
Numerical Approaches for Loads and Motions 

Assessment of Floating WECs Moored by Means of 

Catenary Mooring Systems 

Imanol Touzon1[0000-0001-9587-4592], Victor Petuya2 [0000-0002-4120-3838], Vincenzo Nava1,3 

[0000-0002-3207-3517], Maria Alonso-Reig1[0000-0003-4999-5937], Iñigo Mendikoa1[0000-0003-0346-

4161] 

1 Tecnalia, Basque Research and Technology Alliance (BRTA), Edificio 700, 48160, Derio, 

Bizkaia, Spain 
2 Department of Mechanical Engineering, University of the Basque Country - UPV/EHU, Spain 

3Basque Centre for Applied Mathematics, BCAM, Bilbao, Spain 

imanol.touzon@tecnalia.com 

Abstract. Technologies for harvesting offshore renewable energy based on float-

ing platforms, such as offshore wind, wave and tidal energies, are currently being 

developed with the purpose of achieving a competitive cost of energy. The eco-

nomic impact of the mooring system is significant within the total cost of such 

deployments, and large efforts are being carried out to optimize designs. Analysis 

of mooring systems at early stages generally require a trade-off between quick 

analysis methods and accuracy to carry out multi-variate sensitivity analyses. 

Even though the most accurate approaches are based on the non-linear finite ele-

ment method in the time domain, these can result in being very time consuming. 

The most widely used numerical approaches for mooring line load estimates are 

introduced and discussed in this paper. It is verified that accurate line tension 

estimates require lines drag and inertia forces to be accounted for. A mooring and 

floating structure coupled model based on the lumped mass finite element ap-

proach is also discussed, and it is confirmed that the differences found in the 

coupled numerical model are mainly produced by the uncertainty on hydrody-

namic force estimates on the floating structure rather than by the lumped mass 

method. In order to enable quick line tension estimates, a linearization of the 

structure and mooring coupled model is discussed. It shows accurate results in 

operational conditions and enables modal analysis of the coupled system. 
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1 Introduction 

Offshore renewable energies have already become relevant in the energy generation 

mix, especially bottom-fixed offshore wind, that has been commercially deployed for 

years. In addition, technologies based on floating structures for harvesting wind, tidal 

currents and wave energy, can be deployed in a wider variety of locations. They repre-

sent the largest untapped potential and exploiting a reasonable part of it aids in devel-

oping affordable and clean energy (SDG7). 

Wave Energy Conversion technologies are being developed1–3 with the purpose to 

be deployed in groups of several devices and the cost of the mooring system is a rele-

vant item within the total array cost4. Therefore, it is very interesting that the estimates 

of the mooring cost are monitored along the path to commercialization, well estimated 

for single device and afterwards extrapolated to arrays of wave energy converters 

(WECs). 

The sizing of mooring systems tends generally to be very influenced by extreme 

environmental conditions5 but are also subject to fatigue loading under operational con-

ditions. Unlike other mechanical systems, mooring lines are generally described by 

non-linear models and, given the required low natural frequencies to horizontal motions 

compared to wave frequencies (WF), mooring analysis needs long time domain (TD) 

simulations to define their statistics. Therefore, a design process in which multi-variate 

sensitivity analyses are required, can be difficult to be carried out with the most com-

mon numerical methods, based on the non-linear finite element method (FEM) solved 

in the time domain, as introduced by 6–9. There are alternative methods to reduce the 

computation time, that consider catenary lines as quasistatic systems, solved both in the 

frequency10 and in the time domains. Several standardization bodies provide guidelines 

on how to apply such methods for traditional offshore structures based on quasistatic 

mooring lines11. However, wave energy conversion structures are very dynamically ex-

cited and further assumptions may be necessary in order to use the mentioned qua-

sistatic methods, as suggested in 12. 

In order to ease the design process at different development stages, several models 

are discussed, combining floating structure and mooring models. The corresponding 

numerical approaches are introduced herein to consider floater and mooring lines cou-

pled, of increasing complexity. The coupling scheme introduced herein is based on 

multibody dynamics, offering a systematic and feasible coupling between mechanical 

systems. 

