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ABSTRACT: Wind turbines are highly efficient energy converters that exploit locally available renewable resources
across many regions. In modern floating offshore wind turbines (FOW'Ts), strong aerodynamic and hydrodynamic
loads give rise to nonlinear and tightly coupled dynamics, which typically require dedicated—and computationally
demanding—simulation tools for analysis and control design. This work introduces a simplified, control-oriented
mathematical model of a FOWT, derived directly from fundamental force and torque balances and explicitly incor-
porating the gyroscopic effect, which is often neglected in onshore wind turbines due to its comparatively lower
significance. Model parameters are identified for the NREL 5-MW reference turbine using autoregressive models with
exogenous input (ARX) techniques. The proposed model is validated against the standard NREL OpenFAST simulation
framework. Its utility is further demonstrated by designing a classical control system based on the simplified model and
applying it to a high-fidelity nonlinear FOWT simulation, yielding satisfactory performance. The main advantages of
the model are: (a) its compact parameter set enables computationally efficient simulations; (b) its feedback structure
is based on relative forces, making it applicable under a broader range of disturbances than conventional input-
output models; (c) its simplicity facilitates the identification of fundamental behaviors and rapid assessment of dynamic
couplings; and (d) its structure is easily modifiable, allowing redesign of components or targeted alteration of the system
dynamics through control actions. Overall, the model remains fully explainable, preserving a clear link to the underlying
physical principles.
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1 Introduction

The accelerating global response to climate change has intensified the transition toward renewable
energy systems. Following the 2023 United Nations Climate Change Conference (COP28) [1], which for the
first time formally endorsed a global shift away from fossil fuels by 2050, the demand for clean, reliable, and
scalable energy technologies has grown substantially. Among renewable sources, wind energy stands out for
its technological maturity and high conversion efficiency, leading to rapid deployment in many countries [2].

As onshore wind installations expand, constraints related to land availability, noise emissions, and visual
impact have increasingly motivated the relocation of wind farms to offshore environments. Offshore wind
turbines may be bottom-fixed, installed in shallow waters, or floating offshore wind turbines (FOWTs).
The latter extend deployment to deep-water regions, enabling access to stronger and more consistent wind
resources while reducing the ecological and visual footprint [3]. These advantages have spurred interest
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in large-scale FOWT systems, but their operation introduces significant engineering challenges. Strong
and variable environmental loads—wind, waves, currents, and ice—interact with the turbine and floating
platform, giving rise to highly nonlinear and coupled dynamics that complicate analysis, control, and
structural design [4].

Computational simulation tools are essential for understanding and optimizing FOWT behavior [5].
However, high-fidelity offshore simulation platforms often require extensive computational resources, rely on
heterogeneous libraries and lack standardization, which makes them difficult to integrate into iterative design
workflows [6]. The scarcity of real operational data further hampers validation and reduces the availability of
simple yet accurate analytical models [7]. For many engineering tasks—such as early-stage design, controller
synthesis, rapid prototyping, and co-design—there is a strong need for mathematical models that balance
physical fidelity with computational simplicity.

Motivated by these limitations, this study aims to develop a fundamental, control-oriented mathemati-
cal model of a floating offshore wind turbine that remains computationally efficient while capturing the key
coupled dynamics. The model is derived from first-principles force and torque balances and incorporates
translational, rotational, and gyroscopic effects—the latter typically excluded in onshore turbine models due
to their lower significance. To enhance validity, the model employs relative wave elevation as the excitation
variable, which improves linearization accuracy compared with classical RAO-based approaches [8]. With
this approach, the modeling methodology and force analysis framework can be applied to a wide range of
floating wind devices.

A specific turbine type, the offshore 5 MW NREL ITI-barge, was then selected to identify the parameters
of the general model in order to validate it. Model parameters are identified using autoregressive models
with exogenous inputs (ARX) based on data from the NREL 5-MW barge-type FOWT. The resulting
simplified model is then validated against the high-fidelity OpenFAST simulator [9], including the design
and implementation of a conventional control strategy derived from the simplified dynamics and tested on
the nonlinear system.

The contributions of this work are as follows:

« A general first-principles FOWT model that remains physically interpretable while being tailored to a
representative 5-MW reference turbine.

o Low computational cost, enabled by a compact parameter set suitable for rapid simulation and
prototyping.

«  Extended validity range, achieved through excitation via relative wave elevation.

o A simple and explainable structure that facilitates identification of fundamental behaviors and
dynamic couplings.

«  Ease of modification, enabling component redesign and controller integration.

