teduce the model
complexity by evaluating the relevance of each term. It was@ind that the presence
of cross-terms cause stability issues (Alves et al., 2016jjus neglecting the cross
terms, Eq.(3.3.3) can be modi ed to:

Xip h)Qa ) Wb . [
fea(k) = ajfig(k i)+ bjr('(k ng 1)) (3.5)

]=l i=1 i=0
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In the absence of cross product terms, the number of terms te lestimated for the
KGP model reduces substantially and is given by:

Npar = np(na + Np+1) (3.6)

A rate dependent KGP model is proposed in this thesis. The ik diagram for rate
dependent KGP model is shown in Figure 3.4, which is similar tine rate dependent
Hammerstein model except that the dynamic block can model a ninear relationship
between the inputs and output f 4. Performance of KGP models has been evaluated
and compared with other models in Section 5.5.

3.4 Blocks of BOM

The choice of model architecture is the most subjectively menced decision. The

intended application of a model along with several other femrs can often determine
the most appropriate model architecture. The selection of odel can be subdivided
into the choices to be made in regards to the model structurepmplexity, dynamic

representation, model order and model parameters. Indeeitl,is usual to describe

a complex system as an interconnection of smaller sub-syate each one having a
speci ¢ input and output. Therefore, the experiments are dggned to excite each sub-
block, leading to the direct measurement of the input and oput of each sub-system.
This provides data for the identi cation of each sub-block.A similar approach has

been utilized in this thesis. The details of the model prestad in Section 3.3 re ect

on the requirement of individual blocks with speci c task ofmodelling independent
components.

Thus keeping in mind the expectations from the model along thi the detailed
discussion on classi cation of models in Section 1.1, deois is made on the pro-
posed model structure. Though the continuous time modelsewidely used in WEC
modelling as discussed in Sections 2.1.2 and 2.1.3, diseréine models should be
exploited primarily because of discrete nature of experim&l results and easy com-
puter implementation. It should be a nonlinear discrete tirma model capable of sim-
ulating dynamic and causal or noncausal behaviour. Consitleg the time domain
discrete nature of the data from CFD, the system identi catim should be based on
discrete time models. The model should exploit the relati@hip between the input
and output data and use them to predict the required output foa new set of input
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data (see Figure 3.2). These relationships are primarily fsurface/relative position
with hydrostatic force, freesurface velocity/relative vicity with hydrodynamic force,
freesurface accelaration/relative accelaration with hy@dynamic force and the cou-
pling between various input parameters with the hydrodynams force. Since most
of the phenomenona are understood beforehand parametricnegs can be utilized
and external dynamics approach with feedback loops can eajtlthe data generated
in open loop experiments. The individual components of thergpposed architecture
are discussed below in Sections 3.4.1, 3.4.2 and 3.4.3. Thscade of these individ-
ual components result in complete model structure, which Babeen discussed in the
Section 3.3.

Another important factor to consider is the choice of model der; with external
dynamics approach the choice of dynamic order of the modelcheases the dimen-
sionality of the problem and hence the complexity. When using low model order
while simulating nonlinear dynamics it can be expected thaa signi cant amount
of dynamics goes unmodeled (Nelles, 2001). It has been showatta signi cantly
low order model is applicable while simulating the hydrodyamics of a simpli ed
WEC geometry like a square cylinder (Giorgi et al., 2015). Itsi expected that the
model order should be higher while simulating WECs with heayaate. Nonetheless,
lower order models must su ce because often the modellingrer is dominated by
approximation error caused by an inaccurate description dfie process nonlinearity.

3.4.1 Static block

In oating bodies the hydrostatic force due to the submergere of body in water is
the dominating force. It is expected that the calculation othydrostatic force will
have a direct relationship with the water plane area. The maa in any structural
format should include this force which is a function of freeusface. A simple way to
model this is to assume a linear or nonlinear relationship tveeen the input relative
height, , and the output hydrostatic force,fs. The nature of this relationship can
be described by following equation:

fs(k) = r( (k) (3.7)

where is the input variable, fs is the hydrostatic force andr () is the function
which describes the static function. Eq.(3.8) shows thatnithe model, there is no
memory e ect; the output at the instant k depends only on the input at the same
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instant k. The static function, r, can be approximated with a linear combination of
basis functions; therefore Eq. (3.7), can be re-writtern as

fes(k) = ¢ (K)+ G2 2(K) + i+ Gy, "(K) (3.8)

where is the input variable, fgs is the estimated value hydrostatic force, and
C1; C; 11 ¢y are linear combination of coe cients

3.4.2 Rate dependent block

Bouc developed a hysteresis model for an inelastic SDOF srst subjected to forced
vibration (Bouc, 1967), which was further generalized by We(Wen, 1976). An ap-

proximate solution procedure for random vibrations was maematically found. Later

known as Bouc-Wen model, it has been extensively used as a hahatical model

obtained by deterministic approach to represent systems thi hysteresis and non-
linear behaviour. The Bouc-Wen model has been applied to melda wide class of
hysteretic systems, like piezoelectric actuator (Wang et.akR012), magnetorheological
dampers (Kwok et al., 2007; Talatahari et al., 2012) and wogdints (Foliente, 1995).

Though the literature suggests that this model has been swessfully used to predict
the behaviour of the physical hysteretic element and alsorfaontrol purposes, the
review of literature in this thesis have not found any appliation related to hydrody-

namics of ocean WECs. Thus this thesis proposes modelling thenlinear hysteretic

hydrodynamic force encountered during oscillation of WEC wfer the in uence of

waves with a Bouc-Wen model independently, as well as in4inwith the system

identi cation models like the Hammerstein and KGP models. Tk Bouc-Wen model
is a set of di erential equations describing the hystereticharacteristic of the excita-

tion force on WEC as obtained from the hydrodynamic test merined in Section 4.3.
In the context of WECSs, the governing equation for Bouc-Wen nael can be written

as in Eqg. (3.9). In this model, nonlinear restoring force isetated to the system input

through a rst order nonlinear di erential equation, as shavn in Eq. (3.9b):

fee=a +b_+c*+h (3.9a)

h="— j4hjhj"* jhj" (3.9b)

where fge Is the model calculated dynamic excitation forcei.e. to approximate
residual of static forcefgs and CFD calculated dynamic forcefy) a;b and c are
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the coe cients of relative position , relative velocity —and relative acceleration
* respectively. The hysteretic nonlinear term is represerdeby static variable h.
controls the amplitude of the hysteretic loop, while the coeients and control the
shape of the hysteresis loop. Though these range of unknowergmeters (; ;

and n) are directly responsible for the shape of hysteresis, thghysical meaning
cannot be comprehended directly, but will be discussed laten Section 5.3. The
response of the system depends on the values of these paramset

3.4.3 Dynamic block

The dynamic block consists of an autoregressive with exogers input (ARX) model,
also known as the equation error model (Nelles, 2001). The dymic block operates
on the combined output of static and rate dependent block, vas combined output is
termed as \internal force". The dynamic block therefore a& to reduce residual error
of the prediction. The ARX model is the simplest linear discte-time input/output
model. This model can be easily extended to accommodate rioehr relationship
between input and output variables. In this thesis linear ath nonlinear input/output
relationship ARX models are utilized to describe the relatimsship between the esti-
mated output hydrodynamic forcef gg and input internal force s signal.

fea(k) = [fea(k 1);::fea(k na);s(k ng);s(k ng 1);:iis(k ng nyp)l (3.10)

where,fgq and s are the output and input variables respectively, [ ] is a linear or
nonlinear function andfgq(k) is the present value of output which depends on the
past values of outputfgq(k 1);::: fgg(k  ngy) and input variabless(k  ng); s(k

ng 1);:::s(k ng np). The dynamic order of the model is represented by integers
N, and n,. They can be correlated to the sti ness of the model. Higher ders make
the model more representative of complex behaviour at the gense of generalization
to new data. To account for nonlinearity, the model should beexible and the model
order should be optimal to avoid possible over tting. The derence between a
causal system and a noncausal system can be explained witle thelp of Figure 3.5.
For a causal systemng O implies that the variable at any instant only depends
on the variable at previous times (see Figure 3.5a and Figure5B), otherwise if
Nng < 0 system is noncausal and present value is in uenced by futivariable values
(see Figure 3.5¢). From WEC prespective it would mean that for aausal system,
the relative height information from past would be requirednorder to predict the
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current hydrodynamic force, where as for noncausal systeragher only the future
information or a combination of past and future informationwould be used. Since,
the relative position at the centre of the spar is considereahd so the wave elevation
that is yet to arrive might be causing a vortex at the extremedading edge of the heave
plate. The parameters can be estimated by linear least sqeatechniques. Parameter
estimation of dynamic will be discussed in Section 3.5.4.

(a) Causal system with no time delay

(b) Causal system with positive time delay

(c) Non-causal system

Figure 3.5: Possible scenarios in system identi cation de#lning causality, blocks
represent discrete time steps

3.5 Parameter identi cation

Given a parametric model structure and the measured inputudput data from an
investigated processi(e. CFD tank experiments), the objective of Sl is to nd the
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values for the model parameters in order to obtain the "besthodel to describe the
process. Therefore, it is necessary to select a quanti altéteria to evaluate the per-
formance of a model. In this thesis the quanti able criterids de ned as error metric
and a methodology for identi cation of parameters of indivilual blocks of models dis-
cussed in Sections. 3.3 is presented. The objective funascand the constraints of the
optimization problem along with the mathematical techniges for parameter identi -
cation are also discussed. The identi cation procedure fparameterC of static block
(see Eq. (3.8)), seven parameters of Bouc-Wen model (se E89)) and three param-
eters (see Eq. (3.10)) of the dynamic block is as mentioned 8ections 3.5.2, 3.5.3
and 3.5.4, respectively. These identi cation technique arimplemented to case studies
in Sections 5.2, 5.3 and 5.4 respectively.

3.5.1 Error metric

Error metrics measure the error between the output of a modahd training or val-

idation data. Several error metrics exist in literature andhey can provide a way to
guantitatively compare the performance of two models or cascenarios. In this the-
sis these metrics have been used to compare the performantcmaividual blocks, by

comparing the input and output of that block as well as to comare the performance
of entire model. These error metrics are also used to calaalahe loss function in
objective function during the optimization process. Two epr metrics that are used
in this thesis:

Mean absolute percentage error (MAPE) measures the average of errorsge
the average di erence between the estimated value and thetaal value. Math-
ematically it can be writtern as:

1007 jy(k)  ye(K)j

MAPE = =
N, vk

(3.11)

where,y(Kk) is the true value of the parameter or the process output ang: (k)
is the estimated value,N is the total number of samples or total number of
measurement at discrete time. Thus discrete time steps arepresented byk,
wherek =1;2::: N. The MAPE is a measure of the quality of an estimator
it is always non-negative, and values closer to zero are batt Though this
error metric is normalised with respect to true valuey(k), it fails to provide
an accurate picture aty(k) = 0. In the context of wave energy, it is common
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that values oscillates around the mean value, and the meanaen translated to
zero. Therefore their is a possibility of obtaining a distded picture of the error.
Thus in this thesis whenever the error of nonperiodic and pitise quantity is
measured MAPE is used, particularly for evaluating the modederformance in
frequency domain. For oscillating variables or time domairesults another error
metric is used as discussed below.

Normalised root mean squared error (NRMSE) Another error metric that is
widely used in this thesis is normalised root mean squaredar, which has the
advantage of being normalized as well as it presents an urtdiged picture even
for oscillating signals. Mathematically it can be written &:

D

F . .
2R ivk)  ye(k)j?
g (3.12)

Ni Ezl Jyi

NRMSE =

This metric has been used extensively for error measuremdrgtween input and out-
put signal across blocks. For example, refer to Egs.(3.158.23) and (3.18) for its
application in static, rate dependent and dynamic blocks spectively. In these equa-
tions, y(k) has been replaced with the respective force signals and aton \"" has
been used to represent NRMSE. For training and blind cases, NFB& has been used
as loss function in the objective function.

3.5.2 Static block identi cation

Considering the model structure of the Hammerstein model, tedependent Hammer-
stein model and rate dependent KGP model discussed in Seas®.3.1, 3.3.2 and 3.3.3
respectively, the static block is a common feature in all thenodels. Static block in
all the models is exploited to transform the relative height into a static force fgs.
Thus, the rst step in the identi cation of any one of the three system identi cation
models used in this thesis is to identify the nonlinear statiblock. Linear regression
can be utilized for identi cation, if the static function in Figure 3.3 and Figure 3.4
is approximated with a linear combination of polynomials. e relationship between
input (k) and output fgg of the nonlinear static block can be represented by:

fes(k)= & (k) + ¢ (k) + i+ Gy, "o(K) + "(K) (3.13)
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whereq (i = 1;2;3:::n.) are the unknown parameters. The input and output
fs of the hydrostatic experiment (see Section 4.2) can also beproximated by a
polynomial t. Therefore the estimated hydrostatic forcef g can be equated to the
linear combination of coe cients and relative displacemets by a polynomial t:
Xe
fs(k)=c1 (K)+ ¢ (k) + i+ ¢, "(k) = ¢ '(k) (3.14)
i=1
Least squares method can be utilized to extract polynomiabe cients. The normal-
ized root mean square error (NRMSE) i§(k) = fg(k) fgs(k). In matrix notation:

Kfs fesko _ P if; XC 2
-ty &

"= (3.15)
kfsk, ifj?
where for all the values ok:
h it
IR O (3.162)
[
o= G @ foN) | (3.16)
h [
o= e fa@  fa®) ' . (3.160)
[ D [ @P [ (D]
1 2 Nc
.. E[ @ 1@F (@) 160
(N)]1 (N)%2 [ (N)]™
C= cl C Cn. ! (3.16e)
(3.16f)
The parameters that minimize the least squares error are g by
C=(X"X) X Tfg (3.17)

The minimization of the loss function in Eq. (3.15) is not comuted directly us-
ing Eq. (3.17) because the use of "X increases the possibility of obtaining an ill-
conditioned problem. Instead, a QR factorization method ismplemented, which
computes the LS solution directly fromX , without forming X "X (Golub and Or-
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tega, 1991). The parameter vecto€ is calculated for di erent values ofn. using the
optimization function in Eg. (3.15). The smallestn., with the " value less than 5%
is chosen as the order of the polynomial t.