2 Numerical Approaches for Floating Offshore Structures 

During the design of any moored floating structure, it is generally recommended, as a 

first step, to assess the influence of the mooring system on the structure through a single 

linearized stiffness term and, afterwards, assess mooring line loads imposing the result-

ing structure motions to a dynamic mooring system13. Once suitable designs have been 

found a fully coupled dynamic analysis is recommended. This process may lead to end-

less design loops, especially in early stages, when the number of variables is significant 
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and the initial levelized cost of energy (LCOE) estimates of the whole system is to be 

reduced as much as possible. 

In order to ease the design process at different development stages, the most relevant 

models are discussed, combining floating structure and mooring numerical models. 

All the introduced approaches consider the floater as a dynamic mechanical system, 

whilst the main difference lies in considering the mooring system as a static or a dy-

namic system. 

2.1 Quasistatic Linearized Frequency Domain 

It consists in modelling mooring lines as a static mechanical system and the structure 

as a dynamic one, which is solved in the frequency domain (QSFD). It is introduced in 
11 for traditional offshore structures, provided it is demonstrated that effects from moor-

ing line dynamics are negligible. The catenary properties are computed based on the 

catenary equations, as specified in 10 and described in Fig. 1. The horizontal restoring 

force of the mooring system is linearized at the estimated mean horizontal offset, based 

on steady mean forces. The obtained horizontal stiffness is included in surge/sway mo-

tion and the equation of motion (1), accounting for the mooring horizontal stiffness, is 

solved in the frequency domain. Since drag forces are also considered, the system is 

solved iteratively through either harmonic or statistical linearization, for regular or ir-

regular waves respectively. The maximum obtained motion, processed assuming spe-

cific statistical distributions, is added to the mean value so that the design offset is ob-

tained, as shown in  Fig. 1. 

 

Fig. 1. Mooring static restoring force (blue) and the corresponding linearization (green) at the 

mean horizontal offset (red), along with the computed maximum offset (purple) 

−𝜔2(𝑴 + 𝑨(𝜔) + 𝑴𝒅𝒌𝒊𝒏) + 𝑖𝜔 (𝑩(𝜔) + 𝑩𝒅 (�̂�𝒂(𝜔)) + 𝑪𝒅𝒌𝒊𝒏 + 𝑪𝒑𝒕𝒐)

+ (𝑲𝒉 + 𝑲𝒎 + 𝑲𝒅𝒌𝒊𝒏) · �̂�𝒂(𝜔) = �̂�𝒘(𝜔) · 𝜂𝑎(𝜔) 

(1)    
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Where all bold variables represent vectors and matrices, indicated through lower- 

and uppercase respectively. 𝑴 is the body mass matrix, 𝑲𝒎 and 𝑲𝒉 indicate linearized 

mooring and hydrostatic stiffness and 𝑨(𝜔) and 𝑩(𝜔) denote the added mass and radia-

tion damping coefficients. Wave excitation force is represented through 𝒇𝒘(𝜔), which 

accounts for Froude-Krylov and Diffraction and a linearized drag force is introduced 

through 𝐁𝐝 (δ̂a(ω)). 𝐌𝐝𝐤𝐢𝐧, 𝐂𝐝𝐤𝐢𝐧, 𝐊𝐝𝐤𝐢𝐧 indicate mass, damping and stiffness matrices from 

imposing kinematic relations between diffracting bodies, applying (2) with linear re-

strictions. The resulting motions are represented through the complex amplitude �̂�(𝜔). 

Equation (1) is introduced assuming the modelled floating WEC is made up of sev-

eral diffracting bodies. In order to build up the corresponding numerical model men-

tioned bodies move rigidly in specific degrees of freedom whilst the power can be ex-

tracted from the relative motions of others. A floating spar type oscillating water col-

umn can be modelled trough two diffracting bodies12, one representing the floating 

structure and one representing the surface water level of the internal water column. 

Therefore, restriction forces14 arise in order to impose surge-sway-yaw motions to be 

rigidly joined, as per equation (2) that, as long as linear relations are set, can be reduced 

to the set of 𝐌𝐝𝐤𝐢𝐧, 𝐂𝐝𝐤𝐢𝐧 and 𝐊𝐝𝐤𝐢𝐧 matrices. In addition, the power is extracted with the 

power take off mechanism, i.e. an air turbine, which is commonly modelled through a 

damping term, Cpto. 