»  Practical applicability, supporting both real-turbine deployment and small-scale experimental testing,
and offering a flexible platform for evaluating new configurations such as vertical-axis rotors or irregular
wave conditions.

The remainder of this paper is organized as follows. Section 2 reviews related work on floating offshore
wind turbine modelling and control. Section 3 presents the dynamic mathematical model of the FOWT, with
detailed formulations for translational motion (Section 3.1) and rotational motion (Section 3.2). Section 4
describes the external forces and torques acting on the system, including hydrodynamic forces (Section 4.1),
aerodynamic forces (Section 4.2), wind turbine rotor dynamics (Section 4.3), and the overall model integra-
tion and coupling strategy (Section 4.4). Section 5 focuses on the identification of the NREL 5-MW FOWT
model, covering the turbine description (Section 5.1), the excitation-response framework (Section 5.2), and
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the identification procedure (Section 5.3). Section 6 provides the analysis and control design, including
frequency-domain characterization (Section 6.1) and the development and validation of the proposed
control approach (Section 6.2). Finally, Section 7 summarizes the main conclusions and outlines directions
for future research.

2 Related Works

Floating offshore wind turbines (FOWTs) present complex modeling challenges due to the coupled
interactions between aerodynamic, hydrodynamic, and mooring forces, combined with rotor and platform
dynamics. Accurate, computationally efficient models are essential for both design and control. Lauria
et al. [7] review analytical, experimental, and numerical approaches, highlighting the importance of captur-
ing these coupled dynamics. Despite this wealth of research, many models focus on specific turbine types or
operational conditions, leaving a gap for general, low-order, physically interpretable formulations suitable
for barge-type FOWTs under realistic sea states.

State-space models have been widely employed to describe FOWT dynamics in a control-oriented man-
ner. Homer and Nagamune [10] develop a physics-based model for a semisubmersible platform, capturing
nonlinear interactions across six platform and two drivetrain degrees of freedom (DOFs). Basbas et al. [11]
review nonlinear control-oriented FOWT models, comparing architectures and performance but without
providing a generalizable framework. Other works, such as Tang et al. [12], Cho et al. [13], and Barcena and
Etxebarria [14], focus on linearized or system-identified models for pitch control or structural loads, often
limited to onshore or fixed-bottom turbines. While state-space formulations offer a structured approach for
control design, many fail to capture full rotor-platform coupling, gyroscopic effects, or generalized wave
excitation, limiting their applicability for barge-type floating platforms.

Reduced order and simplified models address computational efficiency while retaining essential
dynamic behavior. Lerch et al. [15] present a simplified spar-type FOWT model using Morison equation
hydrodynamics and nonlinear aerodynamics for time-domain analysis. Karimirad and Moan [16] propose a
rigid-body simplification validated against SIMO-Riflex simulations. Lopez-Queija et al. [17] develop a two-
dimensional reduced model representing the FOWT as two bodies connected by a flexible beam, validated
against OpenFAST, and later extend this to a Python-based framework [18] for rapid controller implemen-
tation. Villoslada et al. [19] present a barge-type reduced-order model linearized around small pitch angles,
emphasizing iterative identification and validation. These studies demonstrate that reduced-order models
can achieve reasonable fidelity, but are often restricted to limited load cases or small-angle approximations,
and may omit gyroscopic and multi-DOF interactions critical for control-oriented applications.

Control-oriented modeling has received increasing attention as the demand for real-time, physically
interpretable FOWT models grows. Pan et al. [20] propose a low-order multi-body model for floating
wind farms with shared moorings, emphasizing early-stage design rather than direct control applications.
Lépez-Queija et al. [17] present a four-DOF reduced linear model relying on precomputed aerodynamic
and hydrodynamic loads, suitable for preliminary design and control studies, but limited by dependency on
lookup tables. Amouzadrad et al. [21] highlight hydroelastic effects and gap resonance in floating structures,
often neglected in simplified models, while de N Santos et al. [22] apply physics-informed neural networks
for fatigue estimation in monopile turbines, emphasizing long-term load prediction rather than dynamic
control. Li et al. [23] develop a Lagrangian low-order model for bottom-fixed turbines with four DOFs under
thruster-based station-keeping, showing minimal gyroscopic influence under normal wind but significant
effects under extreme turbulent conditions. Ahmad et al. [24] combine floating turbines with oscillating
water columns using machine-learning-based estimators for pitch dynamics, prioritizing predictive control
over physical transparency. Muro et al. [25] and Pegalajar-Jurado and Lio [26] present reduced-order
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linearized models with integrated controllers, focusing on stability and closed-loop performance, yet often
omitting explicit force- and torque-based representations and gyroscopic dynamics. Alvarez and Santos [27]
developed a control-oriented simulation model to analyze interactions between wind turbine controller
actions and floating-platform stability in doubly-fed induction generator (DFIG) floating offshore turbines.

