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ARTICLE INFO ABSTRACT

Keywords:
Floating offshore wind turbines

The design of advanced control strategies for floating offshore wind turbines (FOWTs) is limited by restricted
access to platform motion states in widely used aero-hydro-servo-elastic simulation tools, where platform dynam-
ics are embedded within servo modules and exposed through constrained interfaces. This limitation complicates
closed-loop platform stabilization, particularly under high-wind and strongly coupled operating conditions. This
paper presents a control-oriented nonlinear time-domain simulation framework that enables explicit platform
pitch feedback and systematic analysis of controller-platform interactions.

The framework is implemented in MATLAB using WEC-Sim’s multibody dynamics formulation and couples
aerodynamic, hydrodynamic, mooring, and servo-dynamic subsystems within a unified time-domain model. The
model is developed for the NREL 5-MW reference turbine mounted on an ITI Energy Barge platform incorpo-
rating an Oscillating Water Column (OWC) chamber. Platform geometry is defined in MultiSurf and processed
hydrodynamics through WAMIT, while nonlinear mooring restoring forces are modeled using analytical cate-
nary formulations. Nonlinear Froude-Krylov forces, viscous drag, quasi-static catenary mooring dynamics, and
generator-converter dynamics are explicitly integrated, providing direct access to the full six-degree-of-freedom
platform state vector throughout the simulation.

Model fidelity is assessed through free-decay tests, Response Amplitude Operator analysis (RAOs), and bench-
mark comparison against OpenFAST. The results demonstrate the accurate prediction of natural periods, reso-
nance behavior, and operational responses, with close agreement in rotor torque, generator power, and platform
pitch dynamics under combined wind-wave loading. By prioritizing control transparency over computational
efficiency, the proposed framework provides a robust numerical foundation for feedback control synthesis, sta-
bility analysis, and robustness studies of floating wind-wave systems. The model establishes a verified baseline
for the development of advanced platform stabilization strategies and hybrid control architectures in floating
offshore wind turbines.

Control-oriented nonlinear modeling
Platform stabilization

WEC-Sim framework

Hybrid wind-wave systems

1. Introduction

Floating offshore wind turbines (FOWTs) have become a key en-
abling technology for wind-energy deployment in deep-water regions
where fixed-bottom support structures are no longer technically or
economically attractive (Aboutalebi et al., 2021). Rapid technological
progress, cost reductions, and strong policy support are accelerating off-
shore deployment worldwide. The global offshore wind market is pro-
jected to grow substantially from 2024 to 2029, reflecting increasing in-
vestment and the expanding role of offshore renewables in future energy
systems (Industry Research, 2024; Wind Energy Insights, 2024). This
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expansion is further supported by decarbonization targets and offshore
renewable energy strategies in major markets, including the European
Union and the United States (European Commission, 2023; U. S. De-
partment of Energy, 2024; WindEurope, 2024). As shown in Fig. 1, the
offshore wind sector is expected to experience sustained growth, rein-
forcing the need for advanced floating support technologies capable of
operating reliably in deeper and more energetic marine environments.
At the same time, wave energy converters (WECs), particularly os-
cillating water columns (OWCs), are attracting increasing attention as
complementary technologies for offshore renewable energy harvesting
(Drew et al., 2009). Hybrid offshore systems that combine floating wind
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\begin {equation}\mathbf {F}_{\text {rad}}(t) = -\mathbf {A}(\omega ) \ddot {\mathbf {X}} - \mathbf {B}(\omega ) \dot {\mathbf {X}}, \label {Xeqn1-1}\end {equation}


$\ddot {\mathbf {X}}$


$\dot {\mathbf {X}}$


$\mathbf {A}(\omega )$


$\mathbf {B}(\omega )$


$\omega $


\begin {equation}\mathbf {F}_{\text {exc}}(t) = \Re \left [ R_{f}(t) \frac {H}{2} \mathbf {F}_{\text {exc}}(\omega , \theta ) e^{i\omega t} \right ], \label {Xeqn2-2}\end {equation}


$\Re $


$R_f(t)$


$H$


$\mathbf {F}_{\text {exc}}$


$\theta $


\begin {equation}F_{\text {md}}(t) = \left ( \frac {H}{2} \right )^2 F_{\text {md}}(\omega , \theta ), \label {Xeqn3-3}\end {equation}


$K_{r}$


\begin {align}&\dot {X}_{r}(t) = \mathbf {A_{r}} X_{r}(t) + \mathbf {B_{r}} \mathbf {u}(t);~~X_{r}(0) = 0 \nonumber \\ &\int _{0}^{t} \mathbf {K_{r}}(t- \tau ) d\tau \approx \mathbf {C_{r}} X_{r}(t) + \mathbf {D_{r}} \mathbf {u}(t)\end {align}
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\begin {align}\dot {x} &= \mathbf {A_{r}} x + \mathbf {B_{r}} u, \\ y &= \mathbf {C_{r}} x,\end {align}


$u$


$x(0) = \mathbf {B_{r}} u$


$u = 0$


\begin {align}\dot {x} &= \mathbf {A_{r}} x, \\ y &= \mathbf {C_{r}} x.\end {align}


$\mathbf {D_{r}} \neq 0$


$t=0$


$\mathbf {C_{r}}\mathbf {B_{r}}$


\begin {equation}x(t) = e^{\mathbf {A_{r}}t} x(0) + \int _{0}^{t} e^{\mathbf {A_{r}}(t-\tau )} \mathbf {B_{r}} u(\tau ) \, d\tau , \label {Xeqn4-9}\end {equation}


$e^{\mathbf {A_{r}}t}$


$K_{r}(t)$


\begin {equation}K_{r}(t) = \mathbf {C_{r}} e^{\mathbf {A_{r}}t} \mathbf {B_{r}}. \label {Xeqn5-10}\end {equation}


$\mathbf {A_d},~\mathbf {B_d},~\mathbf {C_d},~\mathbf {D_d}$


\begin {equation}\tilde {\mathbf {K}}_r(t_k) = \mathbf {C_d} \mathbf {A_d}^k \mathbf {B_d}, \label {Xeqn6-11}\end {equation}


$t_k = k \Delta t$


$k = 0, 1, 2, \dots $


$\Delta t$


$t = 0$


$\mathbf {D_d}$


$H$


\begin {equation}H = \begin {bmatrix} \mathbf {K_r}(2) & \mathbf {K_r}(3) & \cdots & \mathbf {K_r}(n) \\ \mathbf {K_r}(3) & \mathbf {K_r}(4) & \cdots & 0 \\ \vdots & \vdots & \ddots & \vdots \\ \mathbf {K_r}(n) & 0 & \cdots & 0 \end {bmatrix} \label {Xeqn7-12}\end {equation}


$H$


$\eta (x, y, t)$


\begin {equation}\eta (x, y, t) = \frac {H}{2} \cos \left ( \omega t - k(x \cos \theta + y \sin \theta ) + \phi \right ), \label {Xeqn8-13}\end {equation}
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$\omega $


$\omega = 2\pi / T$


$k$


$k = 2\pi / \lambda $


$\theta $
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$P_{w}$


\begin {equation}P_{w} = \frac {1}{2} \rho g A^2 c_{g}, \label {Xeqn9-14}\end {equation}


$\rho $


$g$


$A = H/2$


$c_g$


\begin {equation}c_{g} = \frac {\partial \omega }{\partial k} = \frac {1}{2} \sqrt {\frac {g}{k} \tanh (kh)} \left ( 1 + \frac {2kh}{\sinh (2kh)} \right ), \label {Xeqn10-15}\end {equation}


$h$


$\sinh $


$c_p$


\begin {equation}P_{w} = \frac {1}{4} \rho g A^2 \sqrt {\frac {g}{k} \tanh (kh)} \left ( 1 + \frac {2kh}{\sinh (2kh)} \right ). \label {Xeqn11-16}\end {equation}


\begin {equation}P_{w} \approx \begin {cases} \frac {1}{4} \rho g A^2 \sqrt {\frac {g}{k}} = \frac {1}{8\pi } \rho g^2 A^2 T, & \text {for } kh \gg 1 \\ \frac {1}{4} \rho g A^2 \sqrt {gh}, & \text {for } kh \ll 1 \end {cases} \label {Xeqn12-17}\end {equation}


\begin {equation}z^* = \frac {D(D+z)}{(D+\eta )} - D \label {Xeqn13-18}\end {equation}
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\begin {align}F_{v} &= -C_{v} \dot {X} - \frac {1}{2} C_{d} \rho A_{d} \dot {X}|\dot {X}| \\ &= -C_{v} \dot {X} - C_{D} \dot {X}|\dot {X}|,\end {align}
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\begin {equation}A_{ij} - \frac {i}{\omega } B_{ij} = \rho \iint _{S_b} n_i \varphi _j \, dS, \label {Eqt31}\end {equation}
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$S_b$