(𝑴 + 𝛼 · 𝜱𝜹
𝒕 · 𝜱𝜹) · �̈�(𝑡) + 𝛼 · 𝜱𝜹

𝒕 · (�̇�𝜹 · �̇�(𝑡) + 2𝜉𝜔𝜱𝜹 · �̇�(𝑡) + 𝜔2 · 𝜱(𝑡)) = 𝒇(𝑡) (2)    

The resulting system is solved separately for wave frequency and low frequency 

motions. First order WF excitation forces are computed with wave amplitudes derived 

from the spectrum of the corresponding sea state (Sη(ω)). However, the low frequency 

forces (LF) are computed through the corresponding force amplitude of the slowly var-

ying wave drift force spectrum, showed in equation (3), in the frequency domain, as 

introduced by Pinkster15. 

𝑆𝑆𝑉(𝜇) = 8 · ∫ 𝑆𝜏(𝜔 + 𝜇) · 𝑆𝜏(𝜔) · |𝑻(𝜔 + 𝜇, 𝜔)|2
∞

0

· 𝑑𝜔 (3)    

Where 𝑆𝑆𝑉(𝜇) is the slowly varying wave drift force spectrum and 𝑻(𝜔, 𝜔) the drift 

force quadratic transfer function. 

In order to ease the computation of the static properties of the mooring system on 

the floating structure, each mooring configuration, namely number of lines and radial 

distribution, can be characterized in advance, independently of the floating struc-

ture10,12. 

2.2 Quasistatic Non-linear Time Domain 

Solving the Cummins equation16, showed in (3), accounting for all DOFs in the 3 

dimensional space, coupled with the catenary mooring force 𝐟m(t) is proposed in 17, and 

has been assessed in many works, such as 7,8. It assumes the mooring system as a static 

mechanical system and the floating structure as a dynamic one, which is solved in the 

time domain (QSTD). However, the static (non-linear) properties can be included not 
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only in surge but also in all other degrees of freedom. In addition, since the proposed 

model is solved in the time domain, a nonlinear viscous drag force vector 𝒇𝒅(𝑡) in all 

degrees of freedom can be included, as showed in the last term of the right hand side of 

(3). The convolution term for the radiation damping can be solved through several 

methods such as the prony approximation18, frequency domain identification19 or direct 

integration, as carried out in 9. This model is advantageous since it considers the quad-

ratic drag force as well as non-linear geometric stiffness of the mooring system and the 

influence of all degrees of freedom on mooring lines. However, it requires the catenary 

equations to be solved at every time step with its implicit iterative loop. The term 𝐟𝐝(t) 

in (4) represents the viscous drag force vector on the structure. 

(𝑴 + 𝑨∞ + 𝑴𝒅𝒌𝒊𝒏) · �̈�(𝑡) + ∫ 𝑩(𝑡 − 𝜏) · �̇�(𝜏) · 𝑑𝜏
𝑡

−∞

+ (𝑪𝒅𝒌𝒊𝒏 + 𝑪𝒑𝒕𝒐) · �̇�(𝑡)

+ (𝑲𝒅𝒌𝒊𝒏 + 𝑲𝒉) · 𝜹(𝑡) = 𝒇𝒘(𝑡) + 𝒇𝒎(𝑡) + 𝒇𝒅(𝑡) 

(4)    

2.3 Dynamic Non-linear Time Domain 

In addition to the non-linear geometric stiffness of catenary lines, the most widely 

used approach to account for drag and inertia forces on lines is the FEM or lumped 

mass model coupled with the wave structure interaction model, resulting in a com-

pletely dynamic model solved in the time domain (DynTD). This model considers the 

wave structure interaction model based on the linear potential flow complemented with 

a Morison force term and dynamic moorings based on the lumped mass model. Both 

can be fully coupled through the use of kinematic relations, as introduced in 9, so that 

kinematic restrictions are imposed on all fairleads and anchors of each mooring line. 

Even though this approach is the most widely used due to its accuracy and availability 

in commercial codes, it can be too time consuming for sensitivity analyses of designs 

with several parameters. 

