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Abstract: 11 

Mooring-based frequency-domain analysis combined with AI-based time-domain 12 

optimization offers a systematic approach to improving power capture performance in multi-13 

degree-of-freedom wave energy converters. While most existing studies focus on single-14 

degree-of-freedom systems, enhanced energy absorption can be achieved by exploiting the 15 

dynamic potential of multi-DoF configurations. This study investigates the TALOS wave 16 

energy converter, a six-degree-of-freedom system, with the objective of improving its power 17 

capture capability through coordinated mooring and power take-off (PTO) optimization. The 18 

optimization framework begins with a frequency-domain analysis to assess the influence of 19 

mooring parameters on the system response. Based on this analysis, two refined 20 

configurations, denoted as TALOS-L and TALOS-H, are developed using optimized mooring 21 

stiffness characteristics. Subsequently, time-domain simulations are conducted using a 22 

genetic algorithm to determine optimal PTO damping settings under site-specific sea 23 

conditions. The results show that adaptive tuning of both mooring and PTO parameters 24 

significantly improves power capture across different sea states. In particular, the TALOS-H 25 

configuration, featuring tuned surge mooring stiffness and genetically optimized PTO 26 

damping, consistently outperforms the baseline configuration. These findings highlight the 27 

importance of site-specific tuning and demonstrate the effectiveness of AI-based optimization 28 

for enhancing the adaptability and efficiency of multi-degree-of-freedom wave energy 29 

converters. 30 

Keywords: TALOS wave energy converter; multi-DoF system modeling; frequency-domain 31 

mooring analysis; time-domain optimization; PTO damping optimization; genetic algorithm. 32 

1. Introduction  33 

Interest in renewable energy systems has increased in response to recurring fossil fuel–based 34 

energy crises and associated economic challenges. In recent decades, these issues have 35 

become more pronounced, alongside growing concern over climate change and its 36 
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environmental impacts. As a result, the development of environmentally sustainable energy 37 

technologies has become an important research priority. Within this context, renewable 38 

energy systems capable of contributing to long-term energy security and environmental 39 

protection are receiving increasing attention. 40 

Some renewable energy systems, such as wind and solar energy, have reached high level of 41 

technological maturity with a considerable level of installed capacity worldwide. Hence, the 42 

next target is to advance wave energy to comparable levels of development. This is critical to 43 

ensure that wave energy systems are also utilized to a considerable extent, thereby, achieving 44 

almost the full utilization of environmentally friendly renewable sources. It is worth noting 45 

that wave energy is actually a concentrated form of wind energy generated by solar radiation 46 

absorbed by the oceans and seas. The global wave energy resource has been evaluated from 47 

regional, global, and nearshore perspectives. Regional offshore assessments report high 48 

extractable wave energy levels in countries such as the UK, Brazil, and New Zealand [1], 49 

global-scale analyses highlight the large yet underexploited potential of wave power and its 50 

applicability in regions with declining hydropower availability [2] and nearshore resource 51 

studies estimate a technically exploitable capacity of 100–800 TWh yr⁻¹ worldwide [3]. In 52 

addition, global assessments indicate that the total wave energy potential is substantial, with 53 

estimates ranging from 17,500 [4] to 26,000 TWh [5] and from 8,000 to 80,000 TWh 54 

depending on assessment methodology and assumptions [6].  55 

Considering the attractive energy potential, it is not surprising that many wave energy 56 

converter models have been suggested and patented over last century. The early patented 57 

models even date back to the early 19th century. Similarly, as a research field, the topic 58 

attracts the attention of many researchers and thousands of studies have been reported in the 59 

literature so far. Despite all these efforts, very few of these wave energy converter designs 60 

have progressed to full-scale sea deployment and survived the harshness of the seas. 61 

Generally, the most powerful waves are encountered in deep-water regions, often far out at 62 

sea and in the oceans. The waves in deep waters naturally have greater energy content than 63 

those in shallower waters near land [7]. Hence, offshore devices are expected to exhibit 64 

higher energy capture potential relative to nearshore or onshore systems. However, offshore 65 

devices are far more difficult to construct and maintain than onshore or nearshore devices due 66 

to the same energetic wave conditions that can potentially cause structural damage to the 67 

wave energy converter systems. 68 

Many studies in the wave energy literature are limited to single-degree-of-freedom (SDOF) 69 

systems, predominantly heaving buoys. Eidsmoen [8] and Korde [9] investigated single-DoF 70 

heaving devices, focusing on phase control and reaction force mechanisms, respectively. 71 

Single-DoF latching control strategies were examined by Korde [10] and extended to 72 

reactively loaded oscillating bodies by Korde [11]. Babarit et al. [12] and Nolan et al. [13] 73 

studied single-DoF heaving systems with emphasis on latching strategy comparison and PTO 74 

modeling. Experimental and theoretical analyses of single-DoF heaving converters were 75 

reported by Bjarte-Larsson and Falnes [14] and Shi et al. [15]. Optimization-oriented studies 76 

also predominantly adopted a single-DoF assumption, including geometric optimization of 77 
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heaving point absorbers [16] and spectral-domain PTO sizing for heave motion [17]. More 78 

recent works optimized single-DoF heaving systems using model predictive control [18] and 79 

high-fidelity SPH-based numerical simulations [19]. Hillis et al. [20] also highlighted the 80 

dominance of single-DoF heaving systems in the literature and noted the comparatively 81 

limited attention given to the development and control of multi-DoF WEC systems.  82 

As reported by Yavuz [21], one of the main reasons for the popularity of single-DoF systems 83 

is that an increasing number of degrees of freedom (DoF) in a wave energy converter (WEC) 84 

not only leads to complexities in its behavior but also makes understanding the WEC’s 85 

interaction with the sea a challenging technical issue. Consequently, higher system 86 

complexity makes WECs more difficult to understand, model and simulate. In their study of a 87 

multi-DoF wave energy converter system, Hillis et al. [20] reported that they aimed not only 88 

to develop an active control strategy to maximize power capture but also to limit device 89 

loading to prolong its lifespan. Additionally, they preferred to use only physically measurable 90 

quantities in the controller design, thereby focusing on the development of a realistic, 91 

deployable system. 92 

Abdelkhalik et al. [22] studied the control of a three-DoF floating point absorber based on 93 

heave, surge, and pitch modes of motion. Their work focused on optimizing the pitch and 94 

surge modes where various control strategies were applied and the corresponding results 95 

reported. 96 

Galvan-Pozos and Ocampo-Torres [23] reported a novel six-DoF WEC design based on the 97 

Stewart-Gough platform, aimed at establishing the necessary equations to describe the motion 98 

of the platform. Using linear wave theory, the instantaneous and mean power were calculated 99 

under regular wave conditions. The reported results indicate that the proposed configuration 100 

could increase wave energy conversion, since all degrees of freedom in its motion were 101 

utilized, compared to traditional heaving point absorber WEC systems. 102 

There are many wave energy converter models that have been considered for development. 103 

Amongst them, as mentioned earlier, offshore types appear to have the highest energy capture 104 

potential, and oscillating types seem to be among the most popular [7]. The Bristol cylinder is 105 

an example of a multi-DoF wave energy converter system. It is a cylindrical device that 106 

extracts power from heave, surge, and pitch motion modes [24]. There have been some more 107 

recent studies on this converter system focusing on its control [25], mainly on power 108 

electronic hardware rather than active control strategies. Additionally, Crowley et al. [26] 109 

reported alternative arrangements that enhanced the practicality of the power-capturing 110 

functionality.  111 

The modeling of Wave Energy Converters (WECs) is a highly complex task, particularly for 112 

multi-degree-of-freedom (multi-DoF) systems, where dynamic interactions between motion 113 

modes significantly increase complexity. Extensive research exists on WEC modeling, 114 

design, analysis, and control strategies, with studies ranging from simpler single-degree-of-115 

freedom (1-DoF) systems to more complex multi-DoF configurations. While single-DoF 116 
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WECs allow for more straightforward control and optimization, multi-DoF systems present 117 

greater challenges due to nonlinear interactions, mooring effects, and site-specific dynamics. 118 