\begin {align}\label {Eqt321} \bar {A}_{ij} &= \frac {A_{ij}}{\rho L^k}, \\ \bar {B}_{ij} &= \frac {B_{ij}}{\rho L^k \omega }, \label {Eqt32}\end {align}
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$S_b$


\begin {equation}\forall = -\iint _{S_b} n_1 x \, dS = -\iint _{S_b} n_2 y \, dS = -\iint _{S_b} n_3 z \, dS, \label {Eqt33}\end {equation}


$(x_b, y_b, z_b)$


\begin {align}x_b &= \frac {-1}{2\forall } \iint _{S_b} n_1 x^2 \, dS,\label {Eqt34} \\ y_b &= \frac {-1}{2\forall } \iint _{S_b} n_2 y^2 \, dS,\label {Eqt35} \\ z_b &= \frac {-1}{2\forall } \iint _{S_b} n_3 z^2 \, dS.\label {Eqt36}\end {align}


$(x_g, y_g, z_g)$


$\zeta = \rho g \forall z_b - mg z_g$


$^3$


\begin {equation}m = \rho V = 1025 \times 6000 = 6,150,000 \, \text {kg}. \label {Xeqn17-28}\end {equation}


$6,149,460 \, \text {kg}$


$209,900 \, \text {kg}$


\begin {equation}\text {Total Tower Height} = 87.6 \, \text {m} - 6 \, \text {m} = 81.6 \, \text {m}. \label {Xeqn18-29}\end {equation}
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\begin {equation}P_w = \frac {1}{2} C_p(\vartheta , \lambda ) \rho \pi r^2 v_\text {wind}^3 \label {Xeqn19-30}\end {equation}


\begin {equation}Q_w = \frac {1}{2} C_Q(\vartheta , \lambda ) \rho \pi r^2 v_\text {wind}^3 \label {Xeqn20-31}\end {equation}
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\begin {equation}\lambda = \frac {\Omega _t R}{v_\text {wind}} \label {Xeqn21-32}\end {equation}
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\begin {equation}C_p(\vartheta , \lambda ) = 0.22 \left ( \frac {116}{\lambda _i} - 0.4 \vartheta - 5 \right ) e^{-12.5 / \lambda _i} \label {Xeqn22-33}\end {equation}


\begin {equation}\frac {1}{\lambda _i} = \frac {1}{\lambda + 0.087\vartheta } - \frac {0.035}{\vartheta ^3 + 1} \label {Xeqn23-34}\end {equation}
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\begin {equation}\delta = \ln \left (\frac {x_i}{x_{i+1}}\right ) \label {Xeqn24-35}\end {equation}
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Fig. 1. Projected growth of the offshore wind market from 2024 to 2029.

and wave energy concepts are now recognized as an important research
direction because they can exploit multiple marine resources while shar-
ing structural and mooring infrastructure (Fu et al., 2019; Song et al.,
2026). Among the available hybrid concepts, FOWT platforms inte-
grated with OWCs are especially attractive because the OWC can act
not only as an additional energy-conversion mechanism but also as a
hydrodynamically influential subsystem that alters added mass, radi-
ation damping, hydrostatic response, and wave excitation characteris-
tics (Aboutalebi et al., 2021; Aubault et al., 2011; Chandrasekaran &
Sricharan, 2021; Zhang et al., 2022). As a result, hybrid FOWT-OWC
systems may offer improved energy capture, enhanced motion mitiga-
tion, and better overall platform performance. However, these advan-
tages come with a substantially more challenging modeling and control
problem due to the strong nonlinear coupling among aerodynamic, hy-
drodynamic, structural, mooring, and chamber-induced effects (Sarkar
& Fitzgerald, 2020; Sergiienko et al., 2025). Fig. 2 shows the concep-
tual configuration of the hybrid FOWT-OWC platform considered in this
work, together with the main platform motions relevant to coupled dy-
namic analysis and control-oriented modeling.

Existing studies have established important foundational insights
into the hydrodynamic behavior and coupled responses of hybrid wind-
wave systems. Early numerical and experimental work demonstrated the
feasibility of integrating wave-energy concepts into floating wind plat-
forms and showed that hybridization can influence both response ampli-
tude and stability characteristics (Aubault et al., 2011; Chandrasekaran
& Sricharan, 2021; Zhang et al., 2022). More recent studies have
extended this line of research toward power performance, structural
reliability, and integrated platform design. For example, offshore float-
ing hybrid wind-wave converters have been analyzed in terms of array-
dependent power performance and coupled response trends (Wei et al.,
2025), while reliability assessment has been carried out for hybrid float-
ing wind concepts using coupled aero-hydro-structural dynamics (Shittu
et al., 2025). Additional hybrid configurations integrating floating off-
shore wind turbines with external WEC devices have also been pro-
posed and evaluated through coupled time-domain simulations (Lin
et al., 2025). Experimental and hybrid simulation studies further indi-
cate that enhanced damping and active stabilization strategies can play
an important role in suppressing platform oscillations under realistic
environmental loading conditions (Xie et al., 2025; Zhai et al., 2025).
Reported improvements such as pitch-motion reduction and higher en-
ergy capture continue to support the technical promise of hybrid float-
ing platforms (Gu et al., 2025; Zhang et al., 2025). At the same time,
the literature shows a clear shift toward more advanced control and
control-oriented modeling for offshore renewable systems. Recent con-
tributions include fuzzy-logic-based control for hybrid FOWT-OWC plat-
forms (Ahmad et al., 2023a,b,c), intelligent vibration-control strate-
gies and predictive stabilization methods (Bai et al., 2025; Fu et al.,
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Fig. 2. Hybrid FOWT platform with OWcs integrated for active hydrodynamic
damping, modeled using WEC-Sim.

2025; Hassan et al., 2025; He et al., 2025), machine-learning-assisted
and Al-based prediction frameworks for platform motion (Ahmad et al.,
2025; M’zoughi et al., 2018, 2020), and control developments targeting
floating-turbine stabilization under coupled aerodynamic and hydrody-
namic loading (Aboutalebi et al., 2026; Chen et al., 2024; Pereira et al.,
2024; Rafia et al., 2026; Tang et al., 2026a; Wang et al., 2026). In addi-
tion, system-level numerical frameworks have recently been proposed
for integrated wind-wave-to-wire simulation and offshore hybrid energy
conversion (Yi et al., 2026). Collectively, these studies confirm that the
field is moving beyond feasibility assessment toward integrated, data-
informed, and control-aware offshore renewable energy modeling.

A structured comparison of representative studies is provided in Ta-
ble 1, where the existing literature is organized according to model-
ing focus, control strategy, and limitations from a control-design per-
spective. The comparison shows that much of the available work falls
into one of three categories: hydrodynamic and performance analysis
without explicit controller synthesis, controller development based on
reduced-order or surrogate representations, or coupled simulation stud-
ies that are not formulated for transparent access to the full set of nonlin-
ear platform states and interaction forces. Although these studies have
significantly advanced the understanding of hybrid offshore systems,
they also reveal that a fully nonlinear and control-oriented benchmark
framework with direct state accessibility is still limited.

This gap is particularly important for platform-level feedback con-
trol. High-fidelity aero-hydro-servo-elastic tools are well established for
load analysis, verification, and performance assessment of FOWTs. How-
ever, comparatively fewer studies have focused on nonlinear bench-
mark models that are explicitly structured for control synthesis, stability
analysis, and real-time interaction with platform dynamics. In practical
terms, a benchmark model intended for advanced control design should
preserve the essential nonlinear behavior of the floating platform un-
der large motions while also providing direct and synchronous access to
coupled subsystem states, hydrodynamic loads, mooring reactions, and
controller input-output channels.

OpenFAST is widely used for coupled FOWT simulation and certifica-
tion studies because of its modular treatment of aerodynamic, hydrody-
namic, structural, and control subsystems. Nevertheless, its DLL-based
control architecture is primarily designed for conventional turbine-
control workflows. While highly effective for many engineering applica-
tions, this structure can restrict direct access to internal platform states
and typically applies control actions at a prescribed servo rate that is
not fully synchronized with all underlying nonlinear dynamic interac-
tions. For platform-level feedback design, especially in hybrid FOWT-
OWC systems, these limitations can reduce transparency and complicate
controller development based on directly available physical states.
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Table 1
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Representative literature on nonlinear modeling, coupled analysis, and control of floating offshore wind turbines and hybrid FOWT-OWC / wind-

wave systems.