 

Fig. 2. Line tensions for the corresponding horizontal motions of the structure (surge) with the 

DynTD (blue), QSTD (orange) and QSFD (green) approaches. Vertical lines represent mean 

offsets (solid) and design offsets (dashed). Left: low mooring lines pretension; Right: high 

mooring lines pretension 
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Initial results from the case study showed in 12 and represented in Fig. 2, show that 

the DynTD approach provides higher uncertainty in terms of the correlation of the re-

storing force with the horizontal offset of the structure. However, given that DynTD 

approach accounts for lines drag and inertia forces, this model is considered the most 

accurate to compute line tensions. When compared with the QSFD approach, the design 

line tensions obtained with the DynTD model are two times higher with high line pre-

tensions increasing up to seven times higher with low line pretensions, mostly due to 

increasing snap load events. Design offsets with low pretensions can be slightly larger 

with both time domain models due to the influence of the geometric stiffness, which 

can be covered in the QSFD approach through appropriate correction factors, see 12. 

Nevertheless, with high pretensions, mooring induced damping becomes significant re-

ducing the corresponding design offset, as shown in Fig. 2 right, which may require the 

use of mooring dynamic approaches in all stages of design. 

Therefore, in order to obtain accurate line tensions and representation of the mooring 

induced damping with high pretensions, it is worth considering the non-linear DynTD 

approach. The resulting hydrodynamic and mooring coupled model can be summarized 

through a set of mass, damping and stiffness matrices together with a force vector as in 

equation (5): 

[
(𝑴 + 𝑨)𝑠𝑡𝑟 + 𝑴𝒅𝒌𝒊𝒏 𝑴𝒇/𝒂

𝑴𝒇/𝒂 𝑴𝒎𝒐𝒐𝒓
] · {

�̈�𝑠𝑡𝑟(𝑡)

�̈�𝑚𝑜𝑜𝑟(𝑡)
} + [

𝑪𝒑𝒕𝒐 + 𝑪𝒅𝒌𝒊𝒏 𝑪𝒇/𝒂

𝑪𝒇/𝒂 𝑪𝒎𝒐𝒐𝒓
] · {

�̇�𝑠𝑡𝑟(𝑡)

�̇�𝑚𝑜𝑜𝑟(𝑡)
}

+ [
𝑯𝒔𝒕𝒓 + 𝑲𝒑𝒕𝒐 + 𝑲𝒅𝒌𝒊𝒏 𝑲𝒇/𝒂

𝑲𝒇/𝒂 𝑲𝒎𝒐𝒐𝒓
] · {

𝜹𝑠𝑡𝑟(𝑡)

𝜹𝑚𝑜𝑜𝑟(𝑡)
}

= {
𝒇𝒇𝒌(𝑡) + 𝒇𝒔𝒗(𝑡) + 𝒇𝒅(𝑡) − 𝒇𝒄𝒐𝒏𝒗(𝑡) − 𝒇𝒇/𝒂(𝑡)

𝒇𝒛(𝑡) + 𝒇𝒇(𝑡) + 𝒇𝒈 + 𝒇𝒃 + 𝒇𝒎𝒐𝒓𝒊𝒔𝒐𝒏(𝑡) + 𝒇𝒇/𝒂(𝑡)
} 

(5)    

Subscripts str denotes structure, moor denotes mooring, pto denotes power take off 

and dkin and f/a denotes kinematic relations between diffracting bodies and fair-

leads/anchors respectively. In the force vector referred to the structure, a quadratic vis-

cous drag term 𝒇𝑑(𝑡) has been added, considering usual viscous drag coefficients as 

provided in offshore standards20. Due to the differences in natural frequencies of the 

floating structure and lines’ elements, equation (5) represents a stiff system and implicit 

integration schemes are recommended such as the generalized-alpha methods or New-

mark method21. It should be noted that the force 𝒇𝑓/𝑎 stands for the forces to maintain 

fairleads at a constant distance from the center of gravity of the structure and anchors 

fixed in the corresponding seabed positions. 

The dynamic system described above is composed of three main parts, the floater, 

mooring lines and the lines fairleads and anchor. All of them have been included in the 

numerical model either through stiffness, damping and mass matrices or as time varying 

forces. Floater motions are linear since its wave structure interaction have been com-

puted with a linear potential code and, hence, its matrices are time invariant as well as 

the power take off (PTO) forces, that are usually modelled through a set of linear stiff-

ness and damping matrices. 

