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Abstract. A frequency-domain model for floating wind turbine dynamics has been extended to model floating wind farms

with couplings from shared mooring systems The model, called RAFT, could previously calculate the mean offsets and wave-

induced response spectra for single floating wind turbines. Now, the model supports multiple floating wind turbines, each with

their own properties and responses, along with mooring lines that run directly between floating wind turbines in the array,

meaning that shared mooring lines or fully suspended dynamic power cables can be included. This capability is achieved by5

setting up an array-level solution of the system mean offsets and assembling the full system matrices for solving the dynamic

response. The quasi-static mooring model MoorPy is used to linearize the mooring system properties. To compute the floating

wind turbine relative motions, phase offsets are applied to each turbine’s response as a function of wave frequency based on the

wavelength and relative positions in the array. These differential motions are then applied to mooring system tension Jacobians

to compute the tension loads in the shared mooring lines. Overall, the capability provides a frequency-domain analogue to10

the floating support structure modeling capabilities in FAST.Farm. Mean offsets and power spectral density plots of responses

are compared between RAFT and FAST.Farm to verify the implementation. The results indicate good agreement within the

expectations of a frequency-domain modeling approach and suggest correct implementation of the shared mooring aspects.

Additionally, a unique comb-like frequency response in the shared mooring line tensions has been observed. This phenomenon

has a clear physical basis and may be an important design consideration for future shared mooring systems.15

1 Introduction

As floating wind turbines begin to be deployed at the gigawatt-scale, in farms of many units, array-level design considera-

tions become increasingly important. These considerations include wake effects, platform motions, mooring design variations

at different water depths, possible couplings from shared mooring systems, and more. Many of the considerations are in-

terdependent. Some mid-fidelity engineering models can model the time-domain coupled dynamics of a floating wind farm20

including these array-level considerations, but the computational expense is burdensome for larger arrays. Meanwhile, more

efficient low-fidelity models have not previously had the ability to model the array-level design considerations in combination.

Comprehensive but computationally efficient floating wind array models are needed.

The most common method for efficiently evaluating a floating system’s dynamic response is frequency-domain modeling.

Frequency-domain models use a linearized, steady-state approximation of the system dynamics, which allows the system’s25
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responses to be described as linear combinations of mean values and harmonic oscillations across a range of frequencies. The

mean values and each frequency-dependent amplitude component can therefore be solved independently and no computation-

ally expensive time stepping required. Frequency-domain models have been extensively used for the design of floating struc-

tures in the oil and gas industry (Faltinsen, 1993; Barltrop, 1998). They have also been increasingly applied to model floating

wind turbines, using a variety of approaches to account for the turbine atop the floating substructure. The first frequency-30

domain floating wind turbine models used constant stiffness, damping, and added mass terms to account for the effects of

the turbine (e.g., Wayman (2006); Hall et al. (2013)). These models were followed by more refined approaches that included

frequency-dependent aerodynamic effects (Pegalajar-Jurado et al., 2018; Lupton and Langley, 2019; Hegseth et al., 2020; Yang

et al., 2023). Some frequency-domain floating wind turbine models can also support structural flexibility and multiple bodies

(Lemmer et al., 2020; Chen et al., 2025).35

In recent years, an open-source frequency-domain model called RAFT (Response Amplitudes of Floating Turbines) has

been developed to efficiently model all parts of a floating wind turbine in a general way that can support many different types

of designs (Hall et al., 2022a). RAFT accounts for strip-theory and potential-flow hydrodynamics, blade-element-momentum

aerodynamics, linear turbine control, and quasi-static mooring system reactions. None of these parts of the model require time-

domain preprocessing, making RAFT efficient even when changing design characteristics within an optimization loop. RAFT40

can model a wide range of platform designs, and its open-source availability promotes widespread use and contributions from

the floating wind research community. RAFT is the model we develop further in this paper.

If there is no connection between floating wind turbines in an array, then individual simulations of each turbine would

suffice for informing array design. However, in practice, couplings exist between turbines through their wakes and any shared

mooring lines or suspended dynamic cable components. The most intensive of these potential couplings is shared mooring45

lines, which attach floating wind turbine platforms to each other rather than anchoring to the seafloor. Shared mooring systems

can potentially reduce the total length of mooring lines and quantity of anchors, but they create a strong dynamic coupling

between the turbines. This paper focuses on enhancing RAFT to support floating arrays with shared mooring lines.

Previous research has investigated various modeling techniques for shared mooring systems. Goldschmidt and Muskulus

(2015) used simplified frequency- and time-domain models with reduced degrees of freedom to explore the dynamics of50

several types of floating wind arrays with shared mooring lines. Hall and Connolly (2018) simulated a square, four-turbine

shared-mooring array by coupling multiple instances of the time-domain floating wind turbine model FAST with the mooring

dynamics model MoorDyn for all the mooring lines in the array. These simulations included all degrees of freedom typically

used in FAST and added structural coupling of the mooring system but did not account for wind turbine wake effects. Ding

et al. (2018) simulated a square, nine-turbine array of floating wind turbines with shared mooring lines with the commercial55

simulator AQWA, accounting for the rigid-body motions of each platform under wave excitation with steady wind forces.