Reference

Modeling / Control Focus

Limitations for Control Design

Zhang et al. (2022) (Zhang et al., 2022)

Aboutalebi et al. (2021) (Aboutalebi et al., 2021)

Ahmad et al. (2023) (Ahmad et al., 2023a)
Sebastian et al. (2024) (Sebastian et al., 2024)
Wei et al. (2025) Wei et al. (2025)

Shittu et al. (2025) (Shittu et al., 2025)

Lin et al. (2025) (Lin et al., 2025)

Ahmad et al. (2025) (Ahmad et al., 2025)

Wang et al. (2026) (Wang et al., 2026)

Tang et al. (2026) (Tang et al., 2026b)

Rafia et al. (2026) (Rafia et al., 2026)
Aboutalebi et al. (2026) (Aboutalebi et al., 2026)
Song et al. (2026) (Song et al., 2026)

Yi et al. (2026) (Yi et al., 2026)

Tang et al. (2026b) (Tang et al., 2026a)
Aslmostafa et al. (2026) (Aslmostafa et al., 2026)

This work

Coupled modeling of hybrid FOWT-OWC platforms
with focus on feasibility and hydrodynamic inter-
actions.

Dynamic performance analysis of barge-type
FOWT-OWC systems with emphasis on stability
metrics.

Fuzzy-logic control for hybrid FOWT-OWC config-
urations.

Time-domain simulation of semi-submersible
FOWTs with OWCs using WEC-Sim.

Power performance of offshore hybrid wind-wave
converters under varying configurations.
Reliability assessment using coupled aero-hydro-
structural modeling.

Design and performance evaluation of hybrid
FOWT platforms with WEC integration.

Al-based framework for real-time prediction of
platform pitch.

Model predictive control of auxiliary stabilizers for
FOWTs.

State-space modeling and control for wet towing
operations.

Neural-network-based adaptive control for FOWT
operation.

Dynamic stabilization of hybrid FOWT-OWC plat-
forms.

Review of hybrid offshore wind-wave systems and
integration strategies.

Coupled framework for wind-wave-to-wire energy
conversion.

Individual pitch control for coupled platform-rotor
dynamics.

Experimental validation of robust nonlinear con-
trollers for FOWTs.

Fully nonlinear, control-oriented time-domain
model of a hybrid FOWT-OWC platform with di-
rect access to 6-DOF states and coupling forces
in MATLAB/Simulink.

No feedback control design; limited analysis of
controller-platform interaction.

OWC treated as a passive element; no closed-loop
platform control.

Based on reduced-order models; limited represen-
tation of nonlinear coupling.

Response-focused; platform states not structured
for control synthesis.

Focus on energy capture; no platform-level feed-
back control.

Emphasis on reliability; not formulated for control
design.

Limited direct access to nonlinear states for feed-
back control.

Prediction-oriented; not a physics-based control
benchmark.

Uses simplified state-space models; limited hydro-
dynamic detail.

Operational focus; not applicable to in-situ stabi-
lization.

Validated within conventional frameworks with
limited state access.

Implementation remains solver-dependent.

Review only; no control-oriented benchmark
model.

System-level focus; lacks explicit feedback control
formulation.

Restricted access to full platform-state variables.

Not integrated with high-fidelity nonlinear hybrid
platform models.

Enables direct synthesis and validation of plat-
form feedback controllers beyond DLL-based
limitations.

To address these limitations, this work develops a control-enabling
simulation architecture for a hybrid FOWT-OWC platform based on the
multibody dynamics formulation of WEC-Sim within a unified MAT-
LAB/Simulink environment. The objective is not simply to reproduce
coupled offshore renewable energy dynamics, but to provide a nonlin-
ear benchmark model that preserves the essential aero-hydro-mooring-
servo interactions while exposing the variables needed for direct
controller synthesis and validation. In the proposed framework, aero-
dynamic loading, hydrodynamic radiation and excitation forces, hydro-
statics, mooring restoring loads, and drivetrain-servo dynamics are in-
tegrated within a single nonlinear time-domain formulation.

Hydrodynamic coefficients are obtained from WAMIT for the ITI En-
ergy Barge geometry developed in MultiSurf, and a quasi-static cate-
nary mooring model is adopted to capture nonlinear restoring behavior
during large platform excursions. The framework provides synchronous
access to the full six-degree-of-freedom platform state vector together
with the principal nonlinear force contributions at each integration step,
thereby enabling direct implementation of multi-variable platform feed-
back strategies. The OWC chamber is incorporated at the geometric
and hydrodynamic levels, where it acts as an integrated moonpool that
modifies mass distribution, hydrostatic stiffness, added mass, radiation
damping, and wave excitation loads through multi-body hydrodynamic
interaction. Although active OWC damping and power take-off dynam-
ics are beyond the scope of the present study, the proposed architecture
remains modular and can accommodate these subsystems in future de-
velopments.

The main contribution of this paper is therefore a fully nonlinear,
control-oriented benchmark model for hybrid FOWT-OWC platforms

that enables direct synthesis and validation of platform feedback con-
trollers without the state-access limitations commonly encountered in
conventional DLL-based workflows. By bridging the gap between high-
fidelity offshore renewable energy simulation and controller-oriented
nonlinear modeling, the proposed framework is intended to support ad-
vanced stabilization studies and future developments in hybrid offshore
wind-wave energy systems.

The remainder of this paper is organized as follows. Section 2
describes the modeling methodology and numerical implementation.
Section 3 presents verification results, including free-decay tests, re-
sponse amplitude operator analysis, and benchmark comparison with
OpenFAST. Section 4 investigates system response under combined
wind-wave excitation and demonstrates platform pitch feedback con-
trol. Section 5 summarizes the main findings and outlines direc-
tions for future research on active stabilization and hybrid energy
extraction.

2. Methods and tools

In this study, various advanced tools were utilized to model the
hydrodynamic, structural, and mooring behavior of the floating barge
equipped with OWCs and a wind turbine. The integrated analysis
approach leverages time-domain, frequency-domain, and quasi-static
simulations to evaluate the platform’s dynamic performance under
wind-wave forces. The following key modeling tools were employed:
WECSim, WAMIT, MOST, and MATLAB/Simulink. Each tool serves a
specific function in capturing the intricate interactions between waves,
the structure, and mooring forces.
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Fig. 3. WEC-Sim process flow chart illustrating the workflow from Boundary Element Method (BEM) code input to time-domain simulation and output generation.
External BEM tools provide hydrodynamic data that WEC-Sim uses to simulate device performance in MATLAB/Simulink.

2.1. Wave energy converter SIMulator-WECsim

In this study, WEC-Sim was used to simulate the hydrodynamic per-
formance of a floating barge equipped with an OWC chamber under
real sea conditions. The platform’s dynamic response, including motion
in 6-DOF (surge, sway, heave, roll, pitch, and yaw), energy absorption
from waves, and interaction with mooring lines, was evaluated. Addi-
tionally, WEC-Sim facilitated an analysis of different control strategies
to optimize the energy extraction from the OWCs.

Fig. 3 provides an overview of the WEC-Sim workflow, starting from
BEM code generation of hydrodynamic data, passing through WEC-Sim’s
input file structure, and ending with the time-domain simulation in
Simulink. The output includes time series data such as body position,
velocity, forces, and PTO performance, which are further processed us-
ing user-defined functions for custom analysis and visualization. The
sinusoidal steady-state formulation assumes the platform response mir-
rors the periodic nature of the incoming wave and is therefore limited
to regular wave scenarios. Under this assumption, the radiation force is
calculated as a function of the platform’s velocity and acceleration using
frequency-dependent added mass and radiation damping matrices:

Fraa® = _A(W)X - B(w)X, 1)

where X and X are the body acceleration and velocity vectors, A(w)
is the added mass matrix, and B(w) is the radiation damping matrix,
both dependent on the wave frequency w. The incoming wave field is
represented using linear wave theory, assuming monochromatic wave
components defined by their height, frequency, and water depth. The
resulting wave excitation force is given by:

Fexc(t) =R Rf(l)%Fexc(Co, g)eimt] . -

where R denotes the real part, R,(?) is a time-dependent ramp function
to avoid transients, H is the wave height, F,,. is the complex frequency-
domain excitation force amplitude, and 0 is the incident wave angle.