One often overlooked aspect in WEC modeling is the influence of mooring configurations on 119 

the system's dynamic response. Mooring not only affects stability but also plays a crucial role 120 

in shaping the system’s response amplitude operators (RAOs), thereby influencing energy 121 

capture efficiency. Additionally, the inherent coupling effects between different motion 122 

modes make it difficult to predict and optimize system behavior. Another key challenge in 123 

WEC design is the need for site-specific adaptation, which is part of standard practice and 124 

ensures that the device's resonance characteristics align with the dominant wave conditions of 125 

the deployment location. The integration of an advanced multi-DoF Power Take-Off (PTO) 126 

model further complicates the design process, requiring a careful tuning of PTO settings to 127 

accommodate varying sea states while maximizing power conversion efficiency. 128 

In this study, a systematic design and optimization approach for a multi-DoF WEC is 129 

proposed and applied to the TALOS wave energy converter. The study builds upon two 130 

existing WEC configurations—a hard-moored and a soft-moored variant—previously 131 

reported in the literature. A comprehensive frequency-domain and time-domain analysis is 132 

conducted for a selected deployment site to assess the effects of mooring configurations on 133 

dynamic performance. To enhance energy capture efficiency, a multi-objective optimization 134 

framework is introduced for tuning the 6-DoF PTO system, leveraging a Genetic Algorithm 135 

(GA) for optimal damping settings. The findings demonstrate that mooring configurations 136 

significantly influence the WEC’s dynamic behavior, offering a mechanism to tailor the 137 

system’s RAO characteristics and shift resonance frequencies toward the dominant wave 138 

conditions of the deployment site. This, in turn, facilitates a more manageable and effective 139 

tuning of PTO parameters. The results also indicate that, despite the system’s complexity, 140 

surge, heave, and pitch motions remain the dominant modes influencing energy capture, and 141 

therefore constitute the primary focus of the optimization process. 142 

By addressing these challenges, this study contributes to the growing body of research on 143 

multi-DoF WEC modeling, mooring-integrated system optimization, and AI-based PTO 144 

tuning techniques. The findings offer additional insights into the role of mooring in dynamic 145 

tuning, reinforcing the necessity of site-specific adaptations for efficient WEC operation. 146 

The TALOS WEC is a recently developed multi-degree-of-freedom wave energy converter, 147 

designed by a research team at Lancaster University. It is a six-degree-of-freedom (6-DoF) 148 

device that captures wave energy from all available motion modes, distinguishing it from 149 

conventional single-axis WECs. This innovative approach presents both opportunities and 150 

challenges, as the increased number of degrees of freedom introduces complex coupling 151 

effects that must be carefully analyzed and optimized. 152 

Several studies have explored key aspects of TALOS WEC’s performance and control 153 

strategies. Aggidis and Taylor [27] provided a foundational overview of single-axis and 154 

multi-axis WEC technologies, introducing the first tank-tested model of TALOS. Subsequent 155 

research by Sheng et al. [28] examined the hydrodynamic behavior of the device, while Hall 156 
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et al. [29] investigated model predictive control strategies for optimizing its performance. 157 

Additional contributions by Sheng and Aggidis [30], Michailides et al. [31], and Yavuz et al. 158 

[32] have further refined our understanding of the hydrodynamics, time-domain simulations, 159 

and power capture performance of the TALOS system using complementary computational 160 

tools. However, despite these advancements, critical aspects of mooring dynamics and PTO 161 

optimization in irregular waves remain underexplored, particularly in the context of site-162 

specific deployment challenges. 163 

The primary objective of this study is to advance understanding and optimization of the 164 

TALOS WEC’s power capture performance by addressing key challenges in mooring 165 

dynamics, frequency-domain response, and power take-off (PTO) optimization. Specifically, 166 

the study aims to: 167 

• Investigate the role of mooring configurations in shaping the dynamic response of the 168 

TALOS WEC, particularly in shifting its response amplitude operators (RAOs) to 169 

align with dominant wave frequencies at a selected deployment site. 170 

• Evaluate system performance in both frequency and time domains to provide a 171 

comprehensive analysis of its behavior under realistic sea conditions. 172 

• Optimize the multi-DoF PTO system using a Genetic Algorithm (GA), ensuring that 173 

damping settings are tuned for maximum power absorption while considering site-174 

specific variations in wave conditions. 175 

• Demonstrate the importance of site-specific tuning, showing that optimizing the 176 

mooring and PTO settings together significantly enhances energy extraction 177 

efficiency. 178 

• Provide new insights into the complex interactions between motion modes in multi-179 

DoF WECs, reinforcing the need for integrated modeling, control, and optimization 180 

frameworks in wave energy research. 181 

By integrating mooring design, hydrodynamic analysis, and AI-based optimization, this study 182 

addresses a critical gap in existing TALOS WEC research and contributes to the broader field 183 

of multi-DoF WEC modeling and control strategies. The findings are expected to offer 184 

valuable guidelines for future WEC designs and site-specific adaptation methodologies, 185 

thereby advancing the state-of-the-art in wave energy conversion technology. 186 

This study begins with an introduction to the physical system model, providing an overview 187 

of the TALOS wave energy converter and its key components. It then presents the 188 

mathematical modeling framework, starting with the frequency-domain model, followed by a 189 

detailed analysis of the TALOS system in the frequency domain. The time-domain model is 190 

then developed to extend the analysis for dynamic system evaluation. Next, the power 191 

capture properties of the moored TALOS system are assessed using both frequency and time-192 

domain analyses. The study further investigates the power capture performance of the 193 

optimized system, incorporating tuning strategies to enhance energy extraction. Finally, the 194 

work concludes with a summary of key findings. 195 
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2. The Physical System Model  196 

In this study, an offshore oscillating-type wave energy converter (WEC) system is selected 197 

for analysis. The following sections provide a detailed overview of the modeling and control 198 

application of the WEC. The physical configuration of the 6-DoF TALOS WEC, developed 199 

by the Lancaster University Wave Energy Group, is illustrated in Fig. 1. This multi-degree-200 

of-freedom device is represented in meshed form (Fig. 1a), a rendered image (Fig. 1b), and 201 

its original power take-off (PTO) system (Fig. 1c) in the figure. The key physical properties 202 

of the TALOS WEC used in this study are summarized in Table 1 [30, 31].  203 

 204 

Fig. 1. The TALOS WEC, developed by Lancaster University Wave Energy Group.  205 

a) TALOS I: shape and panels, b) TALOS II with PTO system, c) TALOS PTO test rig 206 

Table 1. Physical properties of the TALOS WEC  207 

Par

am. 

Description Value Unit 

Dc diameter D1=15, D2=30  m 

- Draft 17.60 m 

Vd displaced volume of water 3754.75 m3 

mdry inertial mass 3048.6 tonne 

mb spherical PTO ball mass 800 tonne 

Co

G 
dry centre of gravity -7.96 m 

Co

B 

Center of buoyancy -6.92 m 

C11 
Mooring lines equivalent 

stiffness in surge (K11) 

5E05 (Soft moored, [31]) 

N/m 
2.50E08 (Hard moored, [30]) 

C22 
Mooring lines equivalent 

stiffness in sway (K22) 

5E05 (Soft moored, [31]) 

N/m 
2.50E08 (Hard moored, [30]) 

C33 Restoring coefficient in heave 6.397E06 N/m 

C44 

C55 

Restoring coefficients in 

roll/pitch 
3.636E08 N/rad 
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C66 
Mooring lines equivalent 

stiffness in yaw (K66) 

2.5E06 (Soft moored, [31]) 

N/rad 
5.00E08 (Hard moored, [30]) 

Ixx Moment of inertia 2.376E08 kg.m2 

Iyy Moment of inertia 2.376E08 kg.m2 

Izz Moment of inertia 2.448E08 kg.m2 

Table 1 presents the physical properties of the TALOS WEC, including key mooring 208 

parameters (C11, C22, C66) provided for two different mooring configurations of the model. 209 