3.5.3 Rate dependent block identi cation

In this section the rate dependent models with hysteresis nlinearity are discussed in
terms of WEC applications and procedure to identify the paramters of the the Bouc-
Wen model are established. The model parameters to be ideed are a; b; c; ; ,
and n (see Eq.(3.9)). In linear potential theorya is known as the sti ness coe cient,
b the viscous coe cient and ¢ as the addedmass coe cient. The parameter a ects
the rate-of-change of the hysteresis through the product thi the velocity, i.e., the
term _ Its e ect is negligible when the velocity is small. It is moe noticeable at
large velocities and contributes to the slope of the hystesis. Hence, a small value
for is anticipated. The model parameters and a ect the hysteresis rate through
the expressions j _jhjhj" *and _jhj".

The parameters of Bouc-Wen model to be identi ed will have aaupling e ect
on the hysteresis and are subject to severe non-linearitiekr general, conventional
or gradient based system identi cation methods may not be gpopriate as they
require more parameters to be identi ed at a given accuracyr anore computational
resources for a given model. Thus in this study the Particlensrm optimization
(PSO) algorithm discussed in Section 3.5.3 is utilized fodenti cation of hysteresis
block parameters.

Once the optimization technique to decided and the limits obptimal values for
the parameters of Bouc-Wen model is known, an appropriate @etive function must
be minimized through optimization procedure. In current sgion minimization of
normalized root mean square error (NRMSE) between the excitan force f, val-
ues from CFD and those estimated from Bouc-Wen modét, is used as objective
function. The estimated excitation forcef g and the estimated static forcef g con-
stitute internal signal (s). In order to determine the objective function, Eq. (3.15)n
Section 3.5.2 can be modi ed to:

9
Ke foeke - w0 ke ife®) fee(iP?

TP i i
Kfek, LEN (k)2

(3.18)
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Initial value of hysteresis

To integrate the rate of hysteretic variableh.in Eq. (3.9b), the \integrate.solveivp" in
python is utilized. This function numerically integrates asystem of ordinary di er-
ential equations using explicit Runge-Kutta method of orde5(4) (Dormand and
Prince, 1980), given an initial value. The initial value of he system is not known as
this is an optimization problem with guessed initial value®f parameters. Therefore
the initial values are obtained heuristically by nding the values offge(k) h(k) =

a (k)+ b(k)+ c*(k) in Eq. (3.9a), and subtracting them to the CFD calculated vales
of f¢(k). The mean of calculated value offe (fge h))(k) is stored and the process
is repeated again fok = 1;2:::10. The minimum thus obtained is considered the
initial value of the hysteresis component of forceh)

Particle swarm optimization

The parameters of the Bouc-Wen model that need to be identicewill have a cou-
pling e ect on the hysteresis and are subject to severe noméarities. In this regard
literature points out to several computational techniqueslike adaptive estimation
approach (Chassiakos et al., 1998), genetic algorithm (Kweet al., 2007) and evo-
lutionary algorithm like PSO (Wang et al., 2012). The PSO techique is one of the
powerful and widely used method for solving unconstrainechd constrained global
optimization problems. Thus in this study, PSO algorithm isutilized for identi cation
of hysterisis block parameters.

In the PSO algorithm, the position of each particle in the swan represents a pos-
sible solution to a problem in ag-dimensional space. Their are three main attributes
of each particle, current positionx; , current velocity v; and past best positionpyes;, ,
for particles in the search space. Each patrticle in the swarms iteratively updated
according to the aforementioned attributes. Particles oking optimizes a certain
objective function in a PSO. Each particle knows its best vae ppes; SO far and
its position. This information has analogy to personal expences of each particle.
Moreover, each particle knows the best value so far in the gno ghesy; among all
Prest POSItions. The PSO algorithm targets to changing the velotyi of each particle
towards its ppes; and gres; lOcations. In the algorithm, each particle moves to a new
position according to new velocity and the previous positis of the particle. This is
compared with the best position generated by previous pacles in the tness func-
tion, and the best one is kept; so that each particle accelées in the direction of not
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only the local best solution but also the global best positio If a particle discovers
a new probable solution, other particles will move closer tib to explore the region

in the process more completely. After several iterations, ghswarm converges to the
best particle position, which represent the best solution.

Applying the algorithm to obtain Bouc-Wen model coe cients results in the best
particle position, which is the best value of seven model paneters that describe the
input time series to the model. Since, a static model block # describes the static or
the buoyancy force already exist, the input to the Bouc-Wen odel is the excitation
forcef . time series obtained by subtracting the hydrodynamic forcand the obtained
static force before the training phase of the modél, fgs. The obtained parameters
are thereafter used in the training and simulation phase tolbtain the ovearall model
output fgq

Limits of parameters

Due to large number of unknown parameters in the optimizatiofunction, the com-
putational overhead of the PSO algorithm will be very high wan compared to rest
of the identi cation process. Thus inorder to bring down thecomputational time of
Bouc-Wen parameter identi cation, it is important to de ne the search space of the
parameters. This is done by providing an initial guess to theaximum and minimum
values of the parameters in Egs. (3.9a) and (3.9b).

Let the hysteresis term in Egs. (3.9a) set to \0". Then the extation force can be
approximated by the slope at the two ends of the hysteresis.his occurs when the
relative velocity —is at its extremes while the relative displacement is crossing zero.
Assuming that the hysteresis is symmetric about the zero velity axes and about
the force o set, then a slope can be de ned as

bmax f Ee — (f Ee)max (f Ee)min (3.19&)

— -max -min

bmin bmax (319b)

Based on the above argument the values @f,.x and c,, can be determined by
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following equation

G f Ife — (f Ee).max (.f Ee)min (320&)
max min
o e (3.20D)

Similarly, when the relative velocity and relative accelation is zero, the relative
displacement attains its maximum and minimum values. Due tsevere non-linearity,
an empirical approximation toa is bounded by

gy tee o (fedmax  (Fee)min (3.21a)

max min

Amin Amax (3.21b)

The remaining model parameters; and , are directly responsible for the shape
of the hysteresis and it is not straightforward to comprehehtheir physical meanings.
Sincen determines the order of terms in the Eq. (3.9b), it is necesgyato have a
positive value of the order, thus lower limit ofn is set to 2. Higher orders are limited
by limiting the upper bound of n to 5. However some analytical and experimental
trial and error provides an insight on their e ects on the shpe of the hysteresis. For
example in order to initialize the value of , we can utilize the values of; bandc,
determined above and calculate the value of £ h) in Eq. (3.9a).

max (f e (f Ee h)) max (f e (f Ee h)) min (3.22&)
min max (3.22b)

The above equations only provide a guideline to determine ehlimits of parameter
values in the search space for the optimization algorithm. He accuracy of these
parameters for this purpose will also depend on the signahea above equations are
for monochromatic signal. As the objective of this work is to etermine these param-
eters for multisine signal, the right hand side are multipéd by a factor unique for
each equation. These factors were obtained by trial and errprocess and will di er
with the signal under analysis. A point to be noted as shown ithe block diagram
in Figure 3.4 is that, the internal signals(k) is not same asfgs as it was for the
Hammerstein model, rather it iss(k) = fgs(K) + fge(k).
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3.5.4 Dynamic block identi cation

In this section the methodology to determine the parametersf dynamic block (ARX
model) for all the three block oriented models is outlined. e knowledge of input and
output signal to the dynamic block is required in order to idetify the parameters.
From the block diagram in Figure 3.3 and Figure 3.4 it can be sedhat the internal
signal s is the input to the dynamic block and the estimated hydrodynmic force
feq Is the required output. For the purpose of identi cation theestimated value of
hydrodynamic forcef g4 is to approximate the CFD calculated values of hydrodynamic
forcef 4.

Depending on the model the internal signals changes to acodate details ac-
cording to that model. For example internal signal is estintad static force fgg, if
basic Hammerstein model is used, or estimated values of statorce along with es-
timated excitation force (fgs + fgq) if either of the rate dependent models are used.
Using the data from quasi-static and dynamic test discussed Bections 4.2 and 4.3
respectively and the identi cation technique in Sections .5.2 and 3.5.3 the values
of polynomial coe cients in C, state dependent coe cients @; b; § and hysteresis
coecients (; ; ; n ) are known and it is possible to calculate the internal sigha
S.

Once the internal signals(k) is known, an appropriate objective function must
be minimized through optimization procedure. In current sgion minimization of
normalized root mean square error (NRMSE) between the hydrgdamic forcef g4
from CFD and those estimated g4 by the Hammerstein/rate dependent Hammerstein
model (see Eq. (3.2)) or rate dependent KGP model (see Eq.%p.is used as objective
function. In order to determine the objective function, Eq(3.15) in Section 3.5.2 can
be modi ed to:

9 —p

kg feako _ w ke dfa() fea(K)P2

(3.23)

kfqk, K Ni v ’IZ‘:l if a(K)j2
The values of total hydrodynamic forcef 4 from the dynamic test described in Sec-
tion 4.3 should ideally be the output of the ARX block for trairing case (provided'
in Eq. (3.23) = 0). So, it can be said that both the input and ouput of ARX block
is known.
It can be seen from Eq. (3.2) that the estimate of hydrodynaroiforce is a function
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of two variables. This implies that the parameters for lineaoptimization problem

might be dependent on each other. Under such condition the @aneters cannot be
estimated directly by LS because the optimal parameters adohed by Eq. (3.17) for
identi cation of nonlinear static block cannot be directlyused. A constraint equation
should be used and the least squares technigue should accardate for the constraint
application. This constraint is shown in Eq. (3.24). It can le seen that the equation
discribes the dependence of coe cients of output parametemnd input parameter on
each other and implies that the sum of the coe cients of outptiand input terms

should be equal to 1.
Xa Xb
a + bh=1 (3.24)

i=1 i=0
where,a and b are coe cients of the output and input signals of ARX block,n, and
n, are the number of terms of output and input signals in uencig the current value
of the estimate. The linear equality constraint is given by:

A =d (3.25)

where is (N (ny + nyp+ 1)) matrix, and each equation in the linear equation
system represents an equality constraint. Eq. (3.25) can Iselved by performing the
constrained optimization with Lagrange multipliers, leathg to following parameter
estimate as mentioned in (Nelles, 2001):

constr =  unconstr H 1AT(AH 1AT) l(A unconstr d) (326&)
unconstr = (X TX) X Tfeq (3.26b)

where nconstr 1S the unconstrained least square estimate obtained by QRctar-

'hzation andH ! = iXTX is the inverse Hessian (Golub and Ortega, 1991)A =
T
1 1 1 1 andd=1.

8
E 1 rst model output

<N ifng O (3.27)
last model output

k =
s,

N+ ng ifnd<0

where = maxfng;(ny,+ ng)g, values of data are used to initialize the system. In
Eq. (3.27), rst possible predicted model output is fok = +1 and the last predicted
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model output is fork = ¥ = N for causal systemify 0) ork = ¥ = N + nq for
non causal systemr{y < 0) (see Figure 3.5).

Thus in order to determine the NRMSE (see Eq. (3.23)), the errdbetween the
estimatedfgy and CFD calculatedfy values of hydrodynamic forces, can be calculated
using equations Eg. (3.28), Eq. (3.29) or Eq. (3.30) and Ed3.31). X can be written as
Eq. (3.29) for Hammerstein model and Eq. (3.30) for KGP modeaésumingn, = 2).

h i
we N (3.28a)
|
fo= fol) fa@  fa(N) (3.28b)
h i
fea = fea +1) feal +2)  fea(®) | (3.28¢)

In Egs. (3.29) and (3.30)f4( ) f4( +1 n,) provides the initial guess values of
the estimated dynamic forces, these values can be assumetl t® avoid initial bias
or can be taken from the training data. In order to obtain ons, the parameters
that minimize the least squares error are given by Eq. (3.3HRfter solving Eq 3.26.
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Dynamic order estimation

Based on the argument presented in Section. 3.3, that the ¢ant estimate of hydro-
dynamic forcefgq4 is dependent on previous vaules of two variables @nd fgq), it is
important to determine the weight of each variable. Being aidcrete data model the
weight can be attributed to the number of data points of eachariable in uencing
the current value of the estimate. In Eq. (3.2), this is reprgented by the dynamical
order of the equationn, and ny,, implying that the fgq is a function ofn, number of
outputs of fgg and ny + 1 number of input of values as shown in Figure 3.5. The
exiblity (ability to show complex behaviour) of the model increases with increase
of the model order, where as very high orders limit the gendization on new data.
Thus an ideal value ofn, and n, should be determined. This ideal value is indicated
by the fact that the model performance does not increase sigrantly by increasing
the model order beyond that value (Isermann and Menchhof,@L1).

Time delay estimation

Another important paramerter to be determined is the one thatndicates the phe-
nomenone of causality. A system is causal if the output at crent instant depends
only on the present and past input where as in a noncausal sgst the output at
current instant depends on the future input. Since the modes trained on the data
obtained from physical system (training case), it is necemy to consider this e ect
when the physical system is not present (validation case).h& presence of nonlinear-
ity also in uences this parameter. Hence the parametary represents the input delay
time and represents (forng  0) the number of samples before the output reacts
to the input (causal system). Ifng < O the system is noncausal andy represents
the number of future input values, which in uence the presdnvalue of the output
(see Figure3.5).