On the other hand, kinematics of fairlead and anchor points have been defined by 

means of multibody restrictions. These restrictions are shown in equations (6). 
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𝜱𝑓𝑎𝑖𝑟 = {

𝑥𝑠𝑢𝑟𝑔𝑒 + 𝑥𝑟𝑜𝑙𝑙 + 𝑥𝑦𝑎𝑤 + 𝛿𝑥−𝑓𝑎𝑖𝑟 − 𝑥𝑛

𝑦𝑠𝑤𝑎𝑦 + 𝑦𝑝𝑖𝑡𝑐ℎ + 𝑦𝑦𝑎𝑤 + 𝛿𝑦−𝑓𝑎𝑖𝑟 − 𝑦𝑛

𝑧𝑦𝑎𝑤 + 𝑧𝑟𝑜𝑙𝑙 + 𝑧𝑝𝑖𝑡𝑐ℎ + 𝛿𝑧−𝑓𝑎𝑖𝑟 − 𝑧𝑛

}  𝜱𝑎𝑛𝑐ℎ𝑜𝑟 = {

𝛿𝑥−𝑎𝑛𝑐ℎ𝑜𝑟 − 𝑥1

𝛿𝑦−𝑎𝑛𝑐ℎ𝑜𝑟 − 𝑦1

𝛿𝑧−𝑎𝑛𝑐ℎ𝑜𝑟 − 𝑧1

} (6)    

 

 

Fig. 3. Line tensions obtained with numerical model compared with the corresponding experi-

mental results. Imposed motions on the fairlead (top) and fully coupled simulation (bottom) 

In equation (6) 𝛿𝑥,𝑦,𝑧,−𝑓𝑎𝑖𝑟  indicates the position of the fairlead with respect to the 

center of gravity (COG) of the structure as well as 𝑥𝑠𝑢𝑟𝑔𝑒,𝑟𝑜𝑙𝑙,𝑦𝑎𝑤, 𝑦𝑠𝑤𝑎𝑦,𝑝𝑖𝑡𝑐ℎ,𝑦𝑎𝑤 and 

𝑧ℎ𝑒𝑎𝑣𝑒,𝑟𝑜𝑙𝑙,𝑝𝑖𝑡𝑐ℎ denote the motions of the fairleads in the global X, Y and Z axis due to 

the corresponding motions of the structure. The anchor points are to be kept fixed on 

the seabed and to do so the position with respect to the COG of the structure 

𝛿𝑥,𝑦,𝑧−𝑎𝑛𝑐ℎ𝑜𝑟  are to be updated along the time. 

Comparison between experimental and numerical results is introduced in Fig. 3. It 

represents and Catenary Anchor Leg Moored (CALM) buoy, moored by means of three 

catenary mooring lines (Lines 1 and 2 windward lines and Line 3 the leeward line). The 

experimental tests were carried out at a 1:13.6 scale obtaining good agreement between 

the numerical and experimental results. An in depth analysis of the comparison between 

experimental and numerical results of the DynTD approach has been introduced in9. 

The comparison is made in two main steps, imposed motions on the numerical model 

computing the corresponding line tensions, and simulating the fully coupled model of 

the floating structure and mooring system. It shows that the non-linear lumped mass 

method provides very accurate results when the motions of the floater are imposed. 

However, if the coupled system is solved, the accuracy of line tension estimates is re-

duced. It is attributed to not having modelled non-linearities of the floating structure. 
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2.4 Dynamic Linearized Frequency Domain 

Considering mooring lines as dynamic mechanical systems, coupled to a dynamic 

floater in a model that can be solved in the frequency domain (DynFD), can be found 

just in a few references, such as in 22 applied in ultra-deep waters. It consists in solving 

the coupled system (5) in the frequency domain (FD), and in order to do so all forces 

arising from both the structure, the mooring system and line attachments need to be 

linearized. Main sources of non-linearity are the viscous forces on both the floater and 

mooring nodes, the geometric stiffness of catenary lines and the fairlead and anchor 

relations between the structure and mooring line ends. These effects are linearized in 

this approach in order to enable the FD solution of the whole coupled model, as speci-

fied in 23, as well as the modal analysis, represented in Fig. 4. 

 

Fig. 4. Mode of the floating structure coupled with the mooring system, computed through 

modal analysis based in the DynFD approach 

The linearization of the Morison viscous drag term ends up in a set of two linearized 

forces, proportional to the fluid and to the corresponding DOF velocities respectively. 