The mooring settings reported by Michailides et al. [31] are relatively lower in stiffness 210 

compared to those presented by Sheng and Aggidis [30]. To distinguish between these 211 

variations, the two configurations are labeled as soft-moored [31] and hard-moored [30]. 212 

3. The Mathematical Model  213 

Frequency domain (FD) analysis is a key step in the design process of wave energy converter 214 

(WEC) systems. Its primary objectives include the identification and tuning of WEC 215 

parameters, mooring configurations, and power take-off (PTO) system properties, as well as 216 

performing preliminary performance evaluations of the device. 217 

Since frequency domain analysis is inherently linear, it cannot account for significant 218 

nonlinear effects that arise under high and extreme sea conditions, as noted by Eidsmoen [8]. 219 

Therefore, the results must be interpreted within the context of these limitations. While more 220 

comprehensive assessments can be conducted through time-domain simulations, frequency 221 

domain analysis remains a valuable tool for early-stage design evaluation, helping to identify 222 

resonance frequencies, general frequency response characteristics, and initial estimates of 223 

power capture capacity. 224 

Developing an accurate WEC model requires consideration of several interrelated factors. In 225 

the frequency domain, key parameters such as Response Amplitude Operators (RAOs), 226 

Froude-Krylov forces, diffraction and radiation effects, and added mass properties play a 227 

crucial role in the dynamic assessment of the system. Taking these aspects into account, the 228 

following section presents the FD formulation of the TALOS WEC used in this study. 229 

3.1. Frequency-Domain Model  230 

The frequency-domain dynamic equation of 6-degrees of freedom (DoFs) motions of a rigid 231 

structure is given in a form of mass-spring-damper system [33], as 232 

∑ {−𝜔2[𝑀𝑗𝑘 +𝑀𝑖𝑗
𝐸 + 𝐴𝑗𝑘(𝜔)] + 𝑖𝜔[𝐵𝑗𝑘(𝜔) + 𝐵𝑗𝑘

𝐸 ] + (𝐶𝑗𝑘 + 𝐶𝑗𝑘
𝐸 )}𝜉𝑘(𝜔)

6
𝑘=1 = 𝐹𝑗

 (𝜔)  (1) 

where  233 

ω is the circular frequency of the wave excitation, and the parameters with the variable ω 234 

mean their frequency dependency; 235 
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𝑀𝑗𝑘, 𝑀𝑗𝑘
𝐸 , 𝐴𝑗𝑘(𝜔) (𝑗, 𝑘 =  1, 2, … , 6) are the structure, external and added mass matrices, 236 

and the first two must be specified for the numerical modelling, while the last can be 237 

assessed using the panel method;  238 

𝐵𝑗𝑘(𝜔), 𝐵𝑗𝑘
𝐸  (𝑗, 𝑘 =  1, 2, … , 6) are the radiation and external damping coefficients, with 239 

the first being assessed using the panel method, while the last must be specified in the 240 

numerical modeling; 241 

𝐶𝑗𝑘, 𝐶𝑗𝑘
𝐸  (𝑗, 𝑘 =  1, 2, … , 6)  are the structure hydrostatic and external restoring coefficients 242 

(both must be specified or calculated). The definition of the hydrostatic restoring 243 

coefficients 𝐶𝑗𝑘 can be found in WAMIT manual [33];  244 

𝐹𝑗
 (𝜔)(𝑗 =  1, 2, … , 6) are the frequency-dependent complex amplitude of the wave 245 

excitation, which can be calculated using the panel method; 246 

𝜉𝑘(𝜔)(𝑘 = 1, 2, … , 6,   correspond to the motions of surge, sway, heave, roll, pitch, and 247 

yaw, respectively. These represent the frequency-dependent complex amplitudes of 248 

motion of the floating structure, which are obtained by solving the dynamic equation 249 

above. In practical applications, a more useful representation is the Response 250 

Amplitude Operator (RAO), defined as: 251 

𝜒𝑘 =
𝜉𝑘

𝐴
  (2) 

where A is the wave amplitude (here the wave amplitude A is without a subscript or 252 

superscript).  253 

Obviously in the wave of a unit amplitude, the frequency-dependent 𝜉𝑘 itself is the RAO. In 254 

the conventional plots, the module of the RAO may be more often seen, which is calculated 255 

as 256 

|𝜒𝑘| =
|𝜉𝑘|

𝐴
  (3) 

From the terms related to the added mass, radiation damping, and restoring coefficients in Eq. 257 

(1), the motions of a free-floating structure may become coupled through the cross-coupling 258 

coefficients. The motion couplings can occur through the wave radiation, which is caused by 259 

the cross-coupling of added mass and radiation damping coefficients. For instance, if the 260 

coupling coefficients such as A15 (surge-pitch coupling) or B24 (sway-roll coupling) are not 261 

zero or are significantly larger than other terms, such as A11 and B22, the motions will be 262 

coupled. Additionally, motion couplings can arise from the hydrostatic restoring coefficients. 263 

For example, the coupling between heave and roll (or pitch), represented by coefficients like 264 

C34 or C35, also contributes to the overall motion coupling. 265 

It should be noted that some of the coupled motions are inherently present, such as surge-266 

pitch coupling and sway-roll coupling, while others may or may not exist, depending on the 267 

shape and geometry of the floating structure. For example, the symmetry of the structure 268 

Jo
urn

al 
Pre-

pro
of



 

9 

 

about the x-axis could cause the C35 coefficient to be zero, effectively decoupling heave and 269 

pitch in terms of the restoring coefficient. 270 

3.2. Frequency-Domain Analysis of the TALOS Model  271 

The frequency-domain model of the TALOS system is evaluated based on its initial design 272 

parameters [30,31]. Response Amplitude Operators (RAOs), a type of transfer function, are 273 

used to quantify the effect of a sea state on the structure in regular seas for a unit wave height 274 

at a specific frequency. This approach allows identification of frequencies that produce 275 

maximum motion amplitudes and, consequently, maximum power capture. Using Eq. 3, the 276 

RAOs for the different motion modes of the initial system model can then be calculated. 277 

The targeted sea site has been selected as the EMEC site, as reported by Babarit et al. [34]. In 278 

their study, they presented detailed information on the peak period (Tp) and significant wave 279 

height (Hs) of the site, which is shown as a scatter diagram. 280 

Table 2. Scatter diagram for the EMEC site [34] 281 

Hs(m)/Tp(s) 5.00 6.55 8.11 9.66 11.22 12.77 14.33 15.88 17.44 19.00 

10.00 0 0 0 0 0 0 0 0 0 1 

9.50 0 0 0 0 0 0 0 0 1 1 

9.00 0 0 0 0 0 0 0 1 2 1 

8.50 0 0 0 0 0 0 0 1 2 1 

8.00 0 0 0 0 0 0 1 4 4 1 

7.50 0 0 0 0 0 0 2 7 5 0 

7.00 0 0 0 0 0 0 5 9 4 0 

6.50 0 0 0 1 1 2 9 10 2 0 

6.00 0 0 0 1 1 7 18 11 1 0 

5.50 0 0 0 1 18 26 15 7 0 0 

5.00 0 0 0 11 46 42 7 2 1 0 

4.50 0 0 1 49 78 36 6 2 1 0 

4.00 0 0 17 114 119 25 5 2 1 0 

3.50 0 3 91 191 118 19 5 2 1 0 

3.00 1 29 211 252 80 16 7 3 1 0 

2.50 7 151 339 244 61 19 10 3 1 0 

2.00 54 338 433 193 61 22 9 2 0 0 

1.50 200 508 448 174 62 20 7 1 0 0 

1.00 408 629 391 151 52 15 6 2 0 0 

0.50 393 455 233 87 33 14 6 2 0 0 

 282 

The details listed in Table 2 [34] provide the most likely wave conditions (highlighted in red) 283 

that are critical for the development of the TALOS WEC to maximize its power capture 284 

performance. Wave conditions with Hs > 5 m or Tp > 12 s represent relatively rare sea states, 285 

accounting for only ~6.3 % of all recorded occurrences. Therefore, the TALOS WEC is 286 

optimized for sea conditions corresponding to 0 < Hs ≤ 5 m and 5 s ≤ Tp ≤ 12 s. To optimize 287 

the system properties, four main sea states have been identified, characterized by Hs values of 288 
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1, 2, 3, and 4 meters, and Tp values of 6, 7, 8, and 9 seconds. These sea states define the 289 

operational range for testing the TALOS WEC system. 290 

3.3. Time Domain Model of TALOS  291 

The mathematical models of floating-body type WECs are often expressed in the frequency 292 

domain. These models characterize the system’s response to the frequency content of the 293 

waves, making them particularly useful for analyzing steady-state responses under dominant 294 

wave components, although they can also be applied to irregular seas using spectral 295 

discretization. However, in real-world conditions, the motion of the free surface rarely attains 296 

steady-state behavior, making a time-domain (TD) representation more suitable. In such 297 

cases, the dynamic equations that define the motion of a free-floating body are formulated in 298 

the time domain (TD). Along with the usual instantaneous forces (which are proportional to 299 

the acceleration, velocity, and displacement of the body), the most commonly used 300 

formulations of the time-domain model of a floating body include convolution integral terms 301 