The input delay time ny and the dynamical order (, and np) are collectively
estimated by measuring the error function from Eq. (3.23),\btrial and error process
on several ARX models. Ultimately, a combination of,; n, and ngy is selected which
results in lowest error in the estimate of.
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3.6 Model Validation

In Section 3.1.2, it has been explained that model validatiois the last and important
step in the system identi cation process. This section hidights the process of model
validation. Common methods utilised for model validation e prediction and sim-
ulation. In this section the di erence between prediction ad simulation is outlined
with the help of Figure 3.6. Prediction is the process of forasting a single value
in future. For parameter identi cation, prediction steps ae repeated multiple times
with the knowledge of process inpue.g. (k i) and process outpute.g.fq(k ).
In simulation the model uses only the process input values (Mes, 2001). When this
prediction procedure is repeated for model identi cationjt is referred as training
process.

In a case where the performance achieved using prediction e training data
is acceptable, a rigorous validation has to be done by tesgithe model on new data
set. The model is validated by following a similar approachsaprediction; but with a
di erent set of input data, as the truth signal (output of CFD) is not utilized. This
will be referred as simulation in this thesis. A nonlinear dyamic model can be used
for the purpose of either prediction or simulation. The di @ence between training
and simulation can be shown by following equations respegtiy:

feq(K) = [fg(k 1);::fg(k ng);s(k ng);s(k ng 1);:iis(k ng ny)l (3.32)

fea(k) = [fea(k 1);::feq(k na)is(k ng)is(k ng 1);:::s(k ng np)] (3.33)

In this thesis, the ultimate goal for the model is to perform isulation. The
parameters required for simulation are obtained from the #&ining, which requires
repeated application of prediction algorithm. The result®f simulation are validated
against the process output for a di erent realization of proess input. In the validation
process the model has to predict the outcome of an experimemhich was not used
for the training. For doing so the model utilizes the simulabn process shown in
the diagram Figure 3.6. Even if the performance achieved ondhraining data is
acceptable, without testing the model performance of new tdathe model cannot be
accepted.
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Figure 3.6: Process diagram representing di erence betweenediction and simu-
lation. Basic di erence between training and simulation isthe input and output
variables of the model. When a single value in the future is peted using only
the process input and output values it is prediction processvhen this procedure is
repeated for model identi cation, it is referred as trainig process but when model
output is used instead of process output it is possible to mteet multiple steps and
this is referred as simulation.
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3.7 Summary of the various candidate Data-driven
models.

In this chapter, a new methodology for hydrodynamic parameat model identi cation
is presented, which is based on the use of CFD-NWT data. The majonprovement
compared to previous work is the introduction of nonlinear ysteretic model as a
stand alone model and also in the data-driven modelling fraenwork. Another more
general improvement is increased modelling accuracy ovamelar potential theory
models which are based on strong assumptions of absence afrbglynamic nonlinear
e ects, such as viscosity, nonlinear restoring force and fex shedding.

Table 3.1: Summary of input and output of each block

Model Static block Rate dep. block Dynamic block
Input | Output | Input | Output Input | Output

o
3 || Hydrostatic fes = feg
Q
< | Hydrostatic ¢ N P
N + BOUC'Wen Es y T Ee — | Ed
(@]
% Hammerstein fEs fEs fEq
£ | Rate dep. ¢ . ; " f
g Hammerstein Es T Ee Es Ee Ed
£ || Rate dep.
g KGP P fes ;o fee fes+ fee fed

A summary of the models used in this chapter and analyzed in @pter 4 is
presented in Table 3.1. The input and output of individual bbcks employed in these
models is also compared. The identi cation of the entire blkk oriented framework is
divided into identi cation of the parameters required in irdividual block. Each block
will require a set of data, which should excite the system inder to obtain all the
required information. Thus a diverse set of data should be ed.
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Chapter 4
Numerical wave tank trials

The use of a NWT to replicate physical tank experiments was digssed in detail in
Chapter 2 and it was illustrated that NWT quali es as a means to gnerate data
that can be used in data-driven models. Another important catlusion was that the
heave plate on WEC B caused a nonlinear relationship betweerput state variables
and output hydrodynamic force, which was not seen for WEC A. Ttee NWT trials

were performed either by using monochromatic waves or quiesit uid as discussed
in Sections. 2.3.2 and 2.3.3 respectively. The hydrodynamnforces thus obtained
were validated against the results obtained from physicalahk tests utilizing the

same strategy. Since the validation process increased cdance in CFD experiment
design, this approach can be extended to generate data fortalariven models.

This chapter presents the experiment design and data gengoa process, which
will be utilized for identi cation of the model parameters br the block oriented models
discussed in Chapter 3. A brief outline of NWT trial involved indata generation
is provided Section 4.1. The WEC and domain details along witthe input wave
characteristics are also discussed in the same section. Tdetails of the NWT trials
involved in data generation are discussed in Sections 4.2da#h.3. The characteristics
of the ow eld in hydrodynamic trials are discussed in Sectin 4.4.

4.1 NWT trials for data generation

NWT trials in this thesis are used to identify di erent types of model components and
are classi ed based on the environmental and input-outputanditions as represented
in Figure 4.1 and Table 4.1. This classi cation criterion leds to primarily two types of
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NWT trial, viz. hydrostatic and hydrodynamic NWT trial. NWT trials provide data
that can be used to determine the relationship between fraggace and hydrostatic
force can be achieved by displacing the spar in a quasi-stathanner and recording
the force on it for discrete draft values. This experiment Wibe here-after refereed
as hydrostatic NWT trial. A hydrodynamic NWT trial is done in the presence of
transient input waves to establish a relationship betweerhe state variables and the
dynamic force experienced by the spar. These state variablare either the position,
velocity and acceleration of the freesurface for stationarspar or relative values of
position, velocity and acceleration for moving spars.

Assuming that the hydrodynamic force 4 thus obtained has a component of static
contribution, the e ects of which have been identi ed in thehydrostatic test, it can
be substracted from the measured hydrodynamic force. Thismponent of force will
be referred as excitation forcé. (i.e. fe=fgq fg).

NWT trial

|
! 1

Static ow eld Dynamic ow eld

¥ Y
Hydrostatic force Relative position Hydrodynamic force

Figure 4.1: Classi cation of experiments for data generatio The input and output
of these experiments are tabulated in Table 4.1

Table 4.1: Characteristics of various NWT simulations used falata generation

Flow eld Static Dynamic

Exp. type Hydrostatic Hydrodynamic

InpUt max = Z > min Hs; Tp Hs, Tp, z
Output fs , Fa

While most models of WEC (Bacelli et al., 2017; Giorgi et al., 2B, 2016b) use
a formulation with surface elevation as input, in this studythe model uses relative
position of spar (v.r.t free surface) for broader representation of operating cand
tions. The NWT trials required for the identi cation of various parameters and the
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resulting parameters of these experiments are shown in Figud.1. The input to the
experiments and the obtained output for the subsequent id&rcation experiments
are tabulated in Table 4.1.

4.1.1 Spar geometry and CFD domain details

Geometries of some hydrodynamic signi cance to wave energgnversion have been
considered in this study. As it has been discussed in ChaptertRat a 3D CFD
simulations at wave tank scale is beyond practical implemg&tion, a 2D analysis
should be adopted. 2D geometry provides the characterisdién the hydrodynamic
force that were seen for the 3D geometry. This implies that &hgeometry chosen
is such that the ow eld developed during the operation of tke device is similar
to that developed by the operation of 3D SRPA with heave plate Thus in the
current work in nitely long cylinder having vertical cross-sections of a heave plate at
the end of rectangular cylinder (shape of an inverted T), heafter known as Heave
Plate (HP) cylinder will be considered. In order to establisithe importance of rate
dependent block (Bouc-Wen model) in the context of the HP cylder and to compare
the performance of the basic model structure on which the grosed model is build,
a simpler 2D square cylinder is also considered. The sketchdadimensions of the
spars used are as shown in Figure 4.2.

Figure 4.2: Schematics of 2D prismatic test geometries: a sga cylinder and a Heave
Plate (HP) cylinder

Though only 2D geometries with single Degrees of Freedom (BPwere considered
in this study, this methodology can be easily extended to 3Degmetries. In the
current study, the e ect of uid motion in only the plane of oscillation (xy plane)
a ects the results.
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The setup of 2D numerical tank requires cells of unit thickrss in the third di-
mension and a symmetry boundary condition is imposed on thée cell faces inxz
plane. The domain dimensions and the associated structuretesh around the WEC
is shown in Figure 4.3. Two di erent domains and mesh were cadsred for the
hydrostatic and hydrodynamic experiments. The dimensionsf the tank are based
on the requirement of the wave absorption at the tail end of NWT iad previous work
of Giorgi et al. (2015, 2016a).

(a) Mesh and domain for hydrostatic experiment

(b) Mesh and domain for hydrodynamic experiment

Figure 4.3: Domain dimensions and mesh for NWT trials. The WEC waglaced
equidistant from tank walls for hydrostatic test. Due to therequirement of wave
damping zone at the tail end of the NWT the WEC was placed closer tine wall in
the upstream than in the downstream in hydrodynamic test

The spar is placed at 100n, equidistant from both the ends {.e. max and minx
coordinate) for the hydrostatic test. Since hydrostatic egxeriments are a quasi-static
process: body is moved very slowly so as not to generate sagavaves. For the case
of hydrodynamic test the spar is placed at 15én from inlet and 450 m from outlet
to allow wave generation and absorption. In all the experinms, the numerical tank
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is 50 m deep. The discussed in Section 2.2, one of the advantages of NWTthat
re ections from tank walls can be controlled in multiple wag. In this work the tank
dimensions are chosen such that the walls are far away fromethVEC and numerical
damping is applied at the tail end of the tank, to ensure no wavare not re ected.

4.1.2 Grid sensitivity analysis

A uniform grid with square cells in the entire domain is not dgirable, due to the high
cell count. It was decided to reduce the number of required Iteby using di erent
re nement levels and cell size grading for the discretisain of the NWT. Eight meshes
with the same layouts but varying degree of resolution weresidered. The layout
is shown in Figure 4.4. The cells with largest size are situatenext to the bottom of
the tank in the transverse direction and at the far eld dampng region next to the
outlet boundary in the longitudinal direction. The size of he largest cell height is
represented by . The smallest cells /2 4 are placed close to the free surface. With
increasing cell sizes in the order of"2vheren = 3;2; 1 away from the free surface.
Each layer has a thickness of wave height=2, above and below the mean free surface.
A gradient of 0:87 is used to decrease the size of cells away from the bottorwaods
the freesurface and, a gradient of:91 was applied in the direction from the outlet
to the simulation zone. The details of the mesh and results the sensitivity test
are tabulated in Table 4.2. The details of the convergence tnies chosen for the
sensitivity study and the mathematical formulation of the tiree error metrics used
in the study can be found in Appendix A. The three metrics areiz Metric-1 is grid

Figure 4.4: Schematic of mesh sizes used in the sensitivitydy. represents the
largest cell size along the depth of the NWT
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Table 4.2: Grid independence study on 2D NWT. Monochromatic was of wave
height H =5 mand wave length = 300 m were used for 708 of simulation. Mesh-c
has the coarsest resolution and Mesh-f has the nest resolo

Mesh | Division® | Total no. | No. of cells (%)

Index | x y |ofcells | cpH& | CcPL Convergenc U ‘ dH
c 50 | 30 12723 11 120
1 55 | 35 16360 13 140 Monotone 1:035| 0:688
2 67 | 28 14928 15 28 Oscillatory 114 3.61
3 67 | 40 14512 15 40 Oscillatory 109 2.97
4 67 | 40 21904 15 160 Monotone 1:58 1:05
5 80 | 45 30395 18 180 Monotone 6:24 4:08
6 90 | 55 40210 20 220 | Oscillatory 141 7:12
f 105| 60 51170 24 240

Number of divisions before re nement
No of cells per wave height at the free surface
No of cells per wave length at the free surface

uncertainty. Metric-2 is the relative deviation of the phas averaged wave height for
various meshes with respect to the mean wave height of the siemesh. Metric-3 is
the mean error and standard deviation of the measured phaseesaged wave height.
From Table 4.2, it can be seen that the values di (Metric-1) and dH (Metric-2)
are higher by an order of magnitude for Mesh-2, Mesh-3 and Me8§ when compared
to Mesh-1, Mesh-4 and Mesh-5 for which monotonic convergenis obtained. Thus,
the meshes for which oscillatory convergence is obtainedeanot analyzed further.
In order to decide the nal grid distribution Mesh-1, Mesh-4and Mesh-5 are further
analyzed by evaluating the wave damping in NWT for these meshes

The capability of absorbing waves travelling from the genation boundary to-
wards the far eld boundary is crucial for an e cient NWT. The far eld boundary
must absorb the outgoing waves to prevent undesired re ectis back into the NWT
simulation zone, contaminating the generated wave eld. Mgc-3 is used to evaluate
the consistency of the wave eld along the length of the NWT. Tale 4.3 shows the
relative error at two di erent locations x= =1 and x= = 1:5 in the tank. A con-
sistent value of error at both the locations is desired. It islso expected that under
ideal condition the upper and lower bounds of errors are equarom Table 4.3, it
can be seen that the values of errors are higher for the coatsand the nest mesh.
The inconsistency in the error values at both the location®f Mesh-1 is evident along
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Table 4.3: Relative error , between target and resulting wave height standard
deviation at x= =1 and x= = 1:5 in the tank. Mesh-c has the coarsest resolution
and Mesh-f has the nest resolution

Mesh x= =1 x= =15
Index b H e "
C 77 9:4 3.7 5:25
1 3:3 2.0 0:09 2.0
4 34 1.2 2:6 0:5
5 0:44 21| 072 4.0
f 4:1 2.7 1.6 0:34

with positive and negative bias. The error values for Mesh-&re smaller compared
to the errors for Mesh-4.