Simpler quasi-static models have been used for studying design options. Connolly and Hall (2019) studied several shared-

mooring array configurations over a range of water depths using a three-dimensional nonlinear quasi-static mooring system

representation. Wilson et al. (2021) developed a linearized two-dimensional model of the coupled force-displacement behavior

of shared mooring systems that is calibrated with nonlinear models and facilitates shared mooring system design optimization.60
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More recent examples of time-domain modeling of shared mooring systems have used a variety of simulation tools. Liang

et al. (2020) studied a system of two spar floating wind turbines with a shared catenary mooring line, using a quasi-static model

for the shared line and comparing the results with with finite-element modeling from the marine simulation tool SIMA. Munir

et al. (2021) studied a system of two semisubmersible floating wind turbines connected by a shared line in SIMA. Gözcü

et al. (2022) studied the dynamics of two spar floating wind turbines connected by a mooring line that has a vertical tether65

to an anchor at its midpoint—a hybrid between a shared mooring line and a shared anchor—using the floating wind turbine

simulator HAWC2. Demonstrating simulation of larger and more complex shared mooring systems and the inclusion of wake

effects, Lozon and Hall (2023) studied the coupled dynamics of an optimized 10-turbine shared-mooring floating wind array

(Hall et al., 2022b). This work extended FAST.Farm—which consists of multiple instances of the time-domain floating wind

turbine simulator OpenFAST and a wake model—to account for shared mooring lines between platforms and proper phasing70

of wave loads across an interconnected array.

This paper focuses on expanding capabilities for modeling shared-mooring floating wind arrays at a fidelity level lower

than most of the examples previously referenced. We present a method to model full floating wind turbine arrays with shared

mooring lines in the frequency domain, then verify it against results from well-established time-domain methods. Section 2

describes the RAFT frequency-domain model that is the basis for the approach and we expanded it to enable shared-mooring75

array simulation, including the theory behind new capabilities for arrays and shared mooring lines. Section 3 presents results

produced by the new simulation method and a comparison against FAST.Farm results to verify its accuracy. Section 4 discusses

an unexpected phenomenon found in the results, and Section 5 provides conclusions and thoughts on future work.

2 Frequency-domain modeling methodology

The modeling approach for floating wind farms including shared mooring lines is based on RAFT, an existing frequency-80

domain model. This section first introduces RAFT’s underlying formulation and then details the additional features that were

added to support the simulation of arrays and the effects of shared mooring lines.

2.1 Frequency-domain model for individual floating wind turbines

RAFT uses a linear, frequency-dependent formulation to solve for the steady-state dynamic response of a floating system (Hall

et al., 2022a). It also uses a nonlinear quasi-static formulation to find the system’s mean response, or offsets. External forces85

are modeled as a linear superposition of a mean force, f̄ , and a Fourier series of complex amplitudes, f̃(ω), that represent both

magnitude and phase at each frequency, ω. Because RAFT assumes a linear dynamic response, the harmonic response at each

frequency can be solved independently, and then the total system response can be formed by summing the mean response, ξ̄,

and the frequency-dependent complex amplitudes, ξ̃(ω).

The complex amplitudes are obtained by solving the frequency-dependent equation of motion:90

(−ω2[Mstruc +Asub(ω) +Aaero(ω)] + iω[Bsub(ω) +Baero(ω)] +Cstruc +Cmoor)ξ̃(ω) = f̃(ω), (1)
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where M is the inertia matrix of the floating structure, A is added mass, B is damping, C is stiffness, and f̃(ω) is the excitation

due to wind or waves. The matrix subscripts correspond to contributions from the structure, the substructure (specifically for

added mass), the aerodynamics, and the mooring system. Although not explicitly indicated, some of the coefficients in Eq.

(1) are obtained from the linearization of inherently nonlinear phenomena, introducing a nonlinear dependence on ξ̃(ω) that is95

handled iteratively.

The system’s dynamic response, as described by Eq. (1), is solved about a mean equilibrium point that corresponds to the

mean response of the system for a given load case. This mean response is obtained by solving the static equilibrium of the

system:

Cstruc ξ̄ = f̄ aero + f̄hydro + f̄moor(ξ̄), (2)100

where ξ̄ is a six-component vector with the mean displacements of the platform along its six rigid-body degrees of freedom

(surge, sway, heave, roll, pitch, and yaw), Cstruc is the hydrostatic stiffness matrix (including the contribution of the weight

of the FOWT), f̄aero is the mean aerodynamic load, f̄hydro is the mean hydrodynamic load (due to waves and current), and

f̄moor(ξ̄) is the nonlinear reaction force due to the moorings (including the effective mooring stiffness).

The way that RAFT models the floating platform hydrodynamics is important to how the wave loads are represented in the105

context of an array with shared mooring lines. RAFT represents a floating platform as a combination or circular or rectangular

cylinders, called members (Hall et al., 2022a). It includes a strip-theory formulation that discretizes each member axially

and uses Morison’s equation (Morison et al., 1950) to model the hydrodynamic loads at each strip based on the local fluid

kinematics and structure motion.