[35] to account for the memory effects of wave radiation on the free surface. As for wave 302 

force computation, this process becomes non-causal, requiring knowledge of the future wave 303 

elevation history [36]. 304 

 305 

Fig. 2. The TALOS WEC: (a) Inner structure and corresponding body motions, (b) Rigid 306 

connections between the hull and the ball. 307 

The TALOS WEC is excited by both regular and irregular waves, which generate wave 308 

forces on the device hull. Given that the TALOS WEC is a six-degree-of-freedom (6-DoF) 309 

device, all six body motions (Fig. 2a) are considered in the time-domain (TD) model of the 310 

system. The spherical ball-shaped mass (Fig. 2b) responds to these motions, generating 311 

relative motion across the six DoFs. This relative motion is then converted into captured 312 

power using the installed power take-off (PTO) unit. Since the PTO system is also a 6 DoF 313 
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type, all motion modes contribute to the captured power. The layout of the inner structure and 314 

detailed mechanisms are shown in Fig. 1(c), and a schematic diagram is provided in Fig. 2b. 315 

To perform the necessary simulations, the time-domain (TD) model of the TALOS WEC is 316 

developed. The following set of equations defines the motion for the six degrees of freedom 317 

(DoF) motion modes: surge, sway, heave, roll, pitch, and yaw (denoted from 1 to 6, 318 

respectively) of the TALOS WEC. 319 

{
 
 
 
 

 
 
 
 𝑚𝑠𝑥̈ℎ1(𝑡) + ∑ 𝐴1𝑗

6
𝑗=1 𝑥̈ℎ𝑗(𝑡) + ∑ ∫ 𝐾1𝑗(𝑡 − 𝜏)𝑥̇ℎ𝑗(𝜏)𝑑𝜏

𝑡

0
6
𝑗=1 + ∑ 𝐶1𝑗

6
𝑗=1 𝑥ℎ𝑗(𝑡) = 𝐹1

𝑒𝑥(𝑡) − 𝐹ℎ1
𝑝𝑡𝑜
(𝑡) − 𝐹ℎ1

𝑠𝑝𝑟
(𝑡)

𝑚𝑠𝑥̈ℎ2(𝑡) + ∑ 𝐴2𝑗
6
𝑗=1 𝑥̈ℎ𝑗(𝑡) + ∑ ∫ 𝐾2𝑗(𝑡 − 𝜏)𝑥̇ℎ𝑗(𝜏)𝑑𝜏

𝑡

0
6
𝑗=1 +∑ 𝐶2𝑗

6
𝑗=1 𝑥ℎ𝑗(𝑡) = 𝐹2

𝑒𝑥(𝑡) − 𝐹ℎ2
𝑝𝑡𝑜
(𝑡) − 𝐹ℎ2

𝑠𝑝𝑟
(𝑡)

𝑚𝑠𝑥̈ℎ3(𝑡) + ∑ 𝐴3𝑗
6
𝑗=1 𝑥̈ℎ𝑗(𝑡) + ∑ ∫ 𝐾3𝑗(𝑡 − 𝜏)𝑥̇ℎ𝑗(𝜏)𝑑𝜏

𝑡

0
6
𝑗=1 +∑ 𝐶3𝑗

6
𝑗=1 𝑥ℎ𝑗(𝑡) = 𝐹3

𝑒𝑥(𝑡) − 𝐹ℎ3
𝑝𝑡𝑜
(𝑡) − 𝐹ℎ3

𝑠𝑝𝑟
(𝑡)

𝐼𝑠44𝑥̈ℎ4(𝑡) + ∑ 𝐴4𝑗
6
𝑗=1 𝑥̈ℎ𝑗(𝑡) + ∑ ∫ 𝐾4𝑗(𝑡 − 𝜏)𝑥̇ℎ𝑗(𝜏)𝑑𝜏

𝑡

0
6
𝑗=1 +∑ 𝐶4𝑗

6
𝑗=1 𝑥ℎ𝑗(𝑡) = 𝐹4

𝑒𝑥𝑐(𝑡) − 𝑀ℎ1
𝑝𝑡𝑜
(𝑡) − 𝑀ℎ1

𝑠𝑝𝑟
(𝑡)

𝐼𝑠55𝑥̈ℎ5(𝑡) + ∑ 𝐴5𝑗
6
𝑗=1 𝑥̈ℎ𝑗(𝑡) + ∑ ∫ 𝐾5𝑗(𝑡 − 𝜏)𝑥̇ℎ𝑗(𝜏)𝑑𝜏

𝑡

0
6
𝑗=1 + ∑ 𝐶5𝑗

6
𝑗=1 𝑥ℎ𝑗(𝑡) = 𝐹5

𝑒𝑥(𝑡) − 𝑀ℎ2
𝑝𝑡𝑜
(𝑡) − 𝑀ℎ2

𝑠𝑝𝑟
(𝑡)

𝐼𝑠66𝑥̈ℎ6(𝑡) + ∑ 𝐴6𝑗
6
𝑗=1 𝑥̈ℎ𝑗(𝑡) + ∑ ∫ 𝐾6𝑗(𝑡 − 𝜏)𝑥̇ℎ𝑗(𝜏)𝑑𝜏

𝑡

0
6
𝑗=1 + ∑ 𝐶6𝑗

6
𝑗=1 𝑥ℎ𝑗(𝑡) = 𝐹6

𝑒𝑥(𝑡) − 𝑀ℎ3
𝑝𝑡𝑜
(𝑡) − 𝑀ℎ3

𝑠𝑝𝑟
(𝑡)

 

(4) 320 

where 321 

𝑥ℎ𝑘 (k = 1, 2, …, 6) are the structure motions, representing the six degrees of freedom 322 

(DoFs) of the hull, which will be solved from the dynamic equation. 323 

𝐴𝑗𝑘 (j, k = 1, 2, …, 6) the added mass/moment of inertia at infinite frequency (assessed 324 

based on the panel method) 325 

𝐾𝑗𝑘  (j, k = 1, 2, …, 6) the impulse functions (assessed based on the panel method) 326 

𝐶𝑗𝑘  (j, k = 1, 2, …, 6) the hydrodynamic restoring coefficients (the panel method should 327 

include the assessment) 328 

𝐹𝑗
𝑒𝑥 (j = 1, 2, …, 6) the wave excitation forces (j=1,2,3) and moments (j=4,5,6) along and 329 

around x-, y- and z-axes, respectively (assessed based on the results from the panel 330 

method) 331 

𝐹ℎ(123)
𝑝𝑡𝑜

(𝑡) and 𝐹ℎ(123)
𝑠𝑝𝑟

(𝑡) are the forces from the PTOs and springs (along x-, y- and z-axes 332 

respectively, must be specified/calculated) 333 

𝑀ℎ(123)
𝑝𝑡𝑜

(𝑡) and 𝑀ℎ(123)
𝑠𝑝𝑟

(𝑡) are the moments from the PTOs and springs (around x-, y- and z-334 

axes respectively, must be specified/calculated) 335 

To have a complete time-domain model representation of the system, the dynamic equations 336 

of the inertial ball module are also required. These equations define the motion of the ball, 337 

primarily to determine the relative motion between the hull and the inertial ball. The resulting 338 

relative motion is then used to drive the power take-off system. The 6 DoF time-domain 339 

model and the corresponding motion equations of the inertial ball are defined in Eq. 5 below.  340 
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{
 