Considering the values of Metric-1, Metric-2 and Metric-3dr Mesh-1, Mesh-4 and
Mesh-5 and keeping in mind the computational expense, it wakecided to use the
grid parameters corresponding to Mesh-4 for further analigs

4.1.3 Input signal characteristics (Sea state)

For the NWT hydrodynamic trial a list of wave characteristics ae provided as input
to OpenFOAM code. The provided characteristics are wave melj wave length, am-
plitude, phase and angle. The characteristics have been gested using an Matlab
script developed in-house, which utilizes the Wave Analysier Fatigue and Oceanog-
raphy (WAFO) toolbox. WAFO is a toolbox of Matlab routines for statistical analysis
and simulation of random waves and random loads. The characistics of sea state in
terms of Hsand T, are speci ed to this script, and it generates OpenFOAM readdé
le with a list of required parameters (wave model, wave lert, amplitude, phase
and angle). The input sea state used in this paper has a JONSWAPexgira charac-
terized by Hs = 0:5m and T, = 10 s. The sea state has been obtained as multisine
signal selecting random phases. An example of the spectrahtamt used in thesis is
shown in Figure 4.5. For each oscillation characteristics tbe di erent realizations
have been generated and utilized with each geometry, theylWie referred asR1, R2
and R3.
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(a) Amplitude-frequency distribution

(b) Wavelength-frequency distribution

Figure 4.5: Distribution of characteristics of input signafor Hs = 0:5mandT, =10 s
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4.2 Hydrostatic NWT Trail

The objective of hydrostatic experiment is to determine thgarameters governing
the relationship between the input and output of static blok. This is represented by
function r( ) in EqQ. (3.7). In this experiment, the spar is submerged in agarly static
ow eld condition such that no dynamic e ects are present. The spar initialized to
oscillate at a frequency of 8 10 # Hz and amplitude of 20m, but the simulation was
stopped in 20s. The details of hydrostatic experiments are also tabulateid Table 4.4.
In this time the spar moved by 2m distance in the direction of submergence. Two
vectors are produced by this experiment one containing theytirostatic forcefs on
the spar and another position of centroid of spar with respeto water surface The
change in the hydrostatic force with respect to relative hght measured from the
centroid of the square and HP cylinder is in Figure 4.6. In thisxperiment, the
forces on spar were recorded at an interval of(D2 s, thus during submergence each
value of time corresponds to a unique value of relative heighThe x-axis of the plot
shows mapped values of relative height for the corresponding value of time. The
identi cation procedure of this test is discussed in Sectin3.5.2, and the case study
explaining the process is discussed in Section 5.2

Figure 4.6: Results from the hydrostatic test and tting of the static curve. The
section of curve shown here = 1;1 represents the spar length that was submerged
in this experiment

For geometries with straight wall the hydrostatic curve canbe obtained from
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Archimedes' principle without the requirement of expensiv€FD simulations. How-
ever, the purpose of this exercise is to lay out a general mettology for determination
of the hydrostatic curve for SRPAs with wall of arbitrary shages.

4.3 Hydrodynamic NWT Trail

The hydrodynamic forcef 4 and the excitation forcef . corresponding to the relative
position on WEC is calculated from the hydrodynamic experiment. The mallts
from this experiment are used for parameter identi cation brate dependent block
(refer Section 3.5.3) and the dynamic block (refer Section534).

In order to determine the wave height has to be determined rst. One way
to nd the wave height in a transient CFD simulation is by plachg probes around
the spar in dynamic test and interpolating the wave heights.The values of wave
heights thus obtained will be in uenced by di raction, scatering as well as radiation,
particularly when the spar has a damper plate placed close the free surface. Thus
in order to avoid the e ect of above mentioned phenomenon argince repeatability
of the environmental conditions is ensured in a numerical &, this thesis proposes
performing the hydrodynamic experiment with a wave probe pted at the location of
spar. The time series of signal that are generated from the digpdynamic experiments
are enumerated below.

1. The wave probe provides the time series TS-1 of wave elawgatat the location
of spar. This time series is presented in Figure 4.7a

2. The position signal generated by monochromatic oscillah of HP cylinder is
referred as TS-2 signal, this signal is a sinusoid of amplda and frequency
presented in Table 4.4.

3. The superposition of TS-1 and TS-2 produces TS-3, whichtlse time series of
relative position of spar. This signal is shown in Figure 4.7b.

The relative position is thus extracted from a di erence of wo signals gathered
independently. In the current study, HP spar is forced to osktate with frequency
of I = 1:25rad=s and with three di erent amplitudes 0:25 m, 0:15 m, and 005 m.
Fourth case with a stationary spar is also analyzed. The dets of various NWT
trials and test cases analyzed are tabulated in Table 4.4. €hrelative position of the
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(a) Freesurface height at spar location (TS-1)

(b) Relative height at spar location (TS-3)

Figure 4.7: Free surface height ( and relative height ( ) from dynamic test for R2
realization for HP oscillating at Q15 m and 1:25rad=s
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spar is same as the wave elevation TS-1 if the spar is statiopaotherwise relative
position is the time series TS-3.

Once the relative position of the spar is determined the CFD ldyodynamic ex-
periment is repeated with spar at the location of the wave ple. Spar is either
forced to oscillate periodically at the amplitude and fregency tabulated in Table 4.4
or remain stationary in a dynamic ow eld depending on the cae under study. The
excitation forcef ¢ is also calculated from this test by subtracting the hydrosttic force
fs from the total measured hydrodynamic forcéy. The hydrostatic force is obtained
by the knowledge of functionr () obtained from identi cation of static block (refer
Sections 3.5.2 and 5.2). The hydrostatic force correspontdsthe relative position of
the body with respect to the free surface in the presence of wes.

As the hydrostatic force is obtained from a quasi-static expienent, the excitation
force is inclusive of all the nonlinear forces due to osctilan of heave plate and
the viscosity of water. The identi cation of the rate depeneént block utilizes the
excitation force, and the procedure to obtain the constants&n Bouc-Wen model are
described in Section 3.5.3 and demonstrated in Section 5St8spectively.

Table 4.4: Characteristics NWT trials of various test cases ad for data generation.
All the hydrodynamic experiments have been conducted for 7@0n order to capture
several cycles of the lowest frequency waves in the spectrum

Spar oscillation | Sea staté
Experiment type | amp I He Tp | Duration
(m) | (rad=g) [ (m) | (s) (s)
Hydrostatic 20 0:005 - 20
0.0
Hydrodynamic® 0:05
0:15 1:25 05| 10 700
0:25
Hydrodynamic | Fixed wave probe

* 3 hydrodynamic CFD simulations for 3 sea state realizations R1; R2 and R3

* panchromatic free surface height at the location of wave pro be generates TS-1 signal

& the position signal generated by monochromatic oscillatio n of HP cylinder generate
TS-2 signal

The HP cylinder discussed in this chapter is a 2D simpli catin of the 3D WEC
B discussed in Chapter 2. It is expected that the ow elds arand the HP cylinder
and WEC B are similar in characteristics.
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4.4 Characteristics of the 2D WEC Fluid Struc-
ture Interaction

The characteristics of the ow eld in hydrodynamic trials are analyzed to nd sim-
ilarity with the characteristics in the wave force that wereseen for the 3D WEC B
geometry. Figure 4.8 shows the process of vortex generatiawwand the HP cylinder
oscillating atamp = 0:25m and amp = 0:05m, and common frequency = 25rad=s
in a panchromatic wave eld for realizationR1 during one cycle of oscillation. The
images corresponds to instants of time that are=2l period of the HP oscillation. Fig-
ure 4.8a, 4.8b show that when the cylinder reaches the top dkeaentre and starts
moving down the plate tries to displace the water below it, wich quickly Ils up the
vacuum created above the plate from the previous cycle (shovoy the direction of
velocity vector). The asymmetry in the pressure eld is the esult of the dynamic
wave eld, and the low pressure region on the left of the cylder is due to the wave
trough. On the right of the cylinder's central axis a rolled p vortex ring, which was
formed below the plate's bottom edge during the previous a=dt, is fully developed
has moved upwards. The vortex developed on the right of the layder shown in Fig-
ure 4.8a has di used in Figure 4.8c and the small eddy at the ed@f plate on the left
has developed into a larger eddy forming a pair with existingortex. This is not true
for the HP cylinder oscillating at lower amplitude as the paitof vortices on the right
of cylinder in Figure 4.8b has developed into three vortex in Gure 4.8d. The pair of
vortices in the left of HP cylinder in Figure 4.8c develop intohiree vortices system on
the early upward stroke of HP cylinder, as shown in Figure 4.8&hereas the three
vortex system in Figure 4.8d develops into four vortices in Fige 4.8f. These vor-
tices move close to the free surface as shown in Figure 4.8g whempared to those
in Figure 4.8h, as the incoming crest increases the hydrostafpressure on the left
side of the cylinder. Figure 4.8 shows that there are clearhhanges in the pressure
distribution that manifest due to past motions.

Earlier studies and visualizations on shedding of vorticdsom isolated oscillating
sharp edges showed that vortices shed at each half cycle fedhpairs that convected
away from the edge (Graham, 1980). Another study on oscillaiy spar columns (Tao
et al., 2000), showed that the rst vortex formed in an up stré&e depleted its strength
rapidly due to diusion, and was not able to convect away fronthe edge. Unlike
the current analysis, these previous studies were done in aigscent uid condition
and it is expected that the presence of panchromatic wave elwill show unique
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vortex behaviour on each cycle of spar oscillation. It is dicult to generalize the
vortex shedding characteristic, due to combination of sparscillations along with the
panchromatic wave eld.

(a) amp=0:25: 100+ (s) (b) amp=0:05: 100 + % (s)

(c) amp=0:25: 100 +% (s) (d) amp=0:05: 100+ (s)
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(e) amp=0:25: 100 + 3T (s) (f) amp=0:05: 100+ 3L (s)

(g) amp=0:25: 100+T (s) (h) amp=0:05: 100+T (s)

Figure 4.8: Flow eld around HP cylinder oscillating at 025 m and 125 rad=s for
R1 realization of sea state
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Chapter 5

ldenti cation of data driven
models for Heave Plate (HP) Spar
geometry in irregular waves

In Chapter 3, the framework for the data driven modelling telenique was discussed
in detail. The current chapter demonstrates application othe approach using CFD
based Numerical Wave Tank (NWT) discussed in Chapter 4 as the soe of data
for identifying model parameters and for the training procdure. The identi cation
procedures for the block oriented models were discussed icton 3.5. These pro-
cedures are explained for each test case in Sections 5.2,&18 5.4. The results are
discussed in Section 5.5.

5.1 Overview

A summary of parameters that must be obtained from the identation of sub-models

is tabulated in Table 5.1. Three dierent linear and nonlin@r discrete time, data-
driven modelsviz. Hammerstein, rate dependent Hammerstein and rate dependent
KGP model are compared in this work.

The structure of each model is based on combination of two ohree dierent
blocks. Each block is either based on some physical structuor are purely data-
driven. A static block consisting of hydrostatic model and aynamic block consist-
ing of black-box ARX model is common to all data-driven modelanalyzed. This
model is known as Hammerstein model. An additional block costing of Bouc-Wen
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Table 5.1: Summary of identi cation procedure, identi ed @mrameters, input variables
required and composition of internal signal

Identi ed block Validation
Static | Rate dep. | Dynamic Inout |
- npu Interna
Identi ed parameters .
Model bp sea state | signal c;-::;
a, b; C Na; Np;
c | . © R3 s
(1S9
Sea state realization’s used
- R2 | RI1
8 Hydrostatic - - - HP
©
Q B
|5 Hydrostatic i . i HP
v || + Bouc-Wen T
. HP

@ || Hammerstein - fEs
D Square
(D)
c Rate dep. .
2 || Hammerstein T fes+fee | HP
C
'© Rate dep. .

* For HP cylinder 1 test case for xed cylinder and 3 cases for abating cylinder at
I' = 1:25rad=s and amplitude = 0:05m; 0:15m; 0:25m were analyzed

* For square cylinder 1 test case for xed cylinder was analyde

& R1; R2 are used for identi cation andR3 is used for validation

$ TS-3 is time series of relative position generated by supe@sition of TS-1 and TS-2,
which are time series of freesurface ht and spar oscillatioespectively
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model is applied to the basic Hammerstein model resulting irwb rate dependent
data driven models known as rate dependent Hammerstein andealependent KGP
model. These models di er in the structure of dynamic block sathe rate dependent
KGP model uses the nonlinear input-output relationship in he dynamic block. The
dynamic block (ARX or KGP) is tasked with making up the di erence observed in
the internal signal and CFD generated hydrodynamic force. Tevadditional models
which are dependent on the state are also assessed.

These models have been compared on their validation capais of hydrody-
namic forces on four cases of xed and oscillating HP cylinder The proposed rate
dependent models have been built on the foundation of existy Hammerstein model.
By providing a comparison between hydrodynamic force on xksquare cylinder and
xed HP cylinder predicted by Hammerstein model, the requirerant of rate depen-
dent models to model HP spars will be rmly established. Sindde purpose of using
square cylinder was only to validate and compare the accusaof the code developed
to already published result, only Hammerstein model was aryaled for xed square
cylinder. Whereas for the HP cylinder all the three models werensidered.