The time-averaged second-order mean drift force originates from two
primary physical effects: the nonlinear pressure contributions gener-
ated by the wave field itself, and the interactions between first-order
wave-induced body motions and the incident wave excitation. In WEC-
Sim, only the first contribution is currently modeled using pre-computed
mean drift coefficients, if available from the BEM input files. The result-
ing time-domain mean drift force is computed as:

Fua®) = (2) Foa(0.0), ®)

and is added to the excitation force in the output response signal pro-
vided by the solver.

An approximation will need to be made as the convolution kernel
K, is solved from a set of partial differential equations, whereas a linear
state space is constructed from a set of ordinary differential equations.
In general, a linear system is desired such that:

X,() = A X, () + Bu@®); X,(0)=0
t
/ K.(t —7)dr = C.X,.(t) + D u(?) 4
0

with A, B, C., D, being the time-invariant state, input, output and
feed-through matrices, while u is the input to the system and X, is the
state vector describing the convolution kernel as time progresses.

2.1.1. Calculation of K, from state-Space matrices

Consider a linear time-invariant (LTI) system represented in state-
space form with a single input and zero initial conditions. The system
dynamics can be expressed as:

x=Ax+B.u, 5)
y=Cx, (6)
where u represents an impulse input. Assuming the system starts at zero
state, the impulse response corresponds to the evolution of the state from
the initial condition x(0) = B,u, and with no input thereafter (u = 0), the
system reduces to:
X =Apx, @)
y=C.x. 8
This formulation yields the zero-state response of the system. For sys-
tems with a non-zero feedthrough term (D, # 0), the impulse response
is not finite at ¢ = 0. Therefore, the value C B, is typically reported as

the limiting value at that instant to maintain continuity.
The general solution for the system state over time is given by:

'
x(t) = errx(0) + / eA'(FT)Bru(T) dr, 9
0

where eAr’ denotes the matrix exponential. Using this, the time-domain
expression for the system’s impulse response kernel K, (7) is defined as:

K, (1) = C,eM'B,. 10
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In time-domain hydrodynamic modeling, state-space realization pro-
vides a compact and computationally efficient representation of the radi-
ation force kernel. The objective is to identify a minimal-order discrete-
time system that approximates the radiation impulse response, using the
associated state-space matrices Ay, By, C4, Dy derived from sampled
data.

This task is typically easier in the discrete-time domain due to the
straightforward interpretation of the impulse response as a sequence of
Markov parameters, expressed as:

K, (t,) = C4A¢"By. 1

where 1, = kAt for k =0,1,2,... and At is the sampling interval. To en-
sure causality and avoid singular behavior at ¢ = 0, the feedthrough ma-
trix Dy is generally set to zero.

One widely adopted method for obtaining the system realization is
through the application of Singular Value Decomposition (SVD) to the
Hankel matrix formed from the impulse response sequence, as intro-
duced by Kung (Kung et al., 1983). The state-space order and system
matrices are inferred from the dominant singular values and the corre-
sponding decomposition.

The structure of the Hankel matrix H based on the impulse response
is given by:

K.(2) K.3) K. (n)
H= Kr:(3) Kr:(4) 0 12)
K@®w 0 - 0

Analysis of the singular values of H often shows that only a lim-
ited number of states significantly contribute to the system dynamics.
Therefore, a reduced-order model can be constructed by retaining only
the dominant modes, resulting in an accurate yet efficient state-space
representation.

2.1.2. Waves interactions and power

Regular (or monochromatic) waves are idealized as two-dimensional
sinusoidal surface elevations propagating uniformly in space and time.
The free surface elevation 5(x, y,t) at a given location and time is ex-
pressed as:

n(x,y,t) = % cos (wt — k(x cos @ + ysin @) + ¢), (13)

where H is the wave height, » is the angular frequency (@ = 2x/T),
k is the wave number (k = 2z /1), 0 is the wave heading angle, and ¢
is the phase shift. This formulation assumes planar wave fronts with
constant amplitude and period, typically used for validation and steady-
state hydrodynamic response analysis.

The average power transmitted by a regular wave per unit crest
length is governed by both wave amplitude and propagation charac-
teristics. This power flux, P,, can be determined using:

1
P, = 5pgA’c,, a4

where p is the water density, g is the gravitational constant, A = H /2 is
the wave amplitude, and c, is the group velocity, which describes the
speed at which energy travels through a wave train.

The group velocity in intermediate and deep water is derived from
wave dispersion relations and is given by:

o 1 [g 2kh
= =~/ tanh(kh) [ 1+ ——— |, 15
T A Ve )< * sinh(2kh)> (15)

where £ is the water depth, and sinh denotes the hyperbolic sine func-
tion. The first term inside the expression corresponds to the wave phase
velocity, c,.

Using this relation, wave power can be expressed as:

1 o [ 2Uh
Py = ~pga? /£ tanh(kn)( 1+ —=2__ ). 1
w = 3p8ATY [ tanh( )< * sinh(2kh)> 16
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This expression can be further simplified in the limiting cases of deep
and shallow water:

L 2 8 L 5242
1p8A \/Z—gﬂpgAT, for kh > 1

w 1 a7)
ZpgAZ\/gh, for kh <« 1

2.1.3. Nonlinear buoyancy and froude-Krylov wave excitation

Linear hydrodynamic models typically assume small-amplitude
waves and body motions, which limits their ability to capture nonlin-
ear effects. To account for weak nonlinearities, this study incorporates
a method that computes buoyancy and Froude-Krylov forces based on
the instantaneous submerged geometry and free surface elevation. In-
stead of relying solely on linear coefficients derived from potential flow
solvers, the time-domain model evaluates static and dynamic pressures
across the wetted surface panels at each time step, enabling more accu-
rate representation of nonlinear wave-body interactions.

Wheeler stretching (Wheeler, 1969) is employed as a kinematic re-
construction technique in which the vertical coordinate is rescaled rel-
ative to the instantaneous free-surface elevation. This approach extends
linear Airy wave kinematics above the mean water level by mapping the
velocity field to the instantaneous surface elevation. It does not intro-
duce nonlinear wave physics, but provides an approximate correction
to improve velocity and pressure estimates near the free surface under
finite wave amplitudes. The correction is performed using the transfor-
mation:

«_DWD+2z)

CEE)

where D represents the mean water depth, z is the original vertical co-
ordinate of a point on the body, # is the instantaneous water surface
elevation, and z* is the corrected vertical coordinate after applying the
Wheeler stretching method.

18

2.1.4. Viscous damping and Morison elements

To improve the accuracy of numerical simulations and align more
closely with experimental observations, additional damping mecha-
nisms can be introduced into the WEC-Sim model. This is particularly
useful when (BEM)-based hydrodynamic coefficients do not fully cap-
ture the dissipative effects observed in real systems.

Viscous damping is incorporated using both linear and quadratic
drag formulations. The resulting viscous force acting on a body can be
expressed as:

F,=—C,X — %CdpAXmXl a9
=-C,X - CpX|X|, (20)

where C, is the linear viscous damping coefficient, C, is the dimension-
less quadratic drag coefficient, p is the fluid density, and A, represents
the effective cross-sectional area subject to drag. The quadratic drag
force term can also be defined more compactly using the coefficient C,
which absorbs the constants and area term.

This approach provides greater flexibility for tuning the model to ex-
perimental data or observed field behavior, particularly in cases where
flow separation and turbulence introduce nonlinear damping effects that
are not captured by potential flow solvers.

2.2. Geometric design (MultiSurf)

MultiSurf was utilized to design the geometry of the platform. The
platform is a standard barge platform, as depicted in Fig. 4. Follow-
ing linear theory, only the wetted portion of the body was meshed in
its undisplaced position using MultiSurf, resulting in a calculated draft
of 4m. The standard barge platform is modeled with 2240 rectangular
panels that cover a quarter of the body. This barge has two geometric
planes of symmetry with respect to the x-axis and y-axis, as shown in
Fig. 4.
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Fig. 4. Geometry of the standard barge platform.

2.3. Advanced hydrostatic and hydrodynamic calculations (WAMIT)

WAMIT was employed in this study to perform a frequency-domain
analysis of the barge. The tool enabled the calculation of added mass,
damping, and wave excitation forces across the surge, heave, pitch, and
yaw degrees of freedom. These hydrodynamic coefficients provided im-
portant data for predicting the barge’s response to regular and irregular
waves and served as inputs for further time-domain simulations.

To characterize the frequency-dependent hydrodynamic behavior of
the floating platform, the BEM solver WAMIT was used to compute the
added mass A y,,4,,(w), radiation damping B ,,;,,(®), hydrostatic restor-
ing matrix Cp,,,,, and wave excitation forces fy4,,(®). These outputs
were generated based on the panel geometry defined in MultiSurf, en-
abling high-fidelity representation of the wetted surface.