In this strip-theory formulation, RAFT computes a local added mass matrix, AL, for each strip based on its orientation and110

volume:

AL = ρv
(
Ca,p1p1p

T
1 + Ca,p2p2p

T
2

)
, (3)

where ρ is the fluid density, v is the strip’s volume, p1 and p2 are the orthogonal unit vectors that are transverse to the axis of

the member, and Ca,p1 and Ca,p2 are added mass coefficients along p1 and p2. For rectangular cross sections, the coefficients

Ca,p1 and Ca,p2 can be specified independently to allow for different added mass in the two orthogonal directions. RAFT sums115

the added mass matrices of all strips, accounting for strip position and orientation, to obtain the total added mass matrix of the

floating substructure, Asub.

RAFT uses the same factors to compute the inertial excitation forces on each strip based on the frequency-dependent local

fluid acceleration, iωũL(ω), as follows:

f̃ I,L(ω) = ρv
[
(1 +Ca,p1)p1p

T
1 + (1+ Ca,p2)p2p

T
2

]
iωũL(ω). (4)120
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Here, ũL(ω) is the complex amplitude of wave velocity vector, which contains the wave x, y, z complex velocity components:

ũL(ω) =





ωζ(ω) cosh(k(ω)(z+h))
sinh(k(ω)h) cosβ

ωζ(ω) cosh(k(ω)(z+h))
sinh(k(ω)h) sinβ

iωζ(ω) sinh(k(ω)(z+h))
sinh(k(ω)h)





, (5)

where η is the wave elevation.

Axial added mass and inertial excitation forces are computed using similar expressions as their transverse counterparts, but125

adopting a reference volume based on a hemisphere with the same inner and outer diameters as the axial exposed area of each

strip. Dynamic pressure loads are also calculated based on this axial exposed area.

RAFT approximates the quadratic drag term in Morison’s equation using a linearization procedure that results in a damping

term and a viscous wave excitation force. Both terms involve the computation of a local damping matrix that depends on the

relative fluid velocity at each strip:130

BL =
√

8/π
1
2
ρ
[
σu,p1ap1Cd,p1p1p

T
1 + σu,p2ap2Cd,p2p1p

T
2 + (σu,qaqCd,q + σu,qaendCd,end)qqT

]
, (6)

where a is the effective area of the strip (in the respective direction), Cd is the drag coefficient (in the respective direction), and

σu is the standard deviation of the relative water velocity (which depends on the local fluid kinematics and their phase relative

to the platform motions). Similar to the added mass matrix, the damping matrix of each strip is added to the system damping

matrix after accounting for the position and orientation of the strip.135

The complex amplitude of the viscous wave excitation force acting on each node is computed as follows:

FD,L(ω) = BLũL(ω). (7)

The way the strip-theory formulation considers the wave kinematics at the specific location of each node on the substructure

is an important aspect for array-level hydrodynamic features that will be discussed later.

2.2 Describing arrays of multiple floating wind turbines140

To support multiple floating offshore wind turbines (FOWTs), RAFT makes multiples of the logic it uses for representing

individual FOWTs through its FOWT class (Fig. 1). Each FOWT object constructs its own 6× 6 matrices. These matrices are

then combined into an array-level 6n× 6n matrix so that the full system response can be solved for in a coupled fashion.

To relate individual FOWT properties to the full array, each FOWT object is given x and y reference coordinates in the vector

rref that describe its undisplaced position relative to the global origin (Fig. 2). The calculation of each FOWT’s response is145

relative to its reference position. For example, from the mean offset ξ̄, a FOWT’s mean position in global coordinates, rglobal,

can be found by

rglobal = ξ̄ + rref . (8)
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Figure 1. Model structure for arrays including shared mooring lines: (a) matrix organization, (b) object structure

Figure 2. Array and local coordinates

For array applications, RAFT uses a two-level mooring system structure similar to FAST.Farm. Each FOWT can have its

own independent system modeled by an individual MoorPy instance. In addition, the entire array can have an array-level150

mooring system that can include shared mooring lines or power cables running between FOWTs. Accordingly, for an array of

n FOWTs, RAFT can have n + 1 MoorPy instances. Each of these instances is optional – the only requirement is that each

FOWT has mooring line attachments to provide stationkeeping. For example, Fig. 1 shows a case of two turbines with a shared

mooring line in which RAFT could have three MoorPy instances: one for each of the two FOWT’s independent mooring lines,

and one array-level instance for the shared mooring line between the FOWTs. Or, all the mooring lines could be represented in155

the array-level instance.

2.3 Equilibrium solution process

To account for potential couplings between FOWTs, the process for finding equilibrium in RAFT has been revised. The

equilibrium solution is now determined at the array level in RAFT rather than by MoorPy. This allows for the use of multiple
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MoorPy instances for the mooring systems in the array and will allow other system properties such as hydrostatic forces or160

wake effects to be updated in future work.

The equilibrium solution process uses an iterative Newton’s method solver to determine the values of the 6n system degrees

of freedom that equilibrate the forces and moments on the FOWTs. During each iteration, the positions and orientations of all

FOWTs in the array are set based on the array’s combined degrees-of-freedom vector rarray . Next, the forces and stiffnesses

on each FOWT are updated based on the new positions and orientations, and the position adjustment is computed for the next165

iteration. This process can take either a linear or nonlinear approach, as outlined in Fig. 3.