5.2 Static block identi cation

The identi cation of static block has been discussed in detiain Section 3.5.2. The
current section demonstrates the methodology to determinte hydrostatic coe -
cientsC in Eq. (3.15) for a square cylinder and a HP cylinder. These co&nts are
determined from the results of hydrostatic experiment disssed in Section 4.2. The
value of the static block parametemn, is 1, and the values of the tting coe cients C
for the square cylinder and the heave plate cylinder are 28 kN=m and 194 kN=m,
respectively. The hydrostatic coe cients are dependent othe geometry, and will be
same for all the cases pertaining to a particular geometry.rém the shape of spar and
corresponding test results, it can be concluded that the wa¢ of n. = 1 is expected
due to the straight walls of spar and therefore linear increemt in the hydrostatic
force. Once the parameten, has been determined based on Section 3.5.2, the esti-
mated value of static forcef gs(k) can be calculated with the knowledge of relative
height (k). Though the value ofn.; = 1 indicates that a linear model is su cient, a
nonlinear model is also developed for geometries which da have straight walls at
the interface.
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5.3 Rate dependent block identi cation

As shown in Table 5.1, the rate dependent block consists of tigouc-Wen model
that is used only for analyzing test cases with HP spar. Utiling the test results
from the hydrodynamic tests described in Section 4.3 and tharategy outlined in
Section 3.5.3, the identi cation of parameters of the rate ependent block are per-
formed using the PSO algorithm (refer Section 3.5.3). The byodynamic forcef 4
obtained from the hydrodynamic experiment using sea statealization R2 and the
values of hydrostatic coe cients C obtained from identi cation of static block are
used inorder to determine the excitation forcd,, (fo = fq fgs). fes is estimated
hydrostatic force on spar for sea state realizatioR2. The excitation forcef is used
to calculate the seven parameters of the Bouc-Wen model ugiikq. (3.9), and the
PSO optimization algorithm.

The cost function is de ned as the di erence between the estiated value to the
excitation forcefge and the CFD obtained valuef (refer Eq. 3.18). The values of
the coe cients thus obtained for for the HP cylinder oscillaing with a frequency
of 1:25 rad=s and amplitudes of G0 m; 0:05 m; 0:15 m and 025 m for sea state
realization R2 are tabulated in Table 5.2.

The values of parameters thus obtained were substituted inge (3.9) along with
the time series of , —_and °*. The values of excitation forcef g¢(k) were determined
for training signal R1, but the parameters of rate dependent block were identi ed
using realizationR2. The estimated values of the excitation force for the oslating
HP cylinder are plotted along with the CFD generated values in gure 5.1a and the
comparison between the amplitude spectrum of estimated etation force signal and
CFD generated excitation force signal is shown in Figure 5.1he NRMSE between
the excitation forces and MAPE between the signals of amplite spectrum for the
entire signal of 600s is shown in respective plots.

The excitation force is expected to have a nonlinear forcelagonship with the
relative velocity —. It is also expected that this nonlinear force relationshigan be
expressed by hysteresis plot. To verify this, the true exdtion force obtainedvia the
NWT is plotted with respect to relative position and relative \elocity for the entire
700 s signal and shown in Figure 5.2. These plots are for the realian R1 when
the HP cylinder is oscillating with amp = 0:05 m. It can be seen that the excitation
force and relative velocity relationship follows a hysteses curve implying that the
maximum relative velocity does not correspond to the maxinm excitation force on
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(a) Comparison between time series of excitation forcd ¢ from CFD
experiment and estimated excitation force from Bouc-Wen model
fee (only 40 s of the 600s segment are plotted) (NRMSE = 0:25)

(b) Comparison between amplitude spectrum of excitation force ob-
tained from CFD experiment and that estimated using Bouc-Wen

model from (MAPE =3:8 (10 2))

Figure 5.1: Comparison between CFD calculated and Bouc-Wen ol calculated
excitation forcef ge on HP cylinder oscillating withamp = 0:25m and! = 1:25rad=s
for realization R1. Coe cients are obtained from excitation force time serige for sea

state realizationR2
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@) fe

(b) fe -

Figure 5.2: Excitation forcefe = f4 fgs on oscillating HP cylinder @mp = 0:05m)
for realization R1 with relative position and velocity. The hydrodynamic focef g is
obtained from the hydrodynamic experiment in CFD and the estnated static force
fes is calculated from the static block coe cient C and the time series of relative

height of the spar
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Table 5.2: Values of parameters of Bouc-Wen equation, obt&d from PSO forR2

amp a b c 0
(m) | (kN=m) | (kNs=m) | (kNs?=m) | (kNs=m) | (m 1) (m 1)

0 1.1 104 5134 7:352 8:99 364157 71959| 2:54
005| 1.6 103 317 1325 5:25 23922 46566 2:2
0:15| 1:118 10 2 6:35 1872 3:47 151524 | 43014 2.3
0:25 | 1:86 10 ? 1384 1397 11:62 354261 | 69835 2.0

the HP spar.

Based on the nature of input and output relationship as showin Figure 2.8
for regular waves input and Figure 5.2 for irregular wave induit is necessary that
data driven models should accommodate hysteresis relatghnp. Another important
conclusion that can be drawn from these images is the asymmein excitation force
values during up and down strokes. It can be seen from Figure?&.that the force
magnitude in upstroke (positive values of and negative values of¢) is higher for
most of the oscillation cycle. A similar observation was madin (Brown et al., 2017);
the authors found that the added mass and drag coe cients wer di erent for up
and down stroke of WEC oscillation for spar tted with variousheave plate designs,
including at plate.

5.4 Dynamic block identi cation

The dynamic block generalizes the overall model thereforea parameters of dynamic
block have been identi ed from the experiment using sea s&trealizationR1 whereas
R2 is used only to identify the parameters of rate dependentdtk. Once the param-
eters of the rate dependent block are identi ed;; 5 ° from R1 are used to calculate
the estimated excitation forcef g and it is compared with the hydrodynamic force
obtained from hydrodynamic experiment usingRl. The comparison between these
signals are plotted in Figure 5.1a. The state dependent modalthis stage is referred
as Hysteresis model (Hydrostatic+Bouc-wen) in Table 5.1. Thistage is intermediate
for the rate dependent models and the dynamic block has notéradded to the model
structure. In this section the procedure to identify the dyamic block coe cients is
outlined for the HP and the square cylinder.
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The composition of internal signal which is the input to dynanic block for various
models is tabulated in Table 5.1. In the Hammerstain model théternal signal
only consists of estimated values of hydrostatic forcéss whereas for rate dependent
models the internal signal includes the estimated values@fcitation forcef g through
the addition of the Bouc-Wen model. Identi cation of the dyramic block utilizes the
results of the experiments in which the spar was made to odate at amplitudes of
0:25m; 0:15m; 0:05m and frequencyl = 1:25rad=sfor 700s. Two di erent ranges
of model order and time delayn,; n, and ng as described in Eq. (3.2), are analyzed
to nd an optimal combination these parameters in each range

" Range 1 refers to the lower values of model orders in which stdntial drop in
the NRMSE is observed.

Range 2 refers to the combination of model order values highttan Range 1,
where second substantial drop in the NRMSE is observed.

For both the ranges the step size was kept same atGs.

ta = Ny 0:2 represents the previous transient information ofgy4 that in u-
ence the current value off g4, similarly t, = n, 0:2 represents the previous
transient information of internal signal that in uence the current value of f g4
(refer Figure 3.5).

5.4.1 Choice of Range 1 model order and time delay

The identi cation of the dynamic block is done based on the mrcedures outlined in
Section 3.5.3. It has been found by Giorgi et al. (2016a) thahis procedure is very
e ective for simple geometries like square, triangular andircular cylinders. That
procedure is based on the iteratively changing the values of; n, and ng with an
objective of determining a smallest value of NRMSE between ¢hestimated values
of hydrodynamic forcefgq and the CFD calculated hydrodynamic forcef 4. For a
linear model, the dynamic order of the model should be kept asnall as possible
to reduce dimensionality of the problem and hence complexitBased on the above
arguments,2 n, 9,15 n, 30and 20 ng 5 were chosen as possible
combinations for the ARX structure. This range of values wilbe referred as Range
1. This leads to identi cation of around 735 ARX structures fo Range 1 for square
cylinder and 4500 for HP cylinder for each case study. Rangeslused for 1 case of
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xed square cylinder, 1 case of xed HP cylinder and 1 cases dafor HP cylinder
oscillating at 005 m; 0:15m and 025 m.

This process has been very e ective for 2D square cylinder winthe order of the
ARX model is low (2 Na 9 and 2 Ny 9 has been used in Giorgi et al.
(2016a) for a Hammerstein model). It has also been utilized ithis thesis for the
square and HP cylinder cases. For the following reasons theeet of higher ranges of
model order are also considered for the oscillating HP cyliad cases.

1. In this thesis the HP cylinder is forced to oscillate at higtirequency and am-
plitude, compared to the input spectrum of the sea.

2. The Bouc-Wen modelling approach to resolve hysteresigodagdent phenomenon
is used with Hammerstein model and KGP model. Since additioh@hysics
based model is used the accuracy of internal signal which mput to dynamic
block is expected to increase.

3. In the proposed models the nonlinear rate dependent bloiskused with the dy-
namic block. Since the dynamic block utilizes a linear (used Rate dependent
Hammerstein) or a nonlinear model (used in Rate dependent KGRo model
the input fge and output f4 of the dynamic block, a possibility exists that the
signi cant dynamics remain unmodelled if lower order appraomations to the
internal signal are adopted.

Based on the above hypothesis, Range 2 will be considereddbrthe data-driven
models and accuracy of the model in both the ranges will be dyzed before any
conclusion is drawn on the requirement of higher order model

5.4.2 Choice of Range 2 model order

Based on the discussion in Section. 3.4.3 and Figure 3rh, represents the number
of values of estimated hydrodynamic forcégq in the past and n, + 1 represents the
number of values of the internal signal that in uence the cuent value of estimated
hydrodynamic forcefgq. Since in the trainingfgq is compared tof 4. The values of
f4 and fge can provide an indication on the range of values @f, and n, that should

be investigated in order to nd the optimal value. The ampliude spectrum of the
hydrodynamic force generated by NWT experiment is plotted in gure 5.3. It can
be seen that the peak value of hydrodynamic force for osciltag HP cylinder occurs
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around 02 Hz, which is the oscillation frequency of the HP cylinder. The sae peak
can be seen from the amplitude spectrum of the internal sighfor the cases of with
and without Bouc-Wen model in Figure 5.4a and Figure 5.4b resgtevely. From

these plots we can see that for all the cases of HP oscillatiaine high amplitude
values of hydrodynamic force and internal signal are condested between 009 Hz

and 025 Hz. From Figure 5.4b it can be concluded that, and hencen, should
correspond to the oscillation frequency between@®-015Hz. The correspondingt,

and n, values are 7-11s and 35-55 respectively. Similarly, the initial values ohy

should correspond in the range of:05-004 Hz or 20-25s.

Figure 5.3: Amplitude spectrum of CFD calculated hydrodynamiforce on HP cylin-
der oscillating at! = 1:25rad=s for realization R1

5.4.3 Choice of Range 2 time delay

The time delay between the current estimated value of hydrgtiamic force and the
last value of internal signal that in uences the calculatio is represented byty. An
observation here is thaty represents the time shift between the output of the dynamic
block and the input to the dynamic blocki.e the internal signal. From Figure 5.3
and Figure 5.4, it can be said that the peak values of amplitudeof hydrodynamic
force and internal signal are close, and hence the requiremhef a large time delay
is unlikely. Thus, a relatively small range of delays is coiered: 2s ty 1s.
Based on the above arguments, for the case of HP cylinder anetlset of values as
35 N, 55, 100 Np 125 and 10 Ng 5 were chosen as possible
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(&) Amplitude spectrum of estimated excitation force/internal
force signal for rate dependent modelsg= fggs + fge)

(b) Amplitude spectrum of estimated hydrostatic force/internal
force signal for Hammerstein model § = fgs)

Figure 5.4: Comparison of amplitude spectrum internal sigh&or di erent amplitude
of spar oscillation for realizationR1 and oscillating HP cylinder { = 1:25rad=s)
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combinations for the ARX structure. This range of values wilbe referred as Range
2.

After establishing the ranges which de ne the search spacer fthe optimization
problem, the next step is to determine the optimum values ofi;; ny, and ng by
identifying di erent ARX structures. Each ARX structure is a speci ¢ combination
of dynamical order of the equation Eq. (3.2) and delay parartex (n,; np and ng)
values. The training procedure involves application of sps discussed in Section 3.5.4,
with various combination ofn,; ny; ng. This leads to identi cation of around 2340
ARX structure for Range 2 for HP cylinder for each case study. Rge 2 are used
only for 2 cases of HP cylinder oscillating at:@5m and 015 m. A summary of the
ranges analyzed for various models and test cases is presdnh Table 5.3.

5.4.4 Results of dynamic block identi cation

The value of NRMSE between the estimated values of the hydroxgmic forcef g4 and
CFD calculated hydrodynamic forcef 4 are recorded for each ARX structure. Since
n, provides the number of poles of the system, it is the most impant parameter
to be determined. The optimal values oh, for xed square cylinder are determined
for Range 1 from Figure 5.5a. The optimal value afi,, is the values ofn, at which
the value of NRMSE is su ciently low and increasingn, after that doesn't reduce
the value of NRMSE, signi cantly. Thus it can be said that the reduction in the
values of NRMSE forn, 4, is insigni cant. Therefore the optimal n, for Range 1
is 4. The values ofn, and ny are determined by plotting NRMSE atn, = 4 for all
the values ofn, and ng. In the current case, 2 ny, 9 and 10 Ng 5
were chosen. From Figure 5.5b, it can be concluded that the NRMSloesn't show
signi cant improvement for np,> 5andng< 4orng> 4.

Similarly for oscillating HP cylinder at amp = 0:25m and! = 1:25 rad=s and
for sea state realizationR1 and using Hammerstein modeln,; ny, and ng values
are determined for Range 1 and Range 2 from Figure 5.6. The opal value ofn,
for each range, is the value oh, at which the value of NRMSE is lowest. Thus
from Figure 5.6a and Figure 5.6c¢ it can be said that the reductioin the values of
NRMSE forn, 5, 0orn, 55 is insigni cant. Therefore the optimaln, for Range
1 and Range 2 is 5 and 55 respectively.