Consequently, the damping matrix and the velocity force depend on all DOF motions, 

implying the FD solution to be solved through a fixed-point iterative process, resulting 

in harmonic or statistical linearization process for regular or irregular waves respec-

tively.  

In contrast with the DynTD model, the DynFD model provides only the time-varying 

part of the solution and structural and stiffness matrix should be reviewed to work with 

the time varying part of the solution of motions. 

The non-linear geometric stiffness contributes significantly to the system perfor-

mance, especially in cases with significant mooring pretensions and in the LF range. Its 

influence on both the floater and mooring lines can be obtained through the secant stiff-

ness force on the structure, as carried out in 23 accounting for two standard deviations 

of each degree of freedom of the floater about the mean position. 

Kinematic relations, modeling fairlead and anchor points, are defined following 

equation (2) by means of Lagrange multipliers. Such relations can be broken down into 

two terms, those depending on model motions and constant forces. Constant forces are 
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not included in the frequency domain solution since it is already in equilibrium at the 

mean position. 

The slowly varying second order wave drift forces are included in the model through 

the spectrum defined in equation (3) and proposed in 15. Seabed vertical reaction is 

modelled in the frequency domain through stiffness and damping matrices on the nodes 

on the seabed in the equilibrium position and the friction force has also been modelled 

through a damping matrix, applying the same damping coefficient as in the vertical 

motions. 

 

Fig. 5. Comparison of line tensions of the linearized frequency domain (red) with the non-linear 

time domain (blue) fully coupled models 

Linearization of the coupled system provides very good results of both body motions 

and line tensions when compared with the corresponding non-linear time domain 

model, see Fig. 5. Accuracy is partially lost in surge and line tension estimates in very 

low and very high energy sea states, due to the influence of a coupled mode of motion 

and uncertainties in the mooring induced motion respectively. 

3 Discussion 

It is been verified that preliminary cost estimates, based on extreme environmental con-

ditions, can be obtained with the QSFD approach for mid to low pretensions, provided 

total suspended lines length and lines tension are corrected with correction factors. In 

addition to the non-linear geometric stiffness, it is showed that drag and inertia effects 

are of utmost importance for line tension estimates. The non-linear lumped mass mod-

elling approach provides very good results when the motion of the fairlead is imposed. 

Larger uncertainties are introduced in the fully coupled model due to non-linearities of 

floater body motions. Finally, since the mentioned DynTD model resolves the mooring 

system and floater motions numerical models in a fully coupled single mechanical sys-

tem, it has been linearized, yielding the DynFD approach. Such a model is resolved in 
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the frequency domain, coupling structure and line motions and accounting for lines drag 

and inertia as well as the linearized geometric stiffness on catenary mooring lines. The 

discussed DynFD model has been verified to provide good agreement in operational 

sea states. 

4 Conclusions 

In this paper a review of numerical modelling methods of catenary-moored floating 

structures is introduced, with an emphasis on WEC technologies, generally smaller and 

more dynamically excited than the traditional offshore structures. Summing up, prelim-

inary cost estimates can be obtained with the QSFD approach for mid to low preten-

sions. The non-linear lumped mass modelling approach provides itself very good re-

sults when the motion of the fairlead is imposed. Larger uncertainties are introduced in 

floater body motions that are translated into line tension uncertainties. The fully cou-

pled frequency domain approach discussed here has demonstrated good accuracy in 

operational conditions and it can efficiently be used to assess fatigue damage and con-

trol strategies accounting for the mooring influence. 

The applicability of the fully coupled frequency domain approach to fatigue life esti-

mates can be very beneficial in terms of computational time. It might, not only enable 

accounting for the fatigue damage earlier in the design process, but also to be integrated 

within different kinds of digital twins of floating platforms and its mooring systems. In 

addition, complex control algorithms of floating renewable energy structures can be 

implemented with the purpose of minimizing loads on mooring lines. Such control sub-

routines may require linearized systems of the floating structure and mooring lines to 

be solved systematically. 

These numerically efficient approaches can facilitate further developing offshore re-

newable energy technologies at early stages, contributing in developing affordable and 

clean energy (SDG7). Authors are currently working in applying frequency domain 

approaches to floating offshore wind turbines, also aligned with the SDG7. 
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