Figure 3. Array-level equilibrium solution process

The linear approach creates a hydrostatic stiffness matrix for each FOWT (Chs) up front and then uses that same matrix to

compute updated hydrostatic forces with each iteration:

f̄hs(ξ̄) = Chsξ̄. (9)

The nonlinear approach recomputes the hydrostatic forces of each FOWT based on the instantaneous position and orienta-170

tion:

f̄hs(ξ̄) = f̄struc(ξ̄) + f̄hydro(ξ̄), (10)

where f̄struc is the structure weight and mfhydro is the buoyancy. This new approach provides better support for unconventional

platform geometries with nonlinear hydrostatics and, in the future, highly flexible substructures.

Similarly, the mean environmental loads from wind and currents (f̄env) can either be calculated once and kept constant or175

updated every iteration based on how changes in the platform position or orientation affect the loads:

f̄env(ξ̄) = f̄wind(ξ̄) + f̄ current(ξ̄). (11)

The calculation of these mean force components is described in previous work (Hall et al., 2022a, 2024). This approach would

account for the reduction in turbine thrust force when the platform and turbine are pitched. It could also be used when including

wake effects that depend on how much turbines offset into or out of each other’s wakes (a phenomenon explored with RAFT180

in Lozon et al. (2024)).
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Because mooring systems are highly nonlinear, the mooring loads are always computed in a way that accounts for their

nonlinearity. First, the mooring forces and moments of each FOWT’s mooring system (if it exists) is computed directly from

MoorPy:

f̄moor,i(ξ̄i) = MoorPy(ξ̄i), (12)185

where the introduced subscript i identifies a specific turbine in the array. Next, the mooring forces on each FOWT from the

array-level MoorPy instance (if it exists) are calculated:

f̄moor,array(ξ̄all) = MoorPy(ξ̄all), (13)

where the subscript all denotes the combined force or position vector of all turbines in the array.

Finally, the whole system’s mean force vector is computed by combining the above terms:190

f̄net(ξ̄all) =




f̄hs,1(ξ̄1)

f̄hs,2(ξ̄2)

...


 +




f̄env,1(ξ̄1)

f̄env,2(ξ̄2)

...


 +




f̄moor,1(ξ̄1)

f̄moor,2(ξ̄2)

...


 + f̄moor,array(ξ̄all). (14)

For efficiency, the solution process uses analytic Jacobians (or stiffness matrices) rather than finite differencing. Stiffness

contributions are computed at the same time as each of the force contributions described above. The hydrostatic and mooring

stiffness computations are inherently available in the MoorPy (Hall, 2024) and RAFT calculation methods. Stiffness effects

from environmental loadings acting at changing positions or orientations are currently neglected to avoid the need for numerical195

gradient calculations, since these terms are significantly smaller and unnecessary for convergence to the equilibrium. The

stiffness terms from each FOWT and the array-level mooring system are combined in the equivalent format to the force

combination process, Eq. (14), as follows:

Carray(ξ̄all) =




Chs,1 0 0

0 Chs,2 0

0 0 ...


 +




Cmoor,1(ξ̄1) 0 0

0 Cmoor,2(ξ̄2) 0

0 0 ...


 +Cmoor,array(ξ̄all), (15)

where the hydrostatic stiffnesses can be kept constant or recomputed as a function of displacement, corresponding to Eqs. (9)200

and (10), respectively.

2.4 Wave headings and phases

In the present work, the environmental forces on each FOWT are computed independently; no array-level hydrodynamic

interactions or wake effects are considered. This paper primarily focuses on shared mooring systems, which is discussed more

in the next section.205

The main dynamic excitation affecting shared mooring lines is the phasing of wave loads between different turbines because

the relative FOWT motions play a large role in the shared mooring system loads. Out-of-phase excitation from wind turbulence
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can also play a role, but wind turbulence is not considered in the present work. The relative phasing of wave loads on floating

platforms in an array depends on the wave velocities and the platform’s relative positions so the propagation of waves through

the array needs to be accounted for.210

We updated RAFT so that the wave loads for each platform are adjusted based on the mean platform positions and the wave-

length vectors of each wave frequency component. The wave phasing takes two forms according to whether hydrodynamics

are modeled with strip theory or potential flow theory. For potential flow theory, a simple phase adjustment is applied to the

wave excitation forces based on the FOWT’s mean position as follows:

ζ̃(ω,x,y) = ζ̃0(ω)e−ik(ω)(xcosβ+y sinβ), (16)215

where ζ̃ is the Fourier transform of the wave elevation at the platform’s mean position (x, y), ζ̃0 is the wave elevation at the

farm origin, ω is wave frequency, k is wave number, and β is wave heading.

Figure 4. Wave propagation across the array

For strip-theory hydrodynamics, the proper wave phasing is achieved by using the existing formulation described in Sect.

2.1 but providing the global coordinates when computing the local wave kinematics acting on the substructure. In other words,

the wave kinematics of Eq. (5) are computed using a phase-shifted wave elevation as in Eq. (16), which inherently captures the220

proper phasing based on the position in the array.