Once n, is selected, the next step is the estimation af, and ny. By plotting
the loss function againstty, for each value oy, Figure 5.6b and Figure 5.6d show
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Table 5.3: Ranges analyzed for various data-driven modeldtest cases. The gures
and tables to be referenced for the combination of model, rg@ and test case analyzed
is tabulated

Square HP
Model Range Oscillation amplitude (m)
Fixed Fixed 0:05 0:15 0:25
Reference plot (Figure No.)
Hammerstein 1 55 | C.5a, C5b| C.4a, C.4b| C.2a, C.2b| 5.6a, 5.6b
2 - - - C.3a, C.3b| 5.6¢, 5.6d
Rate dep. 1 - C.5c, C.5d| C.4c, C.4d| C.2c, C.2d| C.1a, C.1b
Hammerstein . : : C.3c, C.3d| 5.7a, 5.7b
Rate dep. 1 - C.5e, C.5f| C.4e, C.4f| C.2e, C.2f| C.1c, C.1d
KGP 2 : . . C.3e, C.3f| 5.7¢, 5.7d
_Fr{:glege,\rl’ge 5.8 5.7 5.6 5.5 5.4

Note: Click on the Figure No. and Table No. to refer.
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that the minimum of the NRMSE occurs at di erent ng, depending on the value of
ny. Figure 5.6b shows the NRMSE curves for the casemf=5and 15 n, 29,
the minima of the curves stop decreasing aiy equal to 9 and Figure 5.6d shows that
atny=55and 110 ngq 124 the minima of the curves stop decreasing for about
ng equal to 4. The objective is to obtain small values of NRMSE, and it is @sible
to see that their is no signi cant di erence forn, 27 in Figure 5.6b and NRMSE
is lowest forn, = 124 in Figure 5.6d. This shows thatn, = 27 and n, = 124 are
the optimal value to obtain a parsimonious model structureThe optimal values of
Na; Np and ng corresponding to both the ranges are tabulated in Table 5.4t can be
seen from Figure 5.6 and Table 5.4 that a signi cant reductiom the values of NRMSE
has been obtained for Range 2. The variation of NRMSE for rateegendent models in
Range 2 are shown in Figure 5.7. The variation of NRMSE for rateependent models
in Range 1 for same test case are shown in Figure C.1. A summafyath the gures
and tables corresponding to identi cation of dynamic bloclare provided in Table 5.3.
A signi cant reduction in the values of NRMSE has also been ohined for Range 2

(@) NRMSE Vs ng, for Range 1 (b) NRMSE Vs nq for Range 1

Figure 5.5: NRMSE for xed square cylinder for realizationR1, each vertical line
in Figure 5.5a shows the range of loss function for a speci cluas ofn, and prede-
termined values ofn, and ng, each line in Figure 5.5b shows the loss function for a
speci ¢ values ofn, and all the values ofng

for the test case of oscillating HP cylinder aamp = 0:15m and! = 1:25rad=s.
The variation of NRMSE againstn, and nq for all the models used in this test case
in Range 1 and Range 2 is shown in Figure C.2 and Figure C.3, resipeely and the
values are tabulated in Table 5.5. In order to con rm the obgwations, the FFT of
the estimated values of hydrodynamic force are compared withe CFD generated
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values. The MAPE for two ranges is also tabulated in Table 5.4na Table 5.5 for
oscillating HP cylinder at amp = 0:25m and amp = 0:15 m respectively and it can
be seen that MAPE for Range 2 is also lower when compared to Rang.

In this work the need for a high dynamic order for HP oscillatig at 0:25 m and
0:15 m is clearly evident based on the steep reduction in the NRMSErf&®ange 2.
For cases of HP cylinder oscillating at ©®5 m and xed HP cylinder, it was found
that the drop in the NRMSE was gradual and insigni cant in the wndow of Range
2, or any other window between Range 1 and Range 2. Therefome these cases
only results corresponding to Range 1 have been shown in Tal8.6 and Table 5.7
respectively. The plots for variation of NRMSE for HP cylinderoscillating at 0:05 m
and 000 m for Range 1 is shown in Figure C.4 and Figure C.5 respectively.

Table 5.4: Optimal values oh,; n, andng for HP cylinder oscillating atamp = 0:25m
and! = 1:25rad=s for realization R1

delay NRMSE MAPE

Model Range| ny | ny, | ng
(s) (fea:fa) FFT-(feq;fa)

| 1 | 5| 23| 4| 08|162 (1023|766 (103
Hammerstein
2 | 55/122| 11| 22139 (102) | 617 (10 3)
Rate dep. 1 5| 27 9 18| 1.6 (10 2) | 7562 (10 3)
Hammerstein| o | 59|124) 4| 08|138 (1023 | 60 (103
Rate dep. 1 51| 29 10 2 [ 153 (102 | 7235 (10 9
KGP >

59129 10| 2 | 12 (102) | 56 (10 3)

Since the input signal to the dynamic block in the case of ratdependent models
has more state dependent system information compared to thammerstein model,
it is expected that the accuracy of the rate dependent modeisill be higher than
the Hammerstein model. It can be seen from Table 5.4, Table 5THable 5.6 and Ta-
ble 5.7 that the NRMSE decreases for both the rate dependentoakels in both the
ranges. The accuracy of prediction improves by a minimum andaximum of 75 %
and 88 % for maximum HP oscillation and 61 % and 67 % for xed HP dylder.
Similarly the results predicted by rate dependent KGP modehlso show signi cant
improvement in prediction of hydrodynamic forces. In rate eépendent KGP model
a nonlinear dynamic block is used along with the Bouc-Wen metl Thus it is the
most expensive model in terms of computational cost, and threost accurate. It can
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(&) NRMSE Vs ng4 for Range 1 (b) NRMSE Vs nq for Range 1

(c) NRMSE Vs n4 for Range 2 (d) NRMSE Vs nq for Range 2

Figure 5.6: NRMSE for HP cylinder oscillating atamp=0:25m and! =1:25rad=s
for realization R1 using Hammerstein model in the Range 1 and Range 2 is plotted
againstn, or t, values, each vertical line shows the range of loss functiar f speci c

values ofn, and predetermined values ofi, and ngy
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(@8 NRMSE Vs n, (Rate dependent Ham- (b) NRMSE Vs ngq (Rate dependent Ham-
merstein model) merstein model)

(c) NRMSE Vs n, (Rate dependent KGP (d) NRMSE Vs ng (Rate dependent KGP
model) model)

Figure 5.7: NRMSE for HP cylinder oscillating atamp =0:25m and! =1:25rad=s
for realization R1 and Range 2, illustrating a comparison between all the sysh
identi cation models used in this thesis
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Table 5.5: Optimal values oh,; n, andng for HP cylinder oscillating atamp = 0:15m
and! =1:25rad=sfor realization R1

delay| NRMSE MAPE
Model Range| na | n, | ng

(s) (fea:fa) FFT-(feq;fa)
, 1 523 1| 02|169 (103 | 7:3 (109

Hammerstein
2 |59|129| 6| 1.2 | 15 (103 | 589 (1039
Rate dep. 1 527 | 4| 08|165 (102 | 7.0 (109
Hammerstein| > | 59|116| 7| 14149 (102)| 59 (10 3)
Rate dep. 1 6129| 0 0 | 16 (102 | 67 (103
KGP 2 59129 7| 114|136 (102) | 50 (10 9)

Table 5.6: Optimal values ofn,; ny and ng HP cylinder oscillating atamp =0:05m

and !

= 1:25rad=s for realization R1
delay NRMSE MAPE
Model n n n
R R ©) (feaifa) | FFT-(fea;fa)
Hammerstein| 5 | 25 6 12165 (102 | 7:0 (103
Ratedep. |5 |7 | 4 | 08|165 (102 | 70 (109
Hammerstein
Rate dep. ] ) 5 ) 3
RGP 5 | 27 4 0:8 | 1:53 (10 2) | 53 (10 9)
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also be concluded that the prediction accuracy with optimgbarameters in Range 2
is higher compared to Range 1, this is expected as the modetbmes more exible.
The e ect of increasing the dynamical order of the model is balidated for validation
case simulation in Section 5.5.

Table 5.7: Optimal values ofn,; ny, and ng xed HP cylinder for realization R1

Model n. | n n, | delay NRMSE MAPE
i "1 (fea;fa) FET-(feq:fq)
Hammerstein 6 |29 5 1 | 158 107?) | &1 (103

Rate dependent
Hammerstein
Rate dependent
KGP

6 |27 7 1.4 | 1:53 (10 2) | 58 (10 )

7 |27 9 1:8 | 1:43 (1023 | 49 (109

5.5 Validation

In the current study a di erent realization of sea stateR3 is considered for valida-
tion. The dynamical order (h,; np) and the delay constantng were established using
realization R1. These values were given in Table 5.8 for the square cylingad Ta-
ble 5.4, Table 5.5, Table 5.6 for values corresponding to easstudies of HP cylinder
oscillating at ! = 1:25 rad=s and amp = 0:25 m; 0:15 m, 0:05 m respectively and
from Table 5.7 for the xed HP cylinder.

Before comparing the model performance on the di erent casef HP cylinder, a
comparison between the hydrodynamic force on a xed squargliader and a xed
HP cylinder is to be done using the Hammerstein model. Under thatonventional
Hammerstein approach optimal values o, = 3; np=6 and ng = 4 andn, =
6; npb = 29 and ng = 5 were determined for xed square cylinder and xed HP
cylinder respectively. These values along with the values BIRMSE are tabulated
in Table 5.8.

For the xed square cylinder, the results of the simulation ging the Hammerstein
model are plotted in Figure 5.9a. This plot shows the time s&s$ of hydrodynamic
force obtained from CFD and that estimated from the Hammerstai model. The
plot of the amplitude spectrum of the hydrodynamic forces othe xed square cylin-
der in shown in Figure 5.8. The values of NRMSE and MAPE are:I6 and 0014
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Table 5.8: Optimal values ofn,; ny, and ng xed square cylinder and HP cylinder
oscillating atamp=0:25m and! = 1:25rad=s for realization R1

delay NRMSE MAPE

(s) (fea;fa) FFT-(feq; fa)
Square| 1 3|6 4] 08229 (10% | 1.0 (103
HP 1 | 6|29/ 5/ 1 |158 (103 61 (10 9)

Spar | Range| ny | Ny | Ng

Figure 5.8: Comparison of amplitude spectrum of hydrodynamforce on square cylin-
der from CFD experiment and that estimated from Hammerstein maal for training
data-Range 1 (MAPE= 14 2)
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(a) Square cylinder

(b) HP Cylinder

Figure 5.9: Prediction of forces on xed spar foR3 realization of sea state, based on
the parameters identi ed form R1 realization of sea state. The system identi cation
model utilizes data from 110s to 700 s but only a portion of it is plotted for clarity.
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respectively. The value of NRMSE reported in Giorgi et al. (25b) is Q13. It can

be seen that the model prediction based on training data aaaiely predicts the

hydrodynamic force. The process is repeated for xed HP cwliler in Range 1 and
the predicted hydrodynamic forces along with the CFD generatl values is shown
in Figure 5.9b. The corresponding NRMSE for HP cylinder is:54.

Thus, based on the values of NRMSE and the plot of hydrodynamforce it can
be concluded that the Hammerstein model in its conventionabfm cannot accurately
predicts forces for the HP cylinder geometry, and the model bao be modied to
account for the hysteresis between force and higher orderameters like velocity and
acceleration.

Two additional models with stand-alone application of thetatic block and a com-
bination of the state dependent Bouc-Wen model and static btk were used. These
models will be hereby referred as Hydrostatic model and Hysesis model respec-
tively. The characteristics of all the ve models, composibn of internal signals, the
input parameter for each block and the output of each block isbulated in Table 5.1.
Though rate dependent block is used in the Hysteresis modetaining will not be
required as the nal output of the model is estimated the hydsdynamic forcefgq,
rather than internal signal s.

Four cases of HP cylinder oscillation at a frequency ofZb rad=s and amplitudes
of :25m; 0:15m,0:05m and G0 m are used for the validation purpose. The values
of the error metric for these cases have been tabulated in Talb.9. The time series
and the FFT plots of the HP cylinder oscillating at amplitude of 025m and G15m
are plotted in Figure 5.10 and Figure 5.11 for Range 1 and Rangeeapectively. For
0:05m and G0 m the plots corresponding to Range 1 are plotted in Figure 5.1ZThe
model with the lowest error is mentioned in brackets in the eoesponding caption.
The hydrostatic model has not been plotted in these plot beaae the error metric
are high and their tabulated values provide enough insighnhitheir insigni cance as
an independent model.

In the hydrostatic model, it is expected that the accuracy Wiimprove as the input
signal to the static block approaches to the free surface ght. From Table 5.9, this
conclusion is a rmed as the value of NRMSE decreases as bod\cikation approaches
to xed cylinder. At the same time increase in MAPE values indiated that, though
the model's accuracy to predict the amplitude improves; thre is a signi cant phase
di erence at lower amplitude of oscillation. The over all pgormance of Bouc-Wen
model is signi cantly better compared to hydrostatic model From the FFT plots



109

it can be concluded that the Bouc-Wen model's accuracy in pieting the force
corresponding to amplitude of oscillation decreases withé& decrease in oscillation as
well as it over predicts low frequency components in the prasce of high amplitude
oscillation in the input signal (see Figure 5.10b and Figure 51b). This also indicates
the lag is caused by vortex shedding due to body oscillating khigh frequency and
amplitude as due to vortices non-linearity between positioof spar and hydrodynamic
force develops. Similar conclusions can be drawn when theeck WEC is subjected
to low frequency waves (see Figure 5.12d).