 
 

 
 
 
𝑚𝑏𝑥̈𝑏1(𝑡) + 𝐵𝑏1𝑥𝑏1̇ (𝑡) = 𝐹𝑏1

𝑝𝑡𝑜(𝑡) + 𝐹𝑏1
𝑠𝑝𝑟
(𝑡)

𝑚𝑏𝑥̈𝑏2(𝑡) + 𝐵𝑏2𝑥𝑏2̇ (𝑡) = 𝐹𝑏2
𝑝𝑡𝑜(𝑡) + 𝐹𝑏2

𝑠𝑝𝑟
(𝑡)(𝑡)

𝑚𝑏𝑥̈𝑏3(𝑡) + 𝐵𝑏3𝑥𝑏3̇ (𝑡) = 𝐹𝑏3
𝑝𝑡𝑜(𝑡) + 𝐹𝑏3

𝑠𝑝𝑟
(𝑡)(𝑡)

𝐼𝑏44𝑥̈𝑏4(𝑡) + 𝐵𝑏4𝑥𝑏4̇ (𝑡) = 𝑀𝑏1
𝑝𝑡𝑜(𝑡) + 𝑀𝑏1

𝑠𝑝𝑟
(𝑡)

𝐼𝑏55𝑥̈𝑏5(𝑡) + 𝐵𝑏5𝑥𝑏5̇ (𝑡) = 𝑀𝑏2
𝑝𝑡𝑜(𝑡) + 𝑀𝑏2

𝑠𝑝𝑟
(𝑡)

𝐼𝑏66𝑥̈𝑏6(𝑡) + 𝐵𝑏6𝑥𝑏6̇ (𝑡) = 𝑀𝑏3
𝑝𝑡𝑜(𝑡) + 𝑀𝑏3

𝑠𝑝𝑟
(𝑡)

  (5) 341 

where 𝑚𝑏 is the mass of the ball, 𝐼𝑏44, 𝐼𝑏55, 𝐼𝑏66  are the moments of inertia of the ball. 342 

𝑥𝑏𝑗   (where 𝑗 =  1, 2, … , 6) are defined as the motions of the ball in 6 DoF. The relevant ball 343 

motions are achieved by solving the dynamic equation.  344 

For a sphere, the moments of inertia terms are defined as; 345 

𝐼𝑏44 = 𝐼𝑏55 = 𝐼𝑏66 = 
2

5
 𝑚𝑏𝑅

2 (6) 346 

𝐵𝑏𝑗 (j = 1, 2,…, 6)  the linear added damping coefficient for the mass ball motions 347 

𝐹𝑏(1,2,3)
𝑝𝑡𝑜

, 𝐹𝑏(1,2,3)
𝑠𝑝𝑟

   are the forces acting on the ball from the PTOs and springs along 𝑥−, y− 348 

and z−axes, respectively  349 

𝑀𝑏(1,2,3)
𝑝𝑡𝑜

, 𝑀𝑏(1,2,3)
𝑠𝑝𝑟

 are the moments acting on the ball from the PTOs and springs around 𝑥−, 350 

y− and z−axes, respectively. 351 

To enable time-domain simulations, the frequency-domain hydrodynamic coefficients 352 

obtained from the panel method are mapped into the time domain using impulse response 353 

functions (IRFs). The radiation force convolution terms are evaluated via the Cummins 354 

formulation, where the radiation impulse response functions Kjk(t) are derived from the 355 

frequency-dependent radiation damping coefficients. The time-domain simulations are 356 

performed using a fixed integration time step of t=0.05 s and a total simulation duration of 357 

3200 s, which is sufficient to ensure statistical convergence of the system response under 358 

irregular wave excitation. No additional high- or low-frequency cutoffs were applied beyond 359 

those inherent to the frequency range of the hydrodynamic data used to generate the impulse 360 

response functions. 361 

Further details on the calculation of the connection point coordinates, as well as the 362 

translational and rotational motions of the ball, together with the related PTO force and 363 

moment formulations, are provided in the study by Sheng and Aggidis [37]. 364 

4. The Power Capture Properties and Evaluation of the Moored TALOS System models 365 

in Frequency and Time Domains  366 

The power capture capabilities of the TALOS WEC have been studied in reported cases by 367 

Michailides et al. [31] and by Sheng and Aggidis [30]. The model settings related to different 368 

mooring configurations (i.e., soft- and hard-moored types) defined in Table 1 are used as a 369 
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baseline reference. Case studies are then conducted to tune the device parameters for the 370 

selected sea state conditions. The optimized PTO settings are achieved through Genetic 371 

Algorithm (GA)-based optimization of the PTO damper parameters.  372 

The frequency-domain model of the TALOS WEC system is evaluated using Eq. 3, and the 373 

RAOs of the motion modes for the initial system model are calculated. Fig. 3 and 4 illustrate 374 

the RAO results for the soft and hard moored configurations, respectively. In the soft-moored 375 

model (Fig. 3), the peak periods for surge, heave, and pitch motion modes are 22.4 s, 7.3 s, 376 

and 8.4 s, respectively. This shows the system’s sensitivity to long-period waves, typical of 377 

the EMEC site, where the energy is often carried by swells with extended periods. The 378 

system is well-optimized for these conditions, though it may have lower efficiency in shorter-379 

period waves. In contrast, the hard-moored model (Fig. 4) shows a reduced peak period of 380 

8.84 s in surge mode, which is more suited to capturing energy from shorter-period waves 381 

commonly seen at EMEC. While the heave mode remains at 7.3 s, the pitch mode peak 382 

period increases to 8.8 s, indicating the system’s adaptability to a broader range of wave 383 

periods. 384 

Both mooring configurations exhibit key differences in their dynamic responses. The surge 385 

mode in the soft-moored model shows higher responses at longer periods (Tp > 10 s), which 386 

is characteristic of the soft mooring's ability to better handle long-period waves. The coupling 387 

between surge and pitch modes in both models is observed, while heave remains largely 388 

uncoupled from the other two modes. These findings indicate that the soft moored system is 389 

better suited for longer-period waves, whereas the hard-moored configuration can efficiently 390 

capture energy from a broader range of sea states, including shorter-period waves. This 391 

comparison emphasizes how the choice of mooring settings directly influences the system’s 392 

performance in varying wave conditions at EMEC. 393 

The amplitudes of the RAOs for the surge, heave, and pitch modes are not on the same scale 394 

for the soft-moored model. The surge mode exhibits significantly higher RAO amplitudes 395 

compared to the pitch and heave modes, reaching approximately 30.57 at Tp = 22.44 s. This 396 

indicates that the surge mode plays a dominant role in the system's response, especially for Tp 397 

> 7 s. In contrast, for the hard-moored model, the surge mode's RAO amplitude drops 398 

dramatically to around 0.03 at Tp = 8.84 s, a reduction of nearly 1000 times. This substantial 399 

decrease in surge mode amplitude reduces its dominance, allowing the heave and pitch modes 400 

to contribute more significantly as active power-generating motion modes. 401 

The heave RAO remains similar in both mooring configurations, with an amplitude of 1.18 at 402 