Because RAFT does not resolve absolute phases, wave phase differences between turbines is only a relative phenomenon in

RAFT. As such, the implication of these phase differences is only for phenomena that are excited by relative motion, such as

the loads felt by shared mooring lines, shared anchors, or fully suspended intra-array dynamic power cables.

Wave headings are handled directly by the strip-theory approach, which is formulated in a three-dimensional way. For225

potential flow (linear) hydrodynamics, the frequency-dependent wave-excitation forces and moments can be computed by

PyHAMS (through a built-in process in RAFT) or a priori with any preprocessor that produces excitation output files in the

WAMIT format. Excitation data can be produced at a user-specified range of wave headings (such as at every 10 degrees).

Internally, RAFT interpolates the data to each wave heading that is being simulated.
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2.5 Coupled dynamic response230

Calculating the dynamic response for arrays of floating wind turbines with possible couplings, outlined in Fig. 5, is considerably

more complex than RAFT’s original method for individual FOWTs (Hall et al., 2022a). First, RAFT computes the first-order

response of each FOWT to wave excitation, including linearization of quadratic drag loads. This is done on a per-turbine basis

and does not include the contribution of the array-level mooring system. For mooring systems that have a large influence on

wave-frequency response, such as tension-leg platforms, the mooring system should be included in the FOWT-level MoorPy235

instance.

Figure 5. RAFT array-level dynamic response solution process

Once each FOWT response to wave excitation has been iteratively solved, the corresponding impedance matrix for each

FOWT is saved:

Zi(ω) =−ω2Mi(ω) + iωBi(ω) +Ci(ω). (17)

This matrix represents the combined effects from all reaction-force phenomena acting on the FOWT (mass, hydrodynamics,240

hydrostatics, aerodynamic damping, etc.).

Next, a system-level impedance matrix is constructed by combining the FOWT-level impedance matrices, along with the

stiffness terms of the array-level MoorPy instance if it exists:

Zarray(ω) =




Z1(ω) 0 0

0 Z2(ω) 0

0 0 ...


 +Kmoor,array. (18)
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This final impedance matrix can then be used with the array-level excitation vector to solve for the coupled array dynamic245

response to all sources of excitation, including different sea states as well as wind excitation. Each source of excitation is

assumed to be uncorrelated, so the system response is computed independently for each source. The squares of the frequency-

dependent response magnitudes from each excitation source are then summed to compute the overall response statistics. For

efficiency, the effect of shared mooring lines are neglected when computing each FOWT’s motion amplitudes during the

iterative drag linearization. Afterward, when computing the final full-system response, all coupling effects are included.250

2.6 Mooring tension response and shared mooring effects

Mooring system tensions in RAFT are modeled by superimposing mean tensions, which are computed directly by MoorPy,

with tension amplitudes. The tension amplitudes are complex frequency-dependent values found by multiplying the FOWT

response amplitudes by mooring tension Jacobians, which are computed at the mean mooring system state. The mooring

tension Jacobian is the variation in mooring line end tension relative to the platform degrees of freedom:255

J =
∂τ

∂ξ
, (19)

where τ is the vector of mooring line end tensions. This is calculated for each MoorPy instance, whether at the FOWT level or

the array level.

Mooring line tension amplitudes are then computed for each mooring line based on the solved system response amplitudes:

τ̃ i(ω) = Jiξ̃i(ω) (20)260

and

τ̃ array(ω) = Jarrayξ̃all(ω). (21)

Because each FOWT’s entries in ξ̃all(ω) include the relative phase information based on each FOWT’s position in the wave

field, the tension responses of shared lines inherently capture the effect of relative motions between FOWTs.

3 Demonstration and verification265

The new array-level RAFT capabilities can be demonstrated by comparing with results from OpenFAST, which has a similar

scope but significantly more fidelity. OpenFAST has been verified and validated in many prior studies and was used to verify

RAFT’s modeling for individual floating turbines in Hall et al. (2022a). Verifying new array-level features in RAFT requires

the array equivalent of OpenFAST, FAST.Farm.

We present a verification that considers a simple two-turbine shared-mooring array under wave excitation from multiple270

headings. The array consists of two FOWTs spaced 1600 m apart in 600 m water depth. Each FOWT is a VolturnUS-S

semisubmersible floating platform (Allen et al., 2020) supporting the IEA Wind 15 MW reference turbine (Gaertner et al.,

2020). There is one shared mooring line with two clump weights connecting the turbines. Each turbine also has two anchored
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mooring lines spread 90 degrees apart. The mooring lines are polyester, and the configurations and dimensions are loosely

based on the shared mooring design developed previously in Hall et al. (2022b), except the line stiffness has increased and the275

design has been adjusted accordingly. Figure 6 shows the design as plotted from RAFT. The shared mooring system design is

summarized in Table 1, and the mooring line properties are shown in Table 2.