The theoretical relationship between the added mass and damping
terms is given by the complex potential formulation:

i
Ay- B, :p//s no,ds, 1)
b

where @; is the velocity potential for mode j, n; is the surface normal
vector component in direction i, p is the fluid density, and S, denotes
the mean wetted surface.

For nondimensional analysis and scaling, normalized coefficients are
computed as:

_ A,’j
A= m, (22)
_ Bij
B;; = ke (23)

where the scaling exponent k depends on the index pair (i, j) and relates
to the nature of the corresponding hydrodynamic term: k& = 1 for forces,
k =2 for moments, and higher values for mixed terms.

The hydrostatic properties of the platform are computed as surface
integrals over the mean wetted surface S,, employing Gauss’ divergence
theorem. The displaced volume is calculated from:

V=—// "1XdS=—// nzde=—// n3zdsS, (24)
Sp Sp S,

and the coordinates of the center of buoyancy (x,, y,, z,) are obtained
from:

_1 // )
Xp = — nx“ds, (25)
b= 5y 5 1
vy = = // 1,y dS, (26)
v s,

~1
=5 //Sh nyz2 ds. 27)

The matrix of hydrostatic and gravitational restoring coefficients is
defined in Fig. 5.
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0 0 0 0 0 0
0 0 0 0 0 0
00 pg/j nydS pgffyn3 ds —pgff xnydS 0
Sp Sp Sp
Chyaro =10 0 0 pg/f YnydS +¢ —pgffxyn3 ds pgYx, + mgx,
Sp Sy
00 0 0 pg_/f x2n3 dS+¢  —pgVy,+mgy,
K
0 0 0 0 0 0

Fig. 5. Hydrodynamic matrix and gravitational restoring coefficients.

where (x,, y,, z,) are the coordinates of the center of gravity of the sys-
tem and ¢ = pgV¥z, — mgz,.

In this study, MOST was used to simulate the mooring forces on the
floating barge under various environmental conditions. The mooring
system was designed to provide sufficient restoring forces to counteract
the platform’s motion in surge, sway, and yaw. The quasi-static analy-
sis ensured that the platform maintained its position and stability, even
under significant wave and wind loading.

In the context of this study, MATLAB/Simulink was integrated with
WECSim to simulate the overall dynamic response of the floating barge
and its control systems.

In this work, Simulink was used to model the hybrid system of the
NREL 5 MW wind turbine integrated into the platform along WECs. The
aerodynamic and structural dynamics of the wind turbine were sim-
ulated, and a state-space controller was implemented to regulate the
power output and rotor speed in turbulent wind conditions. Addition-
ally, the results from the hydrodynamic analysis performed in WAMIT
were integrated into Simulink for time-domain simulations of the barge’s
response under combined wind and wave loads.

The integration of WECSim, WAMIT, MOST, and MATLAB/Simulink
provided a comprehensive simulation framework for analyzing the float-
ing barge’s performance, provided a flowchart in Fig. 6. The frequency-
domain analysis from WAMIT was used to derive key hydrodynamic
coefficients, which were then employed in the time-domain simulations
in WECSim and Simulink. MOST ensured that the mooring forces were
accurately modeled, contributing to the overall platform stability. This
multi-tool approach allowed for detailed insights into the barge’s dy-
namic behavior, energy extraction potential, and structural integrity un-
der real-sea conditions.

3. Modeling results
3.1. Mass balance analysis

A critical initial step in the modeling process is verifying the mass
balance of all components and ensuring the correct placement of the
center of gravity. For a barge with a moonpool of 6000 m?, the theoret-
ical mass of displaced water is calculated as:

m = pV = 1025 x 6000 = 6, 150,000kg. (28)

The combined mass of all components in the system, based on
Jonkman’s thesis, is approximately 6, 149,460kg, which introduces a
negligible discrepancy of 540 kg. However, incorporating the downward
force from the mooring system, estimated at 209, 900 kg, necessitates ad-
justments to the platform’s mass distribution to maintain a draught of
4m. The revised mass allocation ensures alignment with the required
stability parameters.

The tower, as described by Jonkman, is positioned centrally within
the moonpool and secured with a flat plate at the water level. In the Elas-
toDyn input file, the tower base height (TowerBsHt) is set to 0, represent-
ing its placement at the Mean Sea Level (MSL). Considering a freeboard
height of 6 m, the total tower height from the barge deck becomes:

Total Tower Height = 87.6m — 6m = 81.6m. (29)

This configuration ensures accurate modeling of the tower’s struc-
tural parameters, including the center of mass and height relative to
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Fig. 6. Horizontal workflow of the coupled aero-hydro-servo simulation framework. Geometric and hydrodynamic preprocessing (MultiSurf, WAMIT) feed into
parallel mooring and turbine dynamics modules, which integrate within MATLAB/Simulink via WEC-Sim multibody dynamics capabilities to generate the control-

oriented platform model.
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Fig. 7. Added mass coefficients for surge (4;,) and heave (As;3).

the MSL. The hydrodynamic behavior of the barge was simulated us-
ing WAMIT to determine key hydrodynamic coefficients such as added
mass, damping, and wave excitation forces. The calculations are cen-
tered at the barge’s center of gravity to match Jonkman’s baseline con-
figuration, with simulations conducted under a range of wave frequen-
cies. The hydrodynamic analysis of the floating barge equipped with
an OWC was performed using WAMIT, a frequency-domain potential
flow program. The focus of this analysis is to determine the added mass
and damping coefficients, which are important in understanding the dy-
namic behavior of the structure when exposed to wave-induced forces.
These coefficients play a significant role in predicting the response of
the barge to wave excitations, as well as its stability and performance
in offshore environments.

3.1.1. Added mass analysis

The added mass coefficients quantify the inertia effects due to the
surrounding fluid acting on the floating barge. These coefficients change
with varying wave frequencies and are calculated for different degrees
of freedom: surge (A,;), heave (A433), pitch (Ass), and yaw (Agg).

Fig. 7 illustrates the behavior of the added mass coefficients for surge
(A;;) and heave (A33) as a function of wave period. As expected, the
added mass in surge remains relatively constant, showing that horizon-
tal wave motions impart similar inertia effects across all frequencies.
However, the heave added mass shows a prominent peak at shorter
wave periods. This peak indicates significant interaction between the
structure and the fluid in the vertical plane, particularly for higher fre-
quency (short period) waves, which is characteristic of heave-dominated
systems like floating barges.

In Fig. 8, the added mass coefficients for pitch (Ass) and yaw (Agg)
are shown. Both pitch and yaw exhibit a higher added mass at lower
wave periods, suggesting that the barge experiences greater rotational
inertia due to the fluid at these frequencies. The results suggest that the
platform’s rotational response to waves will be more pronounced under
short-period, high-frequency wave conditions, which should be taken
into account when designing for stability.
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Fig. 8. Added mass coefficients for pitch (Ass) and yaw (Ag).

20 40 60 80 100 120
Wave Period (s)

Damping Coefficient (Ns/m)

Fig. 9. Damping coefficients for surge (B,,) and heave (Bs;).

3.1.2. Damping analysis

The radiation damping coefficients (B;;) represent the energy dis-
sipation due to wave radiation as the barge moves through the
fluid. These coefficients are crucial in assessing the extent of en-
ergy loss during oscillations and play a significant role in un-
derstanding the barge’s hydrodynamic performance under dynamic
loads.

Fig. 9 presents the damping coefficients for surge (B,;) and heave
(B33). The damping in surge remains relatively small, implying lim-
ited energy dissipation in the horizontal direction. On the other hand,
heave damping (B;;) shows a sharp increase at shorter wave periods,
reaching a peak, which then decays as the period increases. This peak
in heave damping is indicative of significant energy loss due to radi-
ation, a behavior typical of floating platforms interacting with short,
high-frequency waves in the vertical direction.

Similarly, Fig. 10 shows the radiation damping coefficients for pitch
(Bss) and yaw (Bgg). These coefficients reveal similar trends to the
added mass, where significant energy dissipation is observed at shorter
wave periods. This behavior suggests that the platform’s rotational
degrees of freedom (pitch and yaw) are sensitive to high-frequency
waves, leading to more energy being radiated as wave-induced motion
increases.
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Fig. 12. Damping coupling coefficients (B,s) and (B,,).

3.1.3. Coupling terms

The coupling terms in the added mass and damping matrices reflect
the interaction between different modes of motion, such as translation
and rotation. These terms are essential in complex systems where sig-
nificant cross-coupling can affect the overall dynamic response.