Tp = 7.31 s. However, the pitch mode shows a shift in its peak period, from 8.4 s (with an 403 

amplitude of 0.93) in the soft-moored model to 8.8 s (with an amplitude of 0.8) in the hard-404 

moored model. This indicates a slight variation in the resonance characteristics of the pitch 405 

mode between the two configurations. 406 

The results clearly demonstrate that the soft-moored model is dominated by the surge mode, 407 

whereas the hard-moored model sees a significant reduction in surge mode dominance, with 408 

heave and pitch modes becoming more prominent. This highlights the importance of 409 
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balancing the contributions of various motion modes to optimize the power capture potential 410 

of the TALOS WEC system. 411 

 412 

 413 

Fig. 3. Response Amplitude Operators (RAOs) of the soft moored TALOS WEC model for 414 

surge, heave, and pitch motions 415 

 416 

Fig. 4. Response Amplitude Operators (RAOs) of the hard moored TALOS WEC model for 417 

surge, heave, and pitch motions 418 

The soft and hard moored TALOS system models are simulated to compare their power 419 

capture performance capabilities. For this comparison, the PTO settings are kept the same for 420 

both models, with the stiffness and damping settings of the PTO system fixed at Kpto = 500 421 

kN/m and Bpto = 200 kNs/m, respectively. 422 
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 423 

Fig. 5. Mean captured power levels for the soft-moored and hard-moored TALOS WEC 424 

models. 425 

 426 
Fig. 6. Displacements of surge, heave, and pitch motion modes for the soft-moored and hard-427 

moored TALOS WEC models. 428 

As illustrated in Fig. 5, the soft-moored model appears to capture more power, particularly in 429 

potentially energetic sea states with Tp > 7 s (and Hs > 2 m). Although the curves seem to 430 

overlap around Tp = 8.3 s, the difference becomes significantly larger at Tp = 7.75 s and Tp = 431 

9 s. Fig. 6 presents the displacement results for surge, heave, and pitch motion modes in the 432 
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most energetic sea state (Hs = 4 m, Tp = 9 s). Comparing the plots, it can be seen that due to 433 

the reduced RAO amplitude of the hard moored TALOS model, it produces very small 434 

displacements in the surge mode. On the other hand, the heave mode appears unaffected by 435 

the mooring settings, as it is not coupled with surge motion or related mooring parameters. 436 

The pitch mode displacement period shows a slight increase, with a noticeable phase 437 

difference emerging after the first half of the simulation. This shift is primarily due to the 438 

slight rightward shift in the maximum Tp value from 8.4 s to 8.8 s, as illustrated in Fig. 3 and 439 

Fig. 4. 440 

In Fig. 7, the mooring settings and PTO damping parameters are further analyzed to clarify 441 

their combined effect on the power capture performance of the system. For this purpose, the 442 

stiffness parameter of the PTO system is set at Kpto = 500 kN/m. The PTO damping term 443 

(Bpto) is varied between 50 kNs/m and 250 kNs/m, while the mooring setting (C11) is varied 444 

between 500 kN/m and 8,000 kN/m. The analysis is performed for the four previously 445 

determined sea states, which correspond to the most frequent sea states for the EMEC sea site 446 

considered. 447 

As shown in Fig. 7, the power capture levels increase with the increasing energy potential of 448 

the waves, which is a function of Hs and Tp. An important observation is the shape of the 449 

surface that defines the variation of power capture levels for varying PTO damping settings. 450 

It is evident from the figures that as the energy potential levels increase (from Hs/Tp of 1m/6s 451 

to 4m/9s waves), the plots become irregular and non-linear. In other words, optimizing with 452 

two parameters leads to the challenge of optimizing a multi-parameter, non-linear system. 453 

It can also be seen from Fig. 7 that the optimal PTO damping term for all the sea states 454 

considered is around Bpto = 200 kNs/m. However, there is no single surge mooring setting 455 

(C11) that is suitable for all sea states. For the first sea state (Hs = 1 m, Tp = 6 s), the optimal 456 

surge mooring stiffness (C11) is in the range of 8000 kN/m. In the second sea state (Hs = 2 m, 457 

Tp = 7 s), similar performance is observed for surge mooring stiffness (C11) values ranging 458 

from 4000 to 8000 kN/m. For the third sea state (Hs = 3 m, Tp = 8 s), the power capture 459 

performance is relatively high when the surge mooring stiffness (C11) is between 500 and 460 

3000 kN/m. The results for the last sea state (Hs = 4 m, Tp = 9 s) show that power capture 461 

performance is significantly higher when the surge mooring stiffness (C11) is in the range of 462 

500 to 700 kN/m. It is clear that as the sea state energy potential increases, the optimal surge 463 

mooring stiffness (C11) levels decrease. This is primarily because increasing surge mooring 464 

stiffness reduces the RAO period (Tp) and the RAO amplitude of the surge mode, thereby 465 

decreasing the contribution of surge motion to power capture performance. The figures 466 

clearly indicate that surge mooring stiffness plays a crucial role in the power capture 467 

performance of a WEC and should be adjusted according to the sea state conditions for 468 

optimal operation. 469 

In Fig. 8, the power capture performance of the TALOS WEC is analyzed for surge mooring 470 

and a selected range of sea states (0.5 m <Hs < 5 m and 5.5 s <Tp<10 s). For this analysis, the 471 

stiffness and damping settings of the PTO system are set at Kpto = 500 kN/m and Bpto = 200 472 

kNs/m, respectively. It is evident that for low-energy sea states (0.5 m < Hs < 1.5 m and 5.5 s 473 
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< Tp < 6.5 s), high surge mooring stiffness (C11 > 6000 kN/m) increases power capture 474 

performance. However, as the energy potential of the sea state increases (2 m < Hs < 5 m and 475 

7 s < Tp < 10 s), the suitable surge mooring settings are relatively lower (C11 < 2000 kN/m). 476 

To compare the performance of the TALOS WEC, two surge mooring settings (C11) that 477 

meet the above criteria are defined as 1000 kN/m for low-energy sea states and 8000 kN/m 478 

for high-energy sea states. These mooring settings are used to model TALOS-L (C11= 1000 479 

kN/m) and TALOS-H (C11 = 8000 kN/m), corresponding to low and high surge mooring 480 

settings, respectively. 481 

The next step is to explore the full potential of the newly defined TALOS models. To gain a 482 

clearer understanding of the results, it is essential to also optimize all PTO damping 483 

parameters ( )1,..,6

ptoB  to enhance power capture performance. This optimization task becomes 484 

challenging, as the system's power capture properties are non-linear, and there are six PTO 485 

damping parameters ( )1,..,6

ptoB  to consider. 486 

The primary optimization target of this study is to maximize the mean power capture of the 487 

TALOS WEC system across different sea states by optimizing key system parameters. 488 

Specifically, the optimization focuses on determining the ideal PTO damping settings ( 1,...,6

ptoB ) 489 

to enhance energy extraction efficiency while dynamically adapting to varying sea 490 

conditions. By addressing these optimization factors, the study aims to enhance overall 491 

system efficiency while maintaining operational stability across a range of sea states. 492 

 493 
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Fig. 7. Mean power capture levels for selected sea states (Hs/Tp) at varying surge mode 494 

mooring stiffness (C11) and PTO damping settings (
ptoB ). 495 

 496 

Fig. 8. Mean power capture levels for surge mode mooring stiffness (C11) across sea state 497 

peak periods (5.5 s < Tp < 10 s, 0.5 m < Hs < 5 m). Left: 500 kN/m < C11 < 8000 kN/m, 498 

Right: 4000 kN/m < C11 < 30000 kN/m.   499 

To address the complex and multi-parameter optimization problem considered in this study, a 500 

Genetic Algorithm (GA)–based approach is adopted. Classical GA principles, including 501 

population-based search, selection, crossover, and mutation, provide a flexible framework for 502 

solving non-linear and non-convex optimization problems, as originally surveyed by Srinivas 503 

and Patnaik [38] and later formalized in standard GA methodologies by Sivanandam and 504 

Deepa [39]. More recent reviews have highlighted the robustness of GA techniques in 505 

handling discontinuous and non-differentiable objective functions, as well as their ability to 506 

maintain solution diversity and avoid premature convergence [40]. 507 

In addition, multi-objective extensions of GA have been widely recognized as effective tools 508 

for balancing competing performance metrics in complex engineering systems. Sharma and 509 

Kumar [41] emphasized the suitability of evolutionary multi-objective optimization methods 510 

for problems involving conflicting objectives, where trade-offs among system performance 511 

measures must be explicitly managed. This characteristic is particularly relevant for wave 512 

energy converter (WEC) optimization, where power capture, mechanical loading, and 513 

dynamic response constraints must be considered simultaneously. 514 

The effectiveness of GA-based optimization in the wave energy domain has been 515 

demonstrated in several studies. Sharp and DuPont [42] applied a GA framework to optimize 516 