Figure 6. The two-turbine shared mooring floating wind turbine array used for the verification

Table 1. Mooring parameters for shared mooring test case

Parameter Value

Water depth (m) 600

Anchoring radius (m) 1131.4

Fairlead radius (m) 58

Fairlead depth (m) 14

Anchor line length (m) 1200

Total shared line length (m) 1468

Shared line length above clump weight (m) 150

Clump weight (kg) 80,000

A load case with steady wind and irregular waves is used to test the new RAFT features, since array effects from aerody-

namics are left for future work. The case has a 8 m s−1 steady wind and a JONSWAP wave spectrum with 12 s peak period

and 6 m significant wave height. Three wave headings are used: 0°, 45°, and 90° (Fig. 7). These three headings help test that280

the array-level wave phase relationships are implemented properly. For simplicity, the wind is aligned with the waves in each

case.
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Table 2. Mooring line properties for shared-mooring test case

Parameter Mooring line type

Material Polyester

Nominal diameter (mm) 150

Volume-equivalent diameter (m) 0.119

Linear mass (kg m−1) 15.3

Stiffness coefficient, EA (MN) 97

Figure 7. Wave heading directions for verification

3.1 Mean offsets and tensions

Table 3 and Fig. 8 present the mean offsets and fairlead tensions calculated by RAFT and FAST.Farm. Mean tensions are

included in RAFT’s mean offset solution process. Figure 7 explains the nomenclature used for identifying the turbines and285

mooring lines in these results. The results show that RAFT matches the displacements and mooring line tensions computed by

OpenFAST well, as would be expected considering that the model formulations are very similar for steady-state operation. This

good level of agreement in both surge and pitch – and sway and roll for nonzero wind headings – indicates that the thrust force,

the hydrostatic stiffness, and the mooring system stiffness are all in good agreement between models. The largest differences

correspond to platform yaw, and they are still within the level of agreement expected from a low-fidelity model such as RAFT.290
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Table 3. Mean values predicted by RAFT and FAST.Farm for different wind and wave directions

RAFT FAST.Farm

Channel 0° 45° 90° 0° 45° 90°

T1 Surge (m) 20.15 14.18 -0.27 20.44 14.86 0.93

T1 Sway (m) 0.39 15.87 22.45 -0.18 14.94 22.36

T1 Heave (m) -0.60 -0.54 -0.39 -0.69 -0.63 -0.48

T1 Roll (deg) 0.17 -1.29 -2.01 0.26 -1.27 -2.07

T1 Pitch (deg) 2.35 1.74 0.20 2.42 1.89 0.23

T1 Yaw (deg) -0.27 -2.82 -4.69 0.30 -2.07 -4.01

T2 Surge (m) 20.69 14.56 -0.19 20.95 14.29 -0.61

T2 Sway (m) 0.13 16.36 22.20 0.14 17.83 22.67

T2 Heave (m) -0.17 -0.24 -0.39 -0.25 -0.32 -0.48

T2 Roll (deg) 0.17 -1.30 -2.01 0.28 -1.24 -2.04

T2 Pitch (deg) 2.34 1.83 0.12 2.41 1.89 0.29

T2 Yaw (deg) -0.40 3.52 4.03 0.42 4.68 4.64

T1 Shared Line Tension (kN) 2709 2710 2708 2709 2684 2658

T2 Shared Line Tension (kN) 2716 2715 2709 2716 2690 2659

T1 N Anchor Line Tension (kN) 3030 1989 955 3062 2050 999

T1 S Anchor Line Tension (kN) 3050 3495 3077 3043 3493 3140

T2 N Anchor Line Tension (kN) 942 519 972 943 491 982

T2 S Anchor Line Tension (kN) 963 2045 3093 930 2112 3125

3.2 Dynamic response

The dynamic response of the coupled shared-mooring floating array depends on the phasing of wave excitation on each platform

and both the absolute and relative wave-induced motions. Figure 9 compares the power spectral density (PSD) of wave elevation

between RAFT and FAST.Farm to confirm that the realization of the sea state is similar between models. The level of agreement

is good, as expected, because both models set up the spectrum in a way that ensures the overall energy of the spectrum will295

match the targeted significant wave height.

Figure 10 shows the PSDs of the six platform degrees of freedom for the first turbine from both RAFT and FAST.Farm. The

figure shows generally good agreement, similar to what was seen in previous studies with a single turbine. The differences ob-

served in roll and pitch can be explained by the strip-theory hydrodynamic model in RAFT, which neglects wave radiation and

wave scattering effects. These effects are included in FAST.Farm by using precomputed hydrodynamic coefficients obtained300

with WAMIT. RAFT can also use precomputed hydrodynamic coefficients, and the results shown from RAFT with WAMIT
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Figure 8. Mean values obtained with RAFT and FAST.Farm for different wind and wave directions

coefficients illustrate the closer agreement in the vertical degrees of freedom (heave, roll, and pitch) when including the wave

radiation and wave scattering effects from WAMIT.