Figs. 11 and 12 show the added mass and damping coupling coeffi-
cients, respectively. The terms A5 and A,, represent coupling between
translational and rotational motions in the surge-pitch and sway-roll
planes, while B,5 and B,, represent the corresponding damping terms.
The results indicate non-zero values, particularly at shorter wave pe-
riods, signifying that these coupling effects must be considered when
assessing the barge’s dynamic stability and motion responses.

The WAMIT simulations provide key insights into the hydrodynamic
characteristics of the barge with OWCs. The added mass and damping
coefficients exhibit frequency-dependent behavior, with notable peaks
at shorter wave periods, particularly in the heave, pitch, and yaw de-
grees of freedom. These trends reflect the increased interaction between
the barge and surrounding water under high-frequency waves, leading
to greater inertia and energy dissipation.
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Fig. 13. Mooring system configuration for the NREL 5.0 MW offshore platform
with the ITI Barge.

Table 2
Geometry and mass properties of the standard and
OWC-Barge platforms.

Parameter Value

Platform dimensions (W x L x H) 40 X 40 x 10 m

OWC chamber size (each) 5x5x10m
Draft 4m

Freeboard 6m
Displacement (Standard Barge) 6400 m?
Displacement (4-OWC Barge) 6000 m?

Total mass (with ballast) 5.452 x 10°kg
Center of mass (below SWL) 0.2818 m

7.27 x 10° kg m?
7.27 x 10° kg m?
1.45 x 10° kg m?

Roll inertia
Pitch inertia
Yaw inertia

In practical terms, these findings imply that the barge is highly re-
sponsive to short-period waves in both vertical and rotational motions.
As aresult, careful attention must be paid to the design and optimization
of the platform’s stability mechanisms, particularly its mooring system,
to mitigate excessive motion and ensure operational efficiency under
such conditions. Furthermore, the coupling effects between different de-
grees of freedom highlight the complex motion dynamics of the system.
These effects can significantly impact the barge’s overall behavior, par-
ticularly in mixed sea states where wave and wind loads interact across
multiple axes.

3.2. Mooring system simulation

The mooring system is modeled using a catenary mooring system as
mentioned in OpenFAST, which computes the quasi-static, non-linear
mooring forces acting on the floating structure. The system accounts
for surge, sway, and yaw motions, with the total mooring force aligned
closely with previously validated OC4 systems. As shown in Fig. 13,
the mooring system for the hybrid FOWT-OWC configuration ensures
optimal platform stabilization under varying environmental conditions.
The system consists of eight mooring lines, arranged symmetrically for
stability. The mooring design optimizes platform station-keeping under
dynamic ocean conditions, modeled in WEC-Sim.

The mooring system was designed and implemented using MoorDyn
v2 coupled with WEC-Sim to represent a symmetric eight-line catenary
configuration providing restoring stiffness in surge, sway, and yaw di-
rections. Each mooring line was modeled using a chain-type line ele-
ment with a diameter of 0.08 m, a mass per unit length of 130.4 kg/m,
and an axial stiffness (EA) of 5.89 x 10% N, ensuring sufficient tensile
strength for station-keeping of the floating platform. A damping coef-
ficient (BA) of —0.8 was specified, which MoorDyn internally converted
into an equivalent viscous damping term. The normal drag and added
mass coefficients were set to C; = 1.6 and C, = 1.0, respectively, while
the tangential components were defined as C, ,, = 0.05 and C, ,, = 0.0,
capturing hydrodynamic resistance effects along the line.
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Table 3

Summary of MoorDyn input parameters used for the mooring system.
Parameter Symbol / Value Unit
Line type Chain -
Line diameter d =0.08 m
Mass per unit length m=130.4 kg/m
Axial stiffness EA=589x%x10% N
Damping coefficient BA=-08 -
Normal drag coefficient C, =16 -
Tangential drag coefficient Cyax =0.05 -
Normal added mass coefficient C,=10 -

Tangential added mass coefficient  C,,. =0.0 -

a,ax

Unstretched length per line L, =473.312 m
Number of segments N =20 -
Fairlead depth z=-4.0 m
Anchor depth z=-150.0 m
Water depth h=150.0 m
Bottom stiffness Ky = 3.0 x 10* N/m
Bottom damping Cpor = 3.0% 10° N's/m
Integration time step At =0.001 H

Integrator type 2nd order Runge-Kutta  —

Table 4

Key Properties of the 5-MW NREL floating wind tur-

bine.
Parameter Value
Rotor diameter 126 m
Hub height 90 m
Tower mass 347460kg
Nacelle mass 240000 kg
Hub mass 56780kg
Blade mass (each) 17740kg
Power rating SMW
Initial rotor speed 12.1rpm

Wind speed (cut-in / rated / cut-out) 3/11.4/25ms™!

COG (tower) 382m
Tower height 129.4m
Generator efficiency 97%

The system geometry comprised 16 connection points, where each
line connects between a body-mounted fairlead and a fixed seabed an-
chor point. The fairlead points were positioned around the floating body
at a depth of —4.0 m in a symmetric square pattern with coordinates
(+20,+20,—4.0) m, while the anchor points were distributed corre-
spondingly on the seabed at (+299.71,+299.71,—150.0) m, consistent
with a total water depth of 150 m. Each mooring line had an un-
stretched length of 473.312 m and was discretized into 20 segments for
dynamic simulation. The coupled body was initialized at (0,0, —4.0) m

Static equilibrium was computed under calm-water conditions (no
wave kinematics) using a second-order Runge-Kutta integrator with a
time step of 0.001 s. Bottom stiffness and damping were defined as
kp = 3.0x 10* N/m and c;,, = 3.0 x 103 N's/m, respectively, to avoid
unrealistic seabed penetration. During the dynamic relaxation stage,
the drag coefficients were scaled by a factor of 5.0 to accelerate con-
vergence, with a threshold of 0.01 and a maximum iteration time
of 200 s. The initialization converged successfully, yielding a static
equilibrium suitable for dynamic simulations. The simulation outputs
were configured to record the fairlead tension in each of the eight
lines (FairTenl-FairTen8), enabling detailed post-processing of moor-
ing loads and restoring characteristics. This configuration represents
a balanced, horizontally symmetric catenary mooring system suitable
for hybrid floating offshore wind-wave platforms, ensuring accurate
coupling between platform hydrodynamics and mooring dynamics in
WEC-Sim.

The geometry and mass properties of both the standard and OWC-
barge platforms are summarized in Table 2, while the MoorDyn input
parameters and the main properties of the 5-MW NREL floating wind
turbine are given in Tables 3 and 4, respectively.
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Fig. 14. Simulink flowchart representing the simulation framework of hybrid
FOWT-OWC systems.

3.3. NREL 5 MW wind turbine integration

The dynamic response of the platform to wind forces is analyzed
through the integration of a 5 MW NREL wind turbine as shown in
Fig. 15. The output power and torque of the wind turbine can be ex-
pressed as:

1

Py = 5Co8, Dprrog (30)
= Lo @ npnrte? 31

Q= 5Co. Mprrvy (31)

where C, and C,, are the power and torque coefficients, respectively, p
represents the air density (kg/m3), and r denotes the rotor radius (m).
The blade pitch angle is given by  (in degrees), and the tip-speed ratio
(TSR) A is defined as:

QR

A= (32)

Uwind
Here, Q, is the rotational speed of the turbine in (rad/s), R is the rotor
radius (m), and vy;,q is the wind velocity (m/s). The power coefficient
C, is a nonlinear function of § and 4 and is expressed as:

C,(9,2) = 0.22(1;—6 —049 - 5>e_12‘5/ A (33)
i
where:
1 1 0.035

=20 34
A, A+00879 B +1 ©9

The aerodynamic performance of the turbine is dictated by the in-
terplay of these coefficients, which determine the energy capture effi-
ciency. High-efficiency operation requires optimal alignment of the tip-
speed ratio 4 and blade pitch angle 9, ensuring maximum power extrac-
tion under varying wind speeds. Furthermore, the torque coefficient C,
governs the mechanical dynamics, crucial for stable coupling with the
generator. Advanced numerical techniques often calibrate these param-
eters to enhance turbine performance under real-world conditions. The
simulation methodology is illustrated in Fig. 14, where the interaction
between mooring, constraints, tower base, and input files is visualized.
This structured representation facilitates the accurate modeling of dy-
namic responses within WEC-Sim simulink environment.