Table 5.9: Error metric for all the cases of HP cylinder oscdtion

NRMSE MAPE (10 2)

Model (fea;fa) (FFT-feq;fa)

Amplitude (m) Amplitude (m)
0:25 | 0:15 | 0:05 | 0:0 | 0:25 | 0:15 | 0:05 | 0:0

o
% Hydrostatic 153 | 1:17 | 0:812| 0:77 | 81 | 102 | 131 | 270
& | Hydrostatic 0:431| 0:580| 0:635| 0:44 | 48 |38 |37 |66
+ Bouc-Wen

2 || Hammerstein 1] 0:243| 0:353| 0:432| 054 | 3.71 | 395 | 3:94 | 6:69
2 2| 0:224| 0:284 - - 3:29 | 3:36 - -
e | Rate dep- qé’ 1] 0:236| 0:337| 0:44 | 035 | 359 | 348 | 37 | 40
2 | Hammerstein | 8 [2] 0217|0261 - | - | 325 326 - | -
'E Rate dep- 1]0:234| 0:315| 0:449| 0:33 | 361 | 3:49 | 367 | 342
= || KGP 2| 0:228| 0:26 - - 3:37 | 3:23 - -

The overall accuracy of Hammerstein model is lower when compd to the rate
dependent models and it decreases with decrease in the ¢stdn amplitude. The
presence of Bouc-Wen model along with the hydrostatic modshows that the im-
provement in the prediction when compared to only the hydraatic model. When
rate dependent block is augmented with linear dynamic blockurther improvement
in the accuracy by 20 50% is observed for all the test cases except for xed cylinde
The rate dependent models for these cases show almost 25%mwt@mpared to model
without dynamic block and 38% when compared to Hammerstein rdel.

In all the cases corresponding to Range 1, Hammerstein modeéppredicts the
force especially in the low frequency range. This is the rdsaf lower dynamical order
values compared to those in Range 2. The high oscillation afrte in low frequency
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proves the point that by using Hammerstein model without hystesis nonlinearity
signi cant amount of dynamics goes unmodelled. The dynamiarder of the model
was increased in Range 2 for HP oscillating atZb m and G:15 m but not for other
cases as no signi cant drop in error values was found. The Idwequency oscillation
were not found for higher orders for any of the models, and tlmate dependent models
were again found to be more accurate in this range.

Comparing the performance of rate dependent Hammerstein angte dependent
KGP models, it was found that KGP model was as accurate as thate dependent
Hammerstein model for the validation case, though the valued NRMSE were found
to be signi cantly lower in the training case compared to anyther data-driven model.
The trend in the MAPE values was also same as NRMSE and hence ivgs a con-
dence on the values ofn,; np and ngq selected for validation. It was found that
the values of MAPE increases in Range 2 compared to values inriga 1 for test
cases corresponding to:P5m oscillation amplitude. This is due to over tting and as
frequency component were introduced at:P Hz. The improvement for HP cylinder
oscillating at 0:15 m is noticeable but for other cases, particularly in Range 2he
rate dependent KGP model proves to be computationally expsive without improve-
ment in accuracy. The di erence between these two models, tise use of nonlinear
input-output relationship in the dynamic block (ARX model) of rate dependent KGP
model. This implies that higher order values of internal sital and hence the higher
number ofn, + 1 coe cients were used in rate dependent KGP model.

The tting error of an identi ed model is larger in validatio n than in training due
to accumulation of numerical error in simulation procedurelt can be concluded from
the values of NMRSE and MAPE that the performance of the models@best for high
oscillation amplitude of HP cylinder in an irregular wave etl. Though the overall
trend of decrease in model accuracy towards lower osciltatis amplitudes can be seen
in all the candidate data-driven models, a reversal in thisrénd was observed for the
rate dependent and Bouc-Wen models when the amplitude of dition was between
0:15m and G:05m. It should be noted that at oscillation amplitude of 005m the order
of magnitude of hydrodynamic force at frequency of oscillain is comparable to the
hydrodynamic force on a xed spar. The linear model has di clty in following peaks
in the hydrodynamic force. The data utilised in the case studs show the presence of
hydrodynamic nonlinearities, which the rate dependent oranlinear model are able
to describe. Though the HP cylinder has a linear restoring cue, it has a very at
bottom with sharp corners and a positive aspect ratio of thelate with the spar. The
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heave plate is the source of important nonlinear e ects duenoviscosity and vortex
shedding.

Other authors (Nelles, 2001; Giorgi et al., 2016b) have caatied on the use of
KGP models, due to its computational requirements and setisiity with respect to
noise. Though in this thesis KGP model has been used with Boifden model, the
results reiterates on the points made by other authors and roludes that KGP models
though accurate are expensive.

(@) amp =0:25m (Min. NRMSE: R-KGP) (b) amp=0:25m (Min. MAPE: R-Hamm.)

(c) amp =0:15m (Min. NRMSE: R-KGP) (d) amp =0:15m (Min. MAPE: R-Hamm.)

Figure 5.10: Hydrodynamic force on HP cylinder oscillating at = 1:25 rad=s and
amplitudes of 025and015 for realizationR3 (Training data-Range 1)

The approximate time required in each step of data generaticand Sl process is
consolidated in the Table 5.10. Though the high performanaamputing facility at
Compute Canada was used in the CFD and training simulation, #se clock times
represent the wall clock time on a 4 core, x864 architecture Intel Xeon desktop
computer. The parameters that are generated by each of thepeocesses are also
tabulated. It can be seen that the data generation processkas most of the time,
particularly in the hydrodynamic test case, in which threeisnulations are required for
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(@ amp = 0:25 m (Min. NRMSE: R- (b) amp =0:25m
Hamm.) (Min. MAPE: R-Hamm.)
(c) amp=0:15m (d) amp=0:15m
(Min. NRMSE: R-KGP) (Min. MAPE: R-KGP)

Figure 5.11: Hydrodynamic force on HP cylinder oscillating at = 1:25 rad=s and
various amplitudes for realizationR3 (Training data-Range 2)
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(@) amp =0:05m (Min. NRMSE: Hamm.) (b) amp = 0:05m (Min. MAPE: R-KGP)

(c) amp =0:0 m (Min. NRMSE: R-KGP) (d) amp =0:0 m (Min. MAPE: R-KGP)

Figure 5.12: Hydrodynamic force on HP cylinder oscillating at = 1:25 rad=s and
amplitudes of Q05 and xed cylinder for realizationR3 (Training data-Range 1)
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each realization. The di erence in the values of two caseslofdrodynamic simulation
is because in the case of spar oscillation moving mesh altjon is utilized.

The simulation time when moving mesh is involved is higher ogared to xed
mesh cases. In addition to the CFD simulation time another hugportion of time
which has not been tabulated is the geometry and mesh geneoat time, which is
dependent on the skill of the analyst. The coe cients of BoudVen equation Eq. (3.9)
uses PSO algorithm and is computationally faster relativeotcompared to data gener-
ation or training depending on the values of initial guess gfarticle position, number
of particles and number of iterations. A guideline on the settion of these values
are provided in Section 3.5.3. Since two ranges have been lgpad in this thesis,
the values corresponding to both of the ranges is tabulatedé it can be seen that
the time required for training and simulation for Range 2 is igher than Range 1 for
all the models. This is due to the higher values aif,; n, for Range 2. The clock
times tabulated for training process are for 1 ARX structuregach ARX structure
is a combination ofn,; ny and ng values. The number of ARX structure used in
particular cases are discussed in Section 5.4. It can be sémm the table that the
time required by rate dependent KGP model is higher in all theases when com-
pared to rate dependent Hammerstein model. This is due to these of second order
polynomial in KGP model.

Table 5.10: Approximate clock time required in each step

CFD tests (hrs) Trainin
Model Hydro- | Hydro- PSO (s—ARXstQ: e Simulation
static | dynamic | (hrs) (s)
Identi cation c £+ a; b; c Na; Np ¢
Parameters d = Ng Es
. 1 40 59
Hammerstein
2 72 66
Rate dep. 8 @@ 5 qév 1 74 78
Hammerstein © | o g2 80 80
Rate dep. 1 76 79
KGP 2 90 90

* 3 hydrodynamic CFD simulations to determine  f4 for 3 sea state realizations (R1; R2 and R3)
* 3 hydrodynamic CFD simulations to determine for 3 sea state realizations (R1; R2 and R3)
& Time taken by model to train 1 ARX structure
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Chapter 6

Summary and conclusions

6.1 Summary

A data-driven modelling framework for numerical predictia of the hydrodynamic
forces on geometries of signi cance to wave energy conversis presented. Three time
domain data-driven model structure have been proposed to el the hydrodynamic
force on spar tted with heave plate. Using CFD simulators to geerate training
data, the data driven model structure is subdivided into simpler blocks of physical
importance. These blocks are a static block, a nonlinear hgsesis block and a linear
or nonlinear dynamic block. The nonlinear hysteresis blods realized by a Bouc-
Wen model to capture the rate-dependent e ects of hysteresi The nonlinear static
block and the dynamic block are evaluated utilizing least sm@res estimation and
ARX model. The Bouc-Wen model parameters are identi ed by PS@ identify the
hysteresis properties. In order to evaluate the model perfoance, a xed square
cylinder and four cases with HP cylinder as spar were simulateone with stationary
spar and three cases of oscillating spar in an irregular waveld. Five meta-models
were analyzed, two were state dependent models that do notere training while
the other three required training to identify dynamic orderor model equations.

In order to develop con dence in the data generation procede, a high delity
CFD modelling for numerical prediction of the hydrodynamicdrces on scaled model
of self-reacting point absorber Wave Energy Converter is @sented and compared
with experimental results. Two di erent test methodology vere adapted, these are
known as diraction tests and radiation tests. In the diraction test the WEC is
subjected to incoming wave and the hydrodynamic force on thieody is recorded
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whereas in the radiation test the WEC spar is oscillated in a gescent eld. The
component geometries are enclosed in two di erent uid domas, each subjected
to relative motion using a arbitrary mesh interface algorttm. The transfer of eld
variables across the domains is achieved through an arbityamesh interface. This
unique methodology avoids cell deformation close to the cponent parts of the
WEC, thus eliminating the errors in force calculation due to dformed cells. The
continuity and momentum equations along with the free surfae are solved separately
in each domain. The validation of radiation force calculatk from CFD is done by
the experimental results for di erent heave oscillationsést conditions.

6.2 Conclusions

Chapter 2 show the requirement of nonlinear hydrodynamic ndelling of WECSs,
because of the presence of viscous drag and hysteric struetwf state-dependent
variables with the hydrodynamic force. If the projected ar@ of either the oat or
spar changes at the free surface a nonlinear restoring foneél also be introduced
depending on the wave and oscillation amplitudes. Indeedarge body amplitudes
increase the nonlinear dissipative e ects. The ideal WEC meadling solution is a
nonlinear parametric model, characterized by a good compnise between accuracy
and computation time. This model should be able to describén¢ whole operating
frequency region. In Chapter 2 several time domain CFD simulan were performed
at discrete frequencies, the results hint at the presence lofdrodynamic nonlineari-
ties, particularly at high amplitude oscillations. Multiple WEC con gurations utilize
the concept of harnessing energy by relative motion betweeherent components.
A methodology to simulate the heave motion between two cldgeplaced annulus
geometries has been presented. For SRPAs these geometries aat and spar. It
has been pointed out in literature that, the moonpool can erdnce the wave energy
conversion in some frequency ranges or hinder the motion dfet cylinder buoy in
some other. For the case of WEC B, it was seen that the di ractio force magnitude
obtained from CFD (which considered moonpool between oat @hspar) is higher
compared to that from physical tank test and BEM results. Oneof the major im-
provements proposed by this thesis is the use of CFD-NWT insteanf traditional
BEM, for hydrodynamic model identi cation, since NWT data cortain the full range
of nonlinear hydrodynamic e ects described by the Reynoldsveraged Navier-Stokes
(RANS) equations. The wave generation (at inlet) and absorpin (at outlet) is sen-
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sitive to characteristics of the waves. Thus if NWTs are usedgessitivity studies
are required prior to data generation for characterizatiorof absorption coe cients
with respect to incoming waves. For radiation tests a radidNWT with appropriate
boundary condition and oscillating body at the centre of tak is required.

WECs with heave plates generate reaction forces that exhibmonlinear relation-
ships with single or multiple input parameters including fee surface elevation, relative
velocity and acceleration. Some of these input parametersasv causal relationships
with the output reaction force, while others show hystericelationships with compo-
nents of the output reaction forces. Earlier attempts to adessed the nonlinear and
non-causal relationship between free surface and reactifoice have been limited to
simple hulls with heaving motion and did not include rate depndent nonlinearities
that develop for heave plates.

In order to capture the full range of nonlinearities high déity models are used to
calculate the hydrodynamic force on simple 2D geometriesamicularly a 2D cylinder
with heave plate. These meta-models are Hammerstein modeate dependent Ham-
merstein model and rate dependent Kolmogorov-Gabor polymaal (KGP) model.
The rate dependent models are models with a nonlinear statlock, a hysteresis
block (Bouc-Wen model) and a dynamic ARX block (Autoregressevwith exogenous
model). These meta-models are based on state dependent B¥en model. Perfor-
mance of Bouc-Wen model has been evaluated independentlydarompared with the
hydrostatic model. The hydrostatic model provides an inputo the dynamic block.
It was found that Bouc-Wen model independent of meta-modelrpvides substantial
improvement in accuracy of hydrodynamic force.

The comparison between various meta-models was done and @&smMound that
the linear model had di culty in following peaks in the hydrodynamic force. The
data utilised in the case study show the presence of hydrodymic nonlinearities,
which the rate dependent or nonlinear model are able to degme. The HP cylinder
has a linear restoring curve, but a very at bottom with sharpcorners and a positive
aspect ratio of the plate with the spar can be the source of imptant nonlinear e ects,
based on viscosity and vortex shedding. The limitations Hydstatic, Hysteresis and
Hammerstein models, with respect to the nonlinear model are@wn in the validation
experiment.