Figure 11 shows the PSDs of the mooring line tension at the six attachment points to the floating platforms. The results

show generally good agreement in both magnitude and frequency distribution, except for well-understood differences caused305

by RAFT’s quasi-static model not accounting for mooring dynamics. Specifically, RAFT’s tension predictions have less high-

frequency content than OpenFAST’s because MoorPy neglects hydrodynamic drag. Also, the RAFT results do not have shared

mooring line excitation for the perpendicular wave direction because the distance between the turbines stays constant, and

hydrodynamic drag on the mooring line is neglected. The level of agreement in the mooring line tensions is better than was

seen previously in verification with the normal VolturnUS-S mooring system, which has catenary chain at 200 m water depth.310
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Figure 10. Platform motion PSD for the first turbine in the array obtained with RAFT and FAST.Farm for (a) 0°, (b) 45°, and (c) 90° wind

and wave headings

The better agreement is likely due to the large water depth and use of synthetic ropes, which generally have less dynamic

effects and can therefore be better predicted by the quasi-static mooring model used in RAFT.
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Figure 11. Mooring tension PSD for each mooring fairlead obtained with RAFT and FAST.Farm for (a) 0°, (b) 45°, and (c) 90° wind and

wave heading

The good agreement in the shared mooring line tension PSDs at lower frequencies (around 0.06 Hz) suggests that the new

shared-mooring capabilities in RAFT are modeled correctly. The shared mooring line tensions in the 0° and 90° cases have a

distinct comb-like frequency response, which we explore more in Sect. 4. Comparing the wind and wave headings in Fig. 11,315

the differences can be explained as follows:

– In the 0° case, the waves are in-line with the turbine arrangement, which results in relative motions in all excited degrees

of freedom. This also results in strong excitation of the shared mooring line, because it extends in the same direction as

the relative motion.

– In the 90° case, the waves are perpendicular to the turbine arrangement, so the turbines experience identical excitation320

(except for opposite directions of small yaw and pitch coupling effects because of the symmetry in their platform and
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mooring orientations) and the motion is perpendicular to the shared mooring line direction. Therefore, the shared-line

excitation is minimal except for the already discussed dynamic drag effects in the OpenFAST case.

– In the 45° case, the motion in-line with the shared mooring line is reduced, whereas new relative motions arise in sway

and roll because the angled wave heading excites these degrees of freedom while also causing a phase difference in the325

excition forces. The relative motions of the FOWTs are moderate in all the degrees of freedom, and the resulting shared

line excitation is also moderate.

The dynamic response predictions can also be considered in terms of standard deviations, which are shown in Table 4 and

Fig. 12. The FAST.Farm results are taken directly from FAST.Farm output time series, neglecting the first 20 minutes for startup

transients. The RAFT results are statistical calculations based on the predicted PSDs and using the strip-theory hydrodynamic330

method. Consistent with the PSD results already presented, the standard deviation values agree fairly well between RAFT

and OpenFAST. The largest relative differences are in the shared line tension results, an effect that was also present in the

PSD results and attributed to the dynamic effects missing from MoorPy. There is also a notable difference in the turbine pitch

response for the 0° case, especially for Turbine 1. This aligns with the PSD difference shown in Fig. 10, which is attributed to

the use of strip theory in the RAFT results. The lesser difference in Turbine 2 pitch may be due to the effect of the shared line335

dynamics, but deeper investigation is beyond the present focus. Overall, the standard deviation results are within expectations

considering the different model fidelity levels.

4 Discussion on relative response

In addition to verifying RAFT’s ability to model a shared mooring floating wind array’s response, the results illuminate a

phenomenon not previously discussed in the literature: a comb-like frequency response in the shared mooring line tensions. As340

visible in Fig. 11, this comb-like response is most noticeable in the results from RAFT, but it is also present in the OpenFAST

results. The phenomenon can be understood by considering the relative motions of the floating platforms, which are the main

driver of the shared mooring line tensions. Figure 13 plots the PSDs of the relative motions between the two platforms, along

with the relative difference in wave elevations experienced by the two platforms. The comb-like response is visible in the PSD

of relative wave elevation, PSD(ζrel) = PSD(ζ1−ζ2), for the 0° and 45° wave headings. This can be explained mathematically345

by considering Eq. (16) and deriving the relative difference in wave elevation between two arbitrary locations:

ζ̃rel(ω) = ζ̃1(ω)− ζ̃2(ω) = ζ̃0(ω)e−ik(ω)[x1 cosβ+y1 sinβ]
(
1− e−ik(ω)[(x2−x1)cosβ+(y2−y1)sinβ]

)
. (22)

The term within parentheses acts as an amplitude modulation, thus resulting in the comb-like PSD shown in Fig. 13. For the

verification case discussed in this work, (x1,y1) = (0,0) and y2 = 0; hence, the expression becomes:

ζ̃rel(ω) = ζ̃0(ω)e−ik(ω)
(
1− e−ik(ω)x2 cosβ

)
. (23)350

There is no amplitude modulation when the waves propagate perpendicularly to the turbine arrangement (wave heading of 90°)

because the term within the parentheses becomes zero.
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Table 4. Standard deviation predicted by RAFT and FAST.Farm for different wind and wave directions