4. Dynamic response and results
4.1. Steady-state performance validation

A comparative assessment of steady-state turbine performance was
conducted between the WEC-Sim-based hybrid model and OpenFAST
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Fig. 15. WECSim model representation.

to validate the accuracy of the integrated aerodynamic and control sys-
tem modules. Key operational variables, including rotor torque (kN-m),
generator power (kW), and blade pitch angle (degrees), were eval-
uated across a wind speed range of 3-25 m/s, encompassing oper-
ating Regions 1, 2, and 3. The hybrid WEC-Sim model was devel-
oped entirely from scratch within a modular multibody framework,
leveraging the Modular Open-Source Turbine (MOST) control imple-
mentation adapted to the NREL 5-MW reference turbine. The agree-
ment with OpenFAST across all steady-state quantities substantiates
the robustness of the WEC-Sim model for hybrid wind-wave platform
simulations.

Fig. 16 shows the rotor torque profiles for both models. The WEC-
Sim results closely match OpenFAST in Region 2 (approximately 5-
11.4 m/s), following a quadratic trend characteristic of maximum
power point tracking (MPPT). Both models reach a rated torque near
4300 kN-m at 11.4 m/s. The WEC-Sim torque continues to rise slightly to
a peak of approximately 5300 kN-m by 12.1 m/s, reflecting a smoother
transition into Region 3. This modest overprediction near the rated point
remains within 20-25% and is likely attributable to minor implementa-
tion differences in generator damping or saturation handling. Generator
power comparison in Fig. 17 further validates the aerodynamic consis-
tency, with both models achieving a rated output of 5000 kW at the
transition to Region 3. The deviation between WEC-Sim and OpenFAST
is below 5% throughout Region 2, with the WEC-Sim output slightly
lagging at 11 m/s due to conservative torque ramping, yet quickly con-
verging to rated output beyond 12 m/s.

The blade pitch evolution, shown in Fig. 18, begins at 12 m/s in
both models, consistent with the onset of Region 3. The WEC-Sim model
exhibits a slightly steeper pitch increase, reaching 25.4° at 25 m/s
compared to 23.1° in OpenFAST. This reflects a more responsive pitch
control loop in the WEC-Sim implementation but retains stability
throughout the high-wind operating regime. The close alignment across
all steady-state metrics underscores the fidelity of the WEC-Sim control
and aerodynamic modules. Importantly, the fully independent devel-
opment of the WEC-Sim model, including the implementation of non-
linear rotor dynamics, torque-speed control, and blade pitch actuation,
positions this framework as a strong candidate for future closed-loop
control design, co-optimization studies, and hybrid offshore platform
benchmarking.

The steady-state analysis demonstrates the effectiveness of the con-
trol strategies implemented and validations in both OpenFAST and WEC-
Sim. The comparative study highlights the reliability of the hybrid
FOWT-OWC model, providing a strong foundation for further control
system development aimed at improving offshore renewable energy per-
formance.
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Fig. 16. Comparison of rotor torque versus wind speed between WEC-Sim and
OpenFAST.
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Fig. 17. Comparison of generator power versus wind speed between WEC-Sim
and OpenFAST.
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Fig. 18. Comparison of blade pitch angle versus wind speed between WEC-Sim
and OpenFAST.

4.2. Response amplitude operators (RAOs)

The frequency-domain hydrodynamic characteristics of the hybrid
FOWT-OWC platform were evaluated across all six rigid-body degrees of
freedom, both with and without the wind turbine, to establish baseline
system dynamics for control design (Figs. 19 and 20).

To verify model fidelity, response amplitude operators RAOs
obtained from the first-principles WEC-Sim implementation were
systematically compared with results from the industry-standard Open-
FAST framework. The strong agreement confirms that the model ac-
curately represents hydrostatic restoring effects, frequency-dependent
added mass, and radiation damping-key hydrodynamic properties re-
quired for reliable control-oriented modeling of floating platforms.

The surge RAO demonstrates very close agreement between both
tools across all wave periods examined. Both WECSim and OpenFAST
predict a sharp resonance peak at approximately 12 s, with maximum
surge amplitudes around 3.5 mm. The responses converge smoothly at
longer wave periods, indicating consistent hydrodynamic damping char-
acterization in both models.

Sway predictions reveal the smallest response amplitudes among the
examined parameters, with peak values under 0.2 mm. The agreement
between tools is very close, with both capturing the resonance behavior
near 11 s. The relatively modest sway responses indicate effective lateral
stability under the studied wave conditions.

Heave represents the most significant vertical response, reaching
approximately 1 mm at resonance. Both models show nearly identi-
cal behavior, with response amplitudes gradually increasing through
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Fig. 19. Frequency-domain comparison of WECSim and OpenFAST response amplitude operators for all six platform rigid-body degrees of freedom without wind

turbine integration.

Table 5
Free-decay derived dynamic parameters of the ITI
barge.
DOF Natural Period 7, (s) 8 ¢
Surge 120 0.02 0.003
Heave 6.5 0.73 0.11
Pitch 10 0.22 0.035

mid-range wave periods and plateauing at longer wavelengths. This
similarity suggests robust agreement in the vertical restoring force
calculations. Pitch RAO peaks near 10 s at approximately 25 deg/m,
representing the most energetic rotational response. WECSim predic-
tions slightly exceed OpenFAST across the resonant range, though
the general shape of the response curves aligns well. Yaw mo-
tions remain subdued throughout, with maximum amplitudes be-
low 0.3deg/m, consistent with the symmetric wave-vessel interaction
geometry.

The comparison demonstrates a good quantitative agreement be-
tween WECSim and OpenFAST across the operationally relevant wave
period spectrum (7" € [5,35] s). The normalized root-mean-square pre-
diction differences remain below 3% in the resonance bands where
platform dynamics are most pronounced. The WECSim model’s in-
corporation of nonlinear multibody effects and the coupled feedback
of the integrated OWC system results in marginally higher resonant
amplitudes compared to the linearized OpenFAST approximation, re-
flecting enhanced physical fidelity. This validated model now pro-
vides a reliable computational foundation for subsequent controller
synthesis, real-time simulation, tuning, and experimental verification
studies.
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The analysis reveals that WECSim and OpenFAST generally produce
consistent RAO predictions, validating the WECSim modeling for the
feedback and control applications.

The analysis reveals that WECSim and OpenFAST generally produce
consistent RAO predictions, validating the WECSim modeling for the
feedback and control applications.

4.3. Free decay response analysis

The free decay response tests were conducted to evaluate the natural
periods and damping characteristics of the ITI barge integrated with the
NREL 5 MW wind turbine model. These tests were performed for surge,
heave, and pitch motions under no-wave and no-wind conditions. How-
ever, specific adjustments were required to overcome the limitations of
the MOST framework to ensure accurate and reliable results.

The free decay response in surge (see in Fig. 21) motion revealed a
natural period of approximately 134.22 s, corresponding to a frequency
of 0.0075 Hz. This value aligns well with the previously reported data on
the NREL forum for similar configurations. The response curve demon-
strated the expected long-period oscillations, indicating the platform’s
low-frequency behavior in the horizontal plane.

For heave motion (see in Fig. 22), the natural period was determined
to be 7.56 s, equivalent to a frequency of 0.1323 Hz. The heave response
exhibited rapid damping, consistent with the hydrodynamic forces act-
ing in the vertical plane. This behavior is crucial for understanding the
platform’s response to wave-induced forces.

The pitch motion analysis yielded a natural period of 11.38 s, cor-
responding to a frequency of 0.0879 Hz (see in Fig. 23). This result
closely matches the NREL-reported value of 0.0863 Hz. The pitch decay
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Fig. 21. Surge response of the ITI barge showing position, velocity, and accel-
eration over time.

curve highlighted the platform’s energy dissipation in rotational mo-
tion, with progressively damping oscillations over time. The numerical
results from these tests validate the model’s dynamic behavior, demon-
strating consistency with theoretical predictions and experimental data.
Therefore, free decay response curves provide key insights into the sys-
tem’s stability, making them a crucial point for future optimization of
offshore floating platforms.

These numerical results validate the model’s dynamic behavior and
are consistent with theoretical predictions. The analysis provides critical
insights into the platform’s stability and damping characteristics, aiding
in the design and optimization of floating offshore systems.
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Fig. 22. Heave response of the ITI barge showing position, velocity, and accel-
eration over time.