WEC array layouts while accounting for hydrodynamic interactions and minimum separation 517 

constraints, whereas Zeng et al. [43] employed a hierarchical GA to improve array 518 

performance under coupled hydrodynamic effects. At the device level, McCabe [44] used 519 

GA-based constrained optimization to determine optimal WEC geometry, and Shadmani et 520 

al. [45] extended this approach to the geometry design of multi-axis WEC systems. These 521 

studies collectively demonstrate that GA-based methods are well suited for the random 522 
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search–based optimization of complex WEC systems with multiple design variables and 523 

competing objectives. 524 

Although GA-based optimization can be computationally demanding and sensitive to 525 

parameter selection, these limitations are not prohibitive for the present study. The flexibility, 526 

robustness, and proven applicability of GA techniques to WEC-related optimization problems 527 

make them an appropriate choice for the multi-objective tuning task addressed here.  528 

In the present study, the GA tool is employed to tune six PTO damping parameters ( 1,...,6

ptoB ) 529 

simultaneously. This method enables the determination of the optimal values for all PTO 530 

system damping settings in one step. The GA optimization is performed using a 6-parameter 531 

search with a population size of 100 and 200 generations, with a constraint tolerance of 0.1. 532 

To constrain the generated PTO forces and ensure structural reliability, the upper bound for 533 

PTO damping settings is set to 3e5 with respective units for each motion mode. This 534 

constraint helps limit excessive PTO forces, reducing mechanical loads on the structure and 535 

improving reliability. Additionally, the optimization considers simultaneous tuning of all 536 

PTO damping terms for the 6-DoF system, ensuring a balanced dynamic response. By 537 

refining the system’s RAOs, the approach minimizes PTO force amplitudes, leading to 538 

improved power capture efficiency while maintaining practical implementability. Simulations 539 

are conducted for both TALOS-L and TALOS-H models. The results presented in Fig. 9 540 

provide details for the TALOS-L model in a low-energy potential sea state (Hs = 1 m and Tp 541 

= 6 s). Similarly, the results presented in Fig. 10 provide details for the TALOS-H model in a 542 

high-energy potential sea state (Hs = 3 m and Tp = 8 s). 543 

 544 
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 545 

Fig. 9. Convergence of PTO damping coefficients ( 1,...,6

ptoB ) and mean captured power ( meanP ) 546 

for TALOS-L during GA optimization for Hs = 1 m, Tp = 6 s. 547 

In Fig. 9, the TALOS-L WEC model has been optimized to tune the PTO damping settings (548 

1,...,6

ptoB ) for optimal operation in a low-energy potential sea state (Hs = 1 m, Tp = 6 s). The 549 

optimum PTO damping settings for all six PTO dampers are approximately 290 kNs/m, 550 

resulting in a captured power of about 1 kW. The results are based on 5000 iterations and 25 551 

generations of the GA optimization tool, with the first 3000 iterations shown to illustrate 552 

convergence and highlight how the PTO damping terms settle toward their final values. 553 

A similar optimization analysis is conducted for the TALOS-H WEC model. The related 554 

results are shown in Fig. 10 for a high-energy potential sea state (Hs = 3 m, Tp = 8 s). In this 555 

case, the optimum PTO damping settings for the six PTO dampers range from approximately 556 

40 kNs/m to 98 kNs/m, with a captured power of about 574 kW. The results are based on 557 

6600 iterations and 33 generations of the GA optimization tool, with the first 3200 iterations 558 
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shown to illustrate convergence and highlight how each PTO damping term settles toward its 559 

final value. 560 

 561 

Fig. 10. Convergence of PTO damping coefficients ( 1,...,6

ptoB ) and mean captured power ( meanP ) 562 

for TALOS-H during GA optimization for Hs = 3 m, Tp = 8 s. 563 

In Table 3, the results of the GA-based mean power capture optimization for all selected sea 564 

states are presented. As shown in the table, the performances of the TALOS-L and TALOS-H 565 

WEC models are compared, with the details of the GA-based mean power capture 566 

optimization provided. It is also worth noting that the power capture performances of both 567 

models appear to outperform the soft and hard moored models presented by Sheng and 568 

Aggidis [30] in their study, particularly for higher-energy sea states, where the difference 569 

becomes more distinct. 570 

 571 
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Table 3. The power capture performance comparison of TALOS-L and TALOS-H models 572 

with GA tuned PTO damping parameters  573 

Sea 

States 

(Hs/Tp) 

TALOS - L TALOS - H 

P (kW) 
BPTO 

(k Ns/m) Iter. Gen. P (kW) 
BPTO 

(k Ns/m) Iter. Gen. 

1m / 6s 1.09 all about 290 5200 26 7.48 Ranging from 

45 to 300 
5200 26 

2m / 7s 
27.28 

Ranging 

from 60 to 

170 
5400 27 55.58 

Ranging from 

40 to 290 7000 35 

3m / 8s 383.06 

Ranging 

from 53 to 

75 
7000 35 574.47 

Ranging from 

40 to 100 6600 33 

4m / 9s 1051.46 

Ranging 

from 60 to 

160 
8400 42 1296.54 

Ranging from 

60 to 110 8000 40 

 574 

The analysis results for the TALOS WEC system models are presented. These results show 575 

that a significant amount of additional mean power can be captured for the selected sea states 576 

defined for the EMEC site. It is also worth noting that the increasing energy potential of the 577 

simulated sea states leads to a considerable increase in the captured power levels, primarily 578 

due to the selected range of mooring configurations. The defined TALOS-L and TALOS-H 579 

models appear to utilize the motion modes and benefit from multi-DoF operation, leading to 580 

an increase in power capture performance. Additionally, based on the results presented in Fig. 581 

5, the soft-moored system outperforms the hard-moored system model. The results presented 582 

in Table 3 indicate that the TALOS-H system model performs better across all sea states due 583 

to its optimized surge mode mooring settings. It is clear that the surge mode mooring setting 584 

defined for the hard moored system, as reported by Sheng and Aggidis [30], is excessively 585 

high (250,000 kN/m), which causes a decrease in the RAO amplitude and leads to degraded 586 

device performance. The tuned version of the hard moored model (TALOS-H), with a 587 

relatively lower surge mode mooring setting (8,000 kN/m), appears to perform the best. The 588 

TALOS-H model outperforms the TALOS-L model. 589 

Table 4. The power capture performance comparison of TALOS models for the selected sea 590 

states 591 

 

(Hs/Tp) 

Captured power P(kw) 

Soft moored Hard moored TALOS - L TALOS - H Ratio (L, H) 

1m / 6s 1.64 1.47 1.09 7.48 0.70 4.81 

2m / 7s 14.59 11.63 27.28 55.58 2.08 4.24 

3m / 8s 94.78 76.05 383.06 574.47 4.48 6.73 

4m / 9s 264.45 216.14 1051.46 1296.54 4.38 5.40 
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Table 4 compares the power capture performance of the TALOS WEC models in the selected 592 

sea states. The soft moored model [31] and hard moored model [30] are compared with the 593 

proposed TALOS-L and TALOS-H models. It is clear that tuning the surge mooring settings 594 

and optimizing the PTO damping settings significantly improve the performance of the 595 

TALOS WEC. The results indicate that for all sea states, TALOS-H outperforms all other 596 

models. The captured power levels are significantly higher compared to the others. The ratio 597 

term in the table represents the ratio of power captured by TALOS-L or TALOS-H to the 598 

average power of the soft moored and hard moored models. The ratio values on the left 599 

highlight the advantage of using TALOS-L, while those on the right show the advantage of 600 

using TALOS-H. It is worth noting that the TALOS-H model captures 4.81 times more 601 

power than the average of the soft moored and hard moored models for the sea state Hs/Tp = 602 