RAFT FAST.Farm

Channel 0° 45° 90° 0° 45° 90°

T1 Surge (m) 0.64 0.43 0.01 0.66 0.44 0.21

T1 Sway (m) 0.00 0.43 0.60 0.04 0.48 0.63

T1 Heave (m) 0.55 0.55 0.55 0.62 0.61 0.61

T1 Roll (deg) 0.00 0.21 0.24 0.02 0.25 0.31

T1 Pitch (deg) 0.22 0.17 0.09 0.32 0.21 0.11

T1 Yaw (deg) 0.01 0.27 0.42 0.00 0.29 0.40

T2 Surge (m) 0.62 0.44 0.01 0.67 0.44 0.20

T2 Sway (m) 0.00 0.44 0.60 0.03 0.45 0.63

T2 Heave (m) 0.55 0.55 0.55 0.61 0.62 0.61

T2 Roll (deg) 0.00 0.15 0.24 0.02 0.21 0.31

T2 Pitch (deg) 0.28 0.19 0.08 0.32 0.24 0.11

T2 Yaw (deg) 0.01 0.36 0.43 0.02 0.28 0.40

T1 Shared Line Tension (kN) 29.07 20.17 2.59 58.98 35.72 50.54

T2 Shared Line Tension (kN) 28.96 20.11 2.57 66.39 42.73 50.61

T1 N Anchor Line Tension (kN) 42.07 21.76 37.46 34.07 23.02 37.37

T1 S Anchor Line Tension (kN) 41.87 42.32 38.13 34.57 51.69 37.29

T2 N Anchor Line Tension (kN) 39.10 36.58 37.79 36.42 55.12 38.25

T2 S Anchor Line Tension (kN) 39.19 22.95 38.29 36.52 23.26 36.66

To further illustrate the origins of the behavior, Fig. 14 plots the wave elevation at the origin, the surge motion of each

turbine, and shared mooring line tension complex amplitudes versus frequency. The complex amplitudes provide a raw view of

what RAFT is calculating because they also contain phase information. The phases can be inferred from the real and imaginary355

components, which are included in the plots. For simplicity, RAFT assumes that every frequency component of the wave

elevation is at zero phase offset at the wind farm origin. Because Turbine 1’s reference position is at the origin, the wave

elevations it experiences have nearly zero phase (appearing as real-valued complex amplitudes). There is a phase lag in its

surge response (appearing as a negative imaginary component in the complex amplitude) because of the phase lag inherent

in the fluid-structure interaction. Turbine 2 has a similar fluid-structure response, but it also experiences a phase shift in the360

wave elevations because of its offset location. The phase shift is approximately proportional to frequency. Because of the

large spacing relative to the wavelengths, the phase shift “wraps around” approximately 10 times within the wave excitation

frequency range, which is shown by the number of peaks in the real-component curve in the T2 Surge plot in Fig. 14(a,b).
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Figure 12. Standard deviation obtained with RAFT and FAST.Farm for different wind and wave directions

Excitation of tensions in the shared mooring line depends primarily on relative motion between the floating platforms.

Because Turbine 2 has a phase shift that wraps around many times, the relative phase between Turbines 1 and 2 has a similar365

wrap-around behavior, meaning that the turbines alternate between moving in phase and out of phase with each other across

the frequency range. As a result, the shared mooring line tension spectrum alternates between zero (at frequencies where the

turbines surge in phase) and a peak (at frequencies where the turbines surge out of phase). The positions of the zero-magnitude

values in the shared mooring line tension plot correspond to the wavelengths that are multiples of the distance between T1 and

T2.370

This result is reasonable in theory and perhaps important as a design consideration in certain scenarios that are expected

to result in primarily out-of-phase motions. This behavior is expected to be less pronounced under short-crested waves due to
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Figure 13. PSDs of relative wave elevation and relative motions between T1 and T2 obtained with RAFT and FAST.Farm for (a) 0°, (b) 45°,

and (c) 90° wind and wave headings

directional spreading, but it is probably noticeable in highly directional seas such as swells. The result is less distinct in the

FAST.Farm results because of the increased broadband excitation and nonlinearities in the time-domain simulations. Further

exploration of this comb-like shared-line excitation phenomenon using both modeling approaches could be helpful to better375

understand its implications for design. The phenomenon would be equally applicable to assessing the loads on shared anchors,

since the net horizontal loads are also affected by relative motions of the attached FOWTs.

5 Conclusions

The RAFT frequency-domain dynamics model for floating wind turbines was expanded to simulate arrays of floating wind

turbines with the possibility of shared mooring lines. An approach to capture phase differences in the wave loadings of each380
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Figure 14. Complex response amplitudes predicted by RAFT for (a) 0° (b) 45° and (c) 90° wave headings

floating wind turbine, along with the resulting differences in their responses, makes it possible to accurately predict the tension

dynamics of shared mooring lines running between turbines.

The capability was verified by comparing against FAST.Farm simulation results for a simple two-turbine case with a single

shared mooring line. The results show generally good agreement. The results in shared mooring line tension agree particularly

well between models, except for well-understood limitations of the quasi-static mooring model that is used by RAFT. Improved385

mooring tension agreement compared to previous single-turbine comparisons is likely due to the use of a taut mooring system

in the present study, which reduces the importance of dynamic effects compared to catenary mooring systems.

In addition to verifying the new array-level modeling features, the results illuminated a previously unknown phenomenon in

which shared mooring lines are excited at a comb-like frequency response. This occurs because of the nature of relative motion

between adjacent platforms that experience wave excitation phase shifts. The phenomenon is more obscured in time-domain390

results and warrants further exploration using a range of modeling methods to better understand its implications for design.
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