For lightly damped oscillatory motion, the logarithmic decrement &
is computed from successive peak amplitudes:

X
S=In|—
Xit1

The damping ratio ¢ is then obtained as:

(35)

s (36)
\VQr)? + 62

The equivalent linear damping coefficient can be expressed as:

ceq =26 Vkm

37
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Table 6
Comparative analysis of WEC-Sim and OpenFAST model results.
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Parameter WEC-Sim Result

OpenFAST Result

Technical Significance

Natural Period (Surge) 134.22 5 (0.0075 Hz)

Natural Period (Heave) 7.56 s (0.1323 Hz)

Natural Period (Pitch) 11.38 s (0.0879 Hz)

Rated Rotor Torque ~4300 kN'm (peak ~5300 kN-m) ~4300 kN'm
Rated Generator Power 5000 kW 5000 kW
Blade Pitch at 25m/s 25.4° 23.1°

Peak Pitch RAO ~23deg/m at ~12s

Peak Heave RAO ~1.05m/m at ~12's

Peak Surge RAO ~29m/mat ~12.5s

Previously reported data
Matches NREL data

Matches NREL data

~15deg/m at ~12 s
~1.05m/m at ~12's

~3.0m/m at ~12.5 s

Validates low-frequency surge response for barge-type platforms,
consistent with theoretical predictions.

Confirms vertical plane dynamics and damping characteristics essen-
tial for platform operability.

Matches well with NREL value of 0.0863 Hz, verifying accurate pitch
dynamics.

Slight overprediction near rated wind speed indicates a smoother
transition into Region 3, attributable to nonlinear control implemen-
tation.

Consistent rated power output with deviation below 5 percent across
Region 2 validates aerodynamic and control logic.

Indicates stronger pitch actuation in WEC-Sim, suggesting effective
control performance under high wind loading.

Higher resonance peak in WEC-Sim reflects nonlinear effects and dy-
namic feedback from the OWC, absent in linearized models.

good agreement demonstrates reliable modeling of vertical wave ex-
citation effects.

good match in surge motion confirms fidelity in wave force modeling
and horizontal dynamics.
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Fig. 23. Pitch response of the ITI barge showing position, velocity, and accel-
eration over time.

where m is the generalized mass and k is the hydrostatic restoring stiff-
ness.

The free-decay results reveal distinct damping characteristics (see
Table (5)) across modes. Surge exhibits extremely low damping, in-
dicating minimal horizontal energy dissipation dominated by mooring
stiffness. Heave shows moderate damping (¢ ~ 0.11), reflecting signifi-
cant radiation damping and viscous effects. Pitch presents light damping
(¢ ~ 0.035), consistent with hydrostatic restoring dominance and limited
viscous moment dissipation.

5. Validation and comparative assessment of nonlinear hybrid
platform dynamics

This study has developed and validated a comprehensive non-linear
WEC-Sim model tailored for hybrid floating offshore wind platforms that
integrate WECs devices. The model extends the capabilities of exist-
ing simulation tools by offering a multibody, control-oriented frame-
work capable of capturing coupled aero-hydro-elastic dynamics with
high fidelity. Implemented in MATLAB/Simulink using the WEC-Sim
environment and Simscape Multibody solver, this model facilitates the
simulation and control design of hybrid platforms operating in realistic
offshore conditions.

A key distinguishing feature of the developed model is its fully non-
linear treatment of platform dynamics, in contrast to the linearized ap-
proximations employed in conventional tools such as OpenFAST. By
integrating hydrodynamic coefficients from WAMIT, aerodynamic and
structural data from the NREL 5-MW reference turbine via MOST, and a
quasi-static mooring system, the model accurately replicates the coupled
physical behavior of the hybrid system. Direct comparisons with Open-
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FAST outputs across multiple operational regions demonstrate similar
behavior in key performance indicators such as rotor torque, generator
power, and platform motion responses.

The analysis of Response Amplitude Operators highlights the damp-
ing effect of the OWC on pitch motions, offering a promising strategy
for enhancing platform stability under wave excitation. This insight ad-
dresses a critical challenge in floating offshore wind technology by lever-
aging the inherent dynamics of the OWC for passive stabilization.

Table 6 presents a detailed technical comparison between the WEC-
Sim model and the OpenFAST benchmark, demonstrating the precision,
innovation, and value of the model for advanced control development
and optimization at the system level.

These results confirm the robustness and reliability of the nonlin-
ear WEC-Sim model in simulating hybrid offshore platforms. The model
offers an accurate and versatile simulation environment suitable for ad-
vancing research in active control strategies, energy harvesting opti-
mization, and the design of future floating renewable systems. Its in-
tegration of OWC damping and nonlinear dynamic fidelity positions it
as a valuable tool for both academic investigation and industry applica-
tions.

6. Code and data availability

The complete simulation framework developed in this study is
publicly available to support transparency, reproducibility, and future
control-oriented research. The repository can be accessed via Zenodo at:
https://doi.org/10.5281/zenodo.18772113

The archived dataset includes the platform geometry the Multi-
Surf files, hydrodynamic database generated with WAMIT, the MAT-
LAB/WEC-Sim simulation environment, and the validation scripts used
for free-decay tests, RAO analysis, and OpenFAST comparisons. In addi-
tion, representative output datasets and plotting routines are provided
to facilitate verification and post-processing.

The framework has been tested with MATLAB R2024a or later and
WEC-Sim v6.0 or newer. Installation requires approximately 15 min on
a standard workstation, and a typical 500 s nonlinear time-domain sim-
ulation completes in approximately 10 min, depending on hardware
configuration.

7. Limitations and future validation requirements

This study presents numerical verification only. Model fidelity can-
not be confirmed without experimental measurements. Critical uncer-
tainties requiring experimental calibration include:


https://doi.org/10.5281/zenodo.18772113
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1. Viscous drag coefficients: We assume C,; = 0.6 for the platform bot-
tom and C,; = 1.0 for vertical members, based on literature values.
Actual coefficients depend on Reynolds number and surface rough-
ness. Uncertainty: +30%.

2. PTOs analysis: While energy extraction is not the focus at this stage,
the intent is to enable future implementation of active feedback con-
trol strategies based on OWC-inspired damping mechanisms. In fu-
ture extensions, full two-phase OWC modeling, dynamic air chamber
pressure effects, and PTO control architectures will be incorporated
to explore co-optimization of energy conversion and platform stabil-
ity.

3. Aerodynamic-platform coupling at high angles: BEM theory as-
sumes small platform pitch angles (< 10°). Beyond this range, blade
inflow angles become skewed.

4. OWC chamber hydrodynamics: WAMIT computes linear poten-
tial flow solutions. Viscous losses at chamber openings and sloshing
modes are not captured.

Experimental verification: The present study does not include
experimental validation. Experimental validation is identified as an
important direction for future work. Scale model testing (1:50) is
planned in collaboration with ACG Labs. Until experimental vali-
dation is complete, this model should be considered a numeri-
cal benchmark for control algorithm development, not a design
tool for physical systems.

8. Conclusions

This study presented a control-oriented nonlinear benchmark frame-
work for floating offshore wind turbines incorporating oscillating water
column chambers, developed to address structural limitations in existing
aero-hydro-servo-elastic simulation tools that restrict direct state access
for feedback control synthesis. Rather than proposing new physical for-
mulations, the work focused on the architectural design of a transparent
simulation environment in which all subsystem states, coupling forces,
and nonlinear interactions are synchronously accessible for control anal-
ysis.

The framework integrates first-principles aerodynamic modeling, ge-
ometry with MultiSurf, WAMIT-derived radiation-diffraction hydrody-
namics, nonlinear Froude-Krylov and viscous drag forces, quasi-static
catenary mooring dynamics, and servo-drivetrain coupling within WEC-
Sim’s multibody formulation in MATLAB/Simulink. This architecture
enables direct access to the full six-degree-of-freedom platform state
vector at each solver step, eliminating asynchronous control delays in-
herent in DLL-based interfaces and supporting multivariable feedback
design under large-amplitude platform motion.

Model verification was conducted through free-decay tests, hydro-
dynamic response analysis, and cross-platform comparison with Open-
FAST. The free-decay analysis confirmed natural periods and damp-
ing characteristics consistent with hydrostatic predictions and radiation
damping behavior, while RAO analysis identified resonance frequencies
aligned with published ITI barge data.

The primary contribution of this work lies in the establishment of a
reproducible, control-enabling benchmark model that supports stability
analysis, gain-scheduled control design, and robustness evaluation un-
der coupled wind-wave excitation. The framework provides a platform
for systematic investigation of platform pitch stabilization, load miti-
gation, and hybrid wind-wave co-design strategies that are difficult to
implement feedback control in order to mitigate the undesired motion
for the platform stability.

Future work will extend the framework to include OWC air-chamber
thermodynamics, turbine power take-off dynamics, and active damp-
ing control, enabling integrated aero-hydro-pneumatic control strate-
gies. Experimental validation and hardware-in-the-loop implementation
will further support the transition from high-fidelity simulation to field-
deployable control solutions for hybrid offshore energy platforms.
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