1 m / 6 s. For the second and fourth sea states, the ratio is approximately 4.24 and 5.40, 603 

respectively. However, the ratio peaks in the third sea state Hs/Tp = 3 m / 8 s, reaching about 604 

6.73. In other words, the tuned and optimized TALOS-H model demonstrates exceptional 605 

performance. 606 

5. The Power Capture Performance of the Tuned Systems models in Time Domain 607 

In Fig. 11, the results of the time domain simulations for power capture performance are 608 

presented. The scales on the vertical axis of the plots show that as the energy density of the 609 

sea states increases, so do the captured power levels. The figures are ordered from top to 610 

bottom, starting with low energy density sea states (i.e., Hs = 1 m to 4 m, Tp = 6 s to 9 s) and 611 

progressing to higher energy densities. It can be seen from the plot that for low energy 612 

potential seas, TALOS-L and TALOS-H both capture power at nearly all instances in time, 613 

meaning the power capture performance is spread along the time axis. In the higher energy 614 

potential seas, however, there are spikes that indicate momentary high power capture relative 615 

to other instances. Another key observation is that the tuned surge mooring settings, along 616 

with the GA-based optimization of PTO damping settings, significantly enhance the system's 617 

performance. Therefore, it can be concluded that combined FD and TD GA-based 618 

optimization for the TALOS-H model results in superior performance, outperforming all 619 

other models. 620 
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 621 

Fig. 11. Power capture plots for TALOS-L (left column) and TALOS-H (right column) 622 

across different sea states: Hs/Tp = 1m/6s, 2m/7s, 3m/8s, and 4m/9s (ordered from top to 623 

bottom). 624 

One of the key benefits of the proposed mooring tuning approach is the enhanced 625 

performance achieved in lower-energy potential sea states. This is particularly important 626 

because calmer sea states are common at many potential deployment sites. As a result, it is 627 

essential for the WEC device to be designed and tuned specifically for its deployment 628 

location. Therefore, evaluating the site and tailoring the device's properties accordingly is a 629 

critical consideration in the development of WEC systems. 630 

Another important factor in site selection is the operational safety of the WEC systems under 631 

extreme sea states. Therefore, it is essential to assess the site’s likelihood of experiencing 632 

such extreme conditions. Ensuring that the WEC system can reliably withstand these extreme 633 

sea states is critical for the long-term reliability and safety of the device. 634 
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The results from the simulation studies of the TALOS WEC models demonstrate a significant 635 

improvement in power capture performance compared to traditional soft and hard moored 636 

models, highlighting the contribution of the proposed system. Through the optimization of 637 

surge mooring settings and PTO damping parameters, the TALOS-L and TALOS-H models 638 

are fine-tuned to effectively capture power across a wide range of sea states, including both 639 

low and high-energy potential conditions. These results highlight the importance of device-640 

specific tuning, as the optimized models (TALOS-L and TALOS-H) exhibited substantially 641 

higher power capture levels, particularly in higher energy sea states, compared to the soft and 642 

hard moored reference models [30, 31]. This optimization approach, supported by both 643 

frequency-domain (FD) analysis and genetic algorithm (GA)-based time-domain (TD) 644 

optimization, provides a potential solution to improving the efficiency of WEC systems. 645 

Moreover, the performance of the TALOS-H model in particular, which outperforms all other 646 

models tested, highlights the success of the tuned surge mooring settings and optimized PTO 647 

damping in enhancing the system’s ability to capture power. 648 

The contribution of this study lies not only in the proposed system’s ability to capture more 649 

power but also in the methodology for tuning and optimizing the mooring and PTO settings. 650 

Unlike typical conventional systems that rely on fixed mooring settings, this study 651 

demonstrates the effectiveness of dynamic tuning based on the energy potential of the site. 652 

The findings emphasize the importance of adapting the device properties to specific site 653 

conditions, particularly for low-energy sea states, which are common at many potential 654 

deployment sites. This site-specific optimization is essential for maximizing the performance 655 

of the TALOS WEC in real-world applications. Furthermore, safety considerations for 656 

extreme sea states are incorporated into the assessment, ensuring that the TALOS WEC 657 

performs efficiently while remaining robust and reliable under adverse conditions. Thus, the 658 

results of the simulation study highlight the contribution of the proposed approach by 659 

providing clear evidence of how the optimization process enhances the overall performance 660 

and adaptability of the TALOS WEC system. The findings demonstrate that tuning mooring 661 

and PTO settings leads to substantial improvements in power capture, particularly under 662 

varying sea states. This approach illustrates how the TALOS system can be effectively 663 

optimized to match the specific energy conditions of different deployment sites, ultimately 664 

improving overall system efficiency and robustness. 665 

Conclusions 666 

The results presented in this study highlight the significant potential of multi degree of 667 

freedom (multi DoF) wave energy converter (WEC) systems, such as the TALOS WEC, in 668 

fully realizing the energy potential of wave energy. While much of the existing literature has 669 

focused on single degree of freedom (1 DoF) systems, this study offers a detailed analysis of 670 

a multi-DoF WEC system, demonstrating the advantages of this approach. The TALOS 671 

system's physical properties and mathematical models are presented through both frequency 672 

domain (FD) and time domain (TD) analyses, with a focus on the site-specific sea state 673 

conditions of the EMEC site. 674 
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In the FD analysis, the role of mooring settings in shaping the response amplitude operators 675 

(RAOs) of the motion modes is examined. Two new models, TALOS-L and TALOS-H, are 676 

proposed based on these analyses, revealing that mooring settings have a considerable impact 677 

on surge mode RAOs, while pitch and heave modes are less affected. Additionally, the study 678 

emphasizes the importance of PTO damping settings in optimizing power capture 679 

performance, showing that the optimum PTO damping value for all sea states considered is 680 

around 200 kNs/m. For instance, TALOS-L under low-energy sea state conditions (Hs=1 m, 681 

Tp=6 s) captures 1 kW of power, while TALOS-H under high-energy conditions (Hs=3 m, 682 

Tp=8 s) reaches a power capture of 574 kW. 683 

A key contribution of this study is the use of Genetic Algorithm (GA) optimization to fine-684 

tune the PTO damping settings. This analysis shows that GA-based optimization enables the 685 

simultaneous determination of optimal damping values, highlighting the need for sea state-686 

specific adjustments to achieve high performance. The study demonstrates that, in general, 687 

PTO damping settings should be higher for lower-energy sea states and lower for higher-688 

energy sea states. 689 

The findings underline the importance of adapting the WEC system to the specific conditions 690 

of the deployment site. By optimizing the mooring settings to match the RAOs of the motion 691 

modes with site conditions, the TALOS system is able to significantly increase its power 692 

capture potential. Particularly, the TALOS-H model demonstrates superior performance 693 

across all considered sea states, suggesting that it can generate substantially more power than 694 

other models. This study also emphasizes the critical role of tuning the PTO system for site-695 

specific conditions, and the use of AI tools such as GA for optimizing the system's 696 

performance. 697 

Overall, the study demonstrates that the TALOS WEC system's power capture capabilities 698 

can be significantly enhanced by customizing its settings to suit the energy characteristics of 699 

the deployment site. The results, with specific improvements in power levels and through 700 

optimization of PTO damping, reinforce the potential of the proposed approach, showing that 701 

a combination of mooring tuning, PTO damping optimization, and AI-based techniques can 702 

lead to improved performance across a range of sea states. 703 

The proposed approach enables the WEC system to be tailored to the energetic wave 704 

conditions of a specific sea site. By optimizing the system’s dynamic response, it minimizes 705 

the range of PTO forces required to adapt to varying sea states. As a result, this method not 706 

only enhances power capture performance but also reduces PTO force amplitudes, 707 

contributing to improved reliability and overall operational efficiency of the WEC. 708 

Future research can focus on integrating advanced control strategies, incorporating structural 709 

and cost constraints in optimization, and validating findings through experimental testing. 710 

Further studies can also explore multi-WEC array interactions, alternative PTO mechanisms, 711 

and multi-objective optimization approaches for improved efficiency and reliability. 712 

Additionally, assessing the system’s performance under extreme sea states will enhance its 713 

long-term survivability. 714 
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