The identi ed hysteresis block showed good performance irrgaicting the ex-
citation force for all the cases, thereby improving the ovall performance of rate
dependent models. On the other hand use of nonlinear ARX bloeither showed
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no improvement or reduced accuracy when higher dynamicaldars were used. This
model is computationally expensive compared to models witimear ARX block. The
accuracy of each model depends on the characteristics ofuhdata and a compromise
between the accuracy and computational cost determines tlohoice of model.

6.3 Limitations

The limitations enumerated in this section present boundas on the application of
the developed framework, and also insight on the possibletpahat advancement in
the framework should follow.

1. A major limitation of the modelling approach is that it canonly be applied to
bodies in single DOF heave only.

2. The modelling approach is limited to single sea spectrunihe model identi -
cation process applied to other wave conditions would yielil erent parameter
values. Use of the model could thus be subject to switching eten parameter
sets between wave conditions.

3. The case studies in this thesis pertained to a characteits2D WECs with heave
plate, for simplicity. Only cases of a single DoF prescribeueave motion were
considered.

4. The assumption made in modelling the excitation force usy Bouc-Wen model
is that the shape of hysteresis is symmetrical about the far@and velocity axis.

6.4 Future work

The elaborate hydrodynamic analysis summarized in this tlses provides an insight
into possible and necessary future work. The recommendat®presented in this sec-
tion will advance the model developments for not only hydrogghamics but dynamics
of WECSs, control and power production assessments.

Multiple DoF analysis  An expansion of the current simulation technique in CFD
and modelling to include 3D multi-DoF motion is required. InEarlier stud-
ies (Tarrant and Meskell, 2016) have pointed out the importace of inclusion
of parametrically excited pitch and/or roll motions into hydrodynamic model.
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This can be achieved by allowing unrestrained 6-DoF motionf &/EC in 3D
CFD simulation in hydrodynamic tests. The response of the spahould be
recorded and these tests should provide input data for systeidenti cation

models. The hydrostatic tests should also be designed to danine hydrostatic
coe cients when the WEC pitches in quiescent uid.

Analysis of WEC components  The system identi cation framework developed in
this thesis was applied to hydrodynamic forces but the apgfation can be ex-
tended to PTO and mooring system, which are essential for duation of WEC
performance.

Alternate WEC designs  Though, in this thesis, the models are identi ed to de-
scribe the hydrodynamics of SRPA geometry, the framework iohlimited to
SRAPs. Other WEC designs like oscillating surge/pitch convesrs, overtopping
devices, oscillating water column convertegtc. should be analyzied.

Asymmetric hydrodynamic coe cient The Morison equation with constant co-
e cient always produces symmetric solution, in which sinugidal motion has
symmetrical force variation in the up and down stroke. Thisd a limitation for
heave plates with asymmetrical shapes. Alternate methodkdi instantaneous
coe cients or phase dependent coe cients to account for asymetry should be
analyzed.

Static nonlinear block  The static nonlinearity is approximated by a polynomial
in the current work as the focus was straight walled geome#s at the interface.
But for the geometries that have curved shape at the interfag any other static
appropriator can also be utilized. For an e cient identi cation it is recom-
mended that a linearly parameterized appropriator is used.

Panchromatic spar oscillation One of the limitation in current analysis is that the
oscillation of the spar is limited to monochromatic oscill@gon. This clearly alters
the input signal to the system identi cation model, possik# future expansion
of current work is inclusion of response of the body to the pahromatic waves.

Recursive Least Squares The computational cost of the data driven model is gov-
erned primarily by the data generation process followed byhé training algo-
rithm depending on the number and order of ARX structure. Thuswvhen a
LS method is required to run online in real time, a new algotiem sould be
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developed, since the conputational e ort of LS method growsith the number
of data sample collected. A recursive formulation of LS meti with will reduce
the required training time.

Subset selection Due to higher model complexity of KGP model even for moder-
ately sized problems, linear subset selection techniqueancbe utilized. They
allow construction of reduced polynomial model that contaed only the most
relevant regressors.
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Appendix A

Numerical tank veri cation study

The CFD based NWTs used for system identi cation are assessed parformance pa-
rameter like accuracy by doing a sensitivity analysis. The ethodology of sensitivity
analysis adapted in this thesis involves following steps.

1. Identifying the parameters for sensitivity analysis.
2. ldentifying various metric to evaluate the accuracy of véous NWTSs.

3. Analyzing accuracy of various NWTSs.

A.1 Parameters for sensitivity analysis

Modelling inaccuracies in NWTs can be attributed to various fetors. In this thesis
only uncertainty due to spatial discretization and numerial wave damping has been
considered. For other parameters like solver settings andlstion schemes, Windt
et al. (2019) and previous experiences have been consider&tie spatial and tem-
poral discretization level (.e., cell size and time step) a ect the solution of the ow
guantities in NWTs. Convergence studies must be performed irder to quantify the
in uence of discretization. The required spatial discresation is largely driven by the
advection method, and can be determined using monochromativave propagation.
Since the spatial and temporal discretization are conneaehrough the Courant-
Friedrichs-Lewy (CFL) condition Courant et al. (1967), tempral convergences was
assured by maintaining Courant Number below:8 every where in the domain.
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A.2 Metrics for sensitivity analysis

Metric-1

The wave height is evaluated with three di erent spatial disretization levels and the
rst error metric utilized is grid uncertainty U

U
U= -2 100% (A.1)
Hy
where U, is the absolute grid uncertainty andH;¢ is the mean wave height for the
nest grid size. From the solution for the nest (H; ), intermediate (H,) and coarsest
(H.) discretisation size, the discrimination ratio,Rp, is determined as follows:
Hf |_|m
Rp = ———— A2
° 7 Hn Hc (A2)
The di erence between various convergence types, is repeated by Rp. Neglecting
any case in which divergence is encountered, the absolutedguncertainty U, can
be calculated for monotonic convergence @ Rp < 1) and oscillatory convergence
(Rp < 0 and absj Rp j< 1). For monotonic and oscillatory convergence, the value
of U, can be calculated by Egs. (A.3) and (A.4), respectively:
Hf Hm

Ua = Fs ﬁ (A3)

Us=0:5 Fs ] max(He;Hm;He) min(He HmiHe) | (A.4)

where,F is factor of safety (= 1:5) and p is the order of accuracy from Richardson
extrapolation (Richardson and Gaunt, 1927) given by:

_ |nRD
"~ In2

(A.5)

Metric-2

Relative deviation of the phase averaged wave height for vans meshes with respect
to the mean wave height of the nest mesh is another metric udeto quantify the
sensitivity of the solution to the mesh considered. The rdiae deviation is given by
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following equation:

Hn H
dHp, = "‘H—f 100% (A.6)
f

Metric-3

The evaluation metric for the generated wave height is the rae error and stan-
dard deviation of the measured phase averaged wave heigHt(x), and the desired
theoretical valueH given by:

:H(x) H

y . 100% (A7)

where the upper and lower bounds of the mean wave height (x) is given by:

H ()= HX) ) (A8)

where ;)X is the standard deviation of wave height calculated by recding the
(;t) at over the entire duration of simulation

A.3 Grid independence study-3D Mesh

The rst test condition was used to conduct the grid independnce study and was
assumed valid for all test cases. In this case three di eredlomains with respect to
number of grid points have been used. The total cell count fdhe di erent grids are
approximately 2 million, 25 million and 5 million. Another di erence between the
cases is the degree of resolution of the moon pool region bextw the spar and oat.
The region between spar and oat is important because it hasgen found in previous
study (Beatty et al., 2015), that linear models could not reslve the ow features
in this region. The AMI is also located in this region and accate prediction of
uid properties across the AMI boundary is important as the inerpolation accuracy
depends on the gradient of the uid properties. The distribtion of node points
between oat and spar in the radial direction for the describd cases are a uniform
distribution of 20 nodes, 24 nodes and 40 nodes respectiveljphe simulation was
done for 3 seconds and the convergence of dynamic forces $oatithmetic mean is
presented for spar and oat in Figure A.1.

The sensitivity of the force prediction on the distributionand number of cells in
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Figure A.1: Convergence of force on spar for dierent grid deites. M stands for
millions of cells
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the domain is evident from Figure A.1. It can be seen that the détion is minimum
for the case with 5 million cells. Hence this grid was considgt as an acceptable grid
for the other test cases, and the solution obtained from thisase has been considered
as the initial condition for other cases.
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Appendix B

Hydrodynamic forces on WEC B

(a) Spar (b) Float

Figure B.1: Comparison between CFD and experimental resultd dydrodynamic
force values on WEC B oscillating at = 4:04 rad=s
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(a) Spar (b) Float

Figure B.2: Comparison between CFD and experimental resultd dydrodynamic
force values on WEC B oscillating at = 3:72rad=s

(a) Spar (b) Float

Figure B.3: Comparison between CFD and experimental result§ dydrodynamic
force values on WEC B oscillating at = 3:47 rad=s
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(a) Spar (b) Float

Figure B.4: Comparison between CFD and experimental result§ dydrodynamic
force values on WEC B oscillating at = 3:15rad=s

(a) Spar (b) Float

Figure B.5: Comparison between CFD and experimental result§ dydrodynamic
force values on WEC B oscillating at = 2:90 rad=s
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IV

(a) Spar (b) Float

Figure B.6: Comparison between CFD and experimental result§ dydrodynamic
force values on WEC B oscillating at = 2:65 rad=s

(a) Spar (b) Float

Figure B.7: Comparison between CFD and experimental resultd dydrodynamic
force values on WEC B oscillating at = 2:34 rad=s
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(a) Spar (b) Float

Figure B.8: Comparison between CFD and experimental resultd dydrodynamic
force values on WEC B oscillating at = 2:08 rad=s

(a) Spar (b) Float

Figure B.9: Comparison between CFD and experimental resultd dydrodynamic
force values on WEC B oscillating at = 1:77 rad=s
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Appendix C

Dynamic order and delay constants

The plots for variation of NRMSE for HP cylinder oscillating at0:15m, 0:05m and
0:00 m for Range 1 is shown in Figure C.2, Figure C.4 and Figure C.5 respigely.
Another relevent plot for Range 2 of HP cylinder oscillating at0:15 m is shown
in Figure C.3. The optimal values obtained from these plots va been tabulated
in Table 5.4, Table 5.5, Table 5.6 and Table 5.7, respectiyel The variation of
NRMSE for HP cylinder (see Figure 4.2) oscillating aamp = 0:25m and 1:25rad=s
for Range 1 (see Section 5.4.1) is shown in Figure C.1. The phkarresponding to
Range 2 (see Section 5.4.2) has been discussed in Chapterestién 5.4.4 and shown
in Figure 5.7.
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(@) NRMSE Vs n, (Rate dependent Ham- (b) NRMSE Vs nq (Rate dependent Ham-
merstein model) merstein model)

(c) NRMSE Vs n, (Rate dependent KGP (d) NRMSE Vs nyg (Rate dependent KGP
model) model)

Figure C.1: NRMSE for HP cylinder oscillating atamp=0:25m and! = 1:25rad=s
for realization R1 and Range 1, illustrating a comparison between all the sgsh
identi cation models used in this thesis. NRMSE is calculat between the hydrody-
namic force values from CFD and modeln, t; andng tg relationship is provided
in Section 5.4
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(&) NRMSE Vs n, (Hammerstein model) (b) NRMSE Vs ngq (Hammerstein model)

(c) NRMSE Vs n, (Rate dependent Ham- (d) NRMSE Vs nq (Rate dependent Ham-
merstein model) merstein model)

(e) NRMSE Vs n, (Rate dependent KGP (f) NRMSE Vs ng (Rate dependent KGP
model) model)

Figure C.2: NRMSE for HP cylinder oscillating atamp = 0:15m and! = 1:25rad=s
for realization R1 and Range 1, illustrating a comparison between all the sgsh
identi cation models used in this thesis



147

(&) NRMSE Vs n, (Hammerstein model) (b) NRMSE Vs ngq (Hammerstein model)

(c) NRMSE Vs n, (Rate dependent Ham- (d) NRMSE Vs nq (Rate dependent Ham-
merstein model) merstein model)

(e) NRMSE Vs n, (Rate dependent KGP (f) NRMSE Vs ng (Rate dependent KGP
model) model)

Figure C.3: NRMSE for HP cylinder oscillating atamp = 0:15m and! = 1:25rad=s
for realization R1 and Range 2, illustrating a comparison between all the sgsh
identi cation models used in this thesis
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(&) NRMSE Vs n, (Hammerstein model) (b) NRMSE Vs ngq (Hammerstein model)

(c) NRMSE Vs n, (Rate dependent Ham- (d) NRMSE Vs nq (Rate dependent Ham-
merstein model) merstein model)

(e) NRMSE Vs n, (Rate dependent KGP (f) NRMSE Vs ng (Rate dependent KGP
model) model)

Figure C.4: NRMSE for HP cylinder oscillating atamp = 0:05m and! = 1:25rad=s
for realization R1 and Range 1, illustrating a comparison between all the sgsh
identi cation models used in this thesis
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(&) NRMSE Vs n, (Hammerstein model) (b) NRMSE Vs ngq (Hammerstein model)

(c) NRMSE Vs n, (Rate dependent Ham- (d) NRMSE Vs nq (Rate dependent Ham-
merstein model) merstein model)

(e) NRMSE Vs n, (Rate dependent KGP (f) NRMSE Vs ng (Rate dependent KGP
model) model)

Figure C.5: NRMSE for HP cylinder oscillating atamp = 0:00m and! = 0:00rad=s
for realization R1 and Range 1, illustrating a comparison between all the sgsh
identi cation models used in this thesis
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