Gyroscopic effects play a critical role in floating turbine dynamics. Chen et al. [28] derive an analytical
expression for the gyroscopic moment of a spar-type FOWT and verify it with FAST simulations, showing
linear dependence on rotor inertia, rotor speed, and platform motion. Heeg and Zhang [29] extend this
with a 17-DOF Euler-Lagrange model and state-space formulation, demonstrating that spar-type FOWTs are
highly sensitive to gyroscopic couplings, and neglecting these effects can lead to significant overestimation
of tower torsion. Fenu et al. [30] model a 5-MW FOWT equipped with a gyroscopic stabilizer, showing
substantial damping of platform motion and additional power generation in harsh weather. Soleymani and
Norouzi [31] design a hybrid passive/active gyro device for the NREL 5-MW turbine, effectively reducing
tower base overturning moments. Wang et al. [32,33] propose control-oriented frameworks for floating
platforms integrating gyroscopic coupling with LQG and fuzzy controllers, while Wang et al. [34] study
semi-submersible turbines both experimentally and numerically, demonstrating passive gyro stabilizers
reduce pitch motion and tower-top displacement. Li et al. [35] further show that for bottom-fixed turbines,
gyroscopic effects are minor under normal conditions but become significant under extreme winds with yaw
misalignment, illustrating the importance of including these effects in control-oriented models.

Limitations of existing simulation tools are also evident. Medium-fidelity codes such as OpenFAST,
HAWC2, SIMPACK, SIMA, and OrcaFlex are widely used for validation and controller develop-
ment [6,36,37], but rely on simplifying assumptions, which can reduce accuracy relative to high-fidelity
CFED simulations. Otter et al. [6] classify modeling approaches across fidelity levels, emphasizing the trade-
oft between computational cost and precision. High-fidelity CFD solvers (OpenFOAM, ANSYS) provide
greater accuracy but at high computational cost and require careful validation. Gyroscopic effects, rotor-
platform couplings, and finite platform motions are frequently omitted, leading to non-negligible errors in
tower torsion and global platform dynamics [23,29,34,38]. This highlights the ongoing need for efficient,
physics-based, control-oriented models that retain key dynamics without excessive computational expense.

Vertical-axis wind turbines (VAWTs), while less common offshore, pose similar modeling chal-
lenges [39]. High-fidelity CFD models capture dynamic stall, blade-wake interaction, and 3D flow
phenomena [40,41] but at high computational cost. Reduced-order aerodynamic models such as streamtube-
based SM and DMST [42] offer physical transparency and computational efficiency, and coupling with
data-driven methods [43] improves predictive capability. For floating VAWTs, fully coupled CFD-FEA aero-
hydro-elastic models [44] can accurately capture loads and structural responses, but complexity reinforces
the need for simplified, control-oriented models.

Collectively, the literature demonstrates substantial advances in modeling FOWTs, from state-space
formulations to reduced-order and control-oriented approaches, as well as in the consideration of gyroscopic
effects. However, most studies focus on spar-type or semi-submersible platforms, specific operational
scenarios, or limited DOFs, and few provide force- and torque-based, physically interpretable frameworks
suitable for barge-type FOWTs. In contrast, the present work develops a first-principles, low-order, force- and
torque-based model for barge-type FOWTs, explicitly incorporating translational, rotational, and gyroscopic
dynamics, and using relative wave elevation as excitation. This formulation is computationally efficient,
physically transparent, and directly applicable to controller design, bridging the gap between high-fidelity
simulations and existing engineering models while enabling a unified framework for both dynamic analysis
and control synthesis.
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3 Dynamic Mathematical Model of the FOWT

This section presents the mathematical formulation of the proposed floating offshore wind turbine
(FOWT) model. The objective is to derive a control-oriented, physically interpretable representation of the
platform dynamics based on force and torque balances.

The equations of motion of a floating offshore wind turbine (FOWT) include numerous nonlin-
ear contributions arising from aerodynamics, hydrodynamics, catenary forces, viscous and aerodynamic
damping, and large displacements. The dynamics of the turbine are governed by interactions among its
various components, including the blades, rotor, generator, tower, mooring lines, and floating platform. Fig. 1
illustrates the primary elements of a barge-type FOWT along with the main environmental disturbances:
wind and waves.
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Figure 1: Main components of a barge-type FOWT and reference axes: three controllable-pitch blades, a nacelle with
gearbox and generator, the tower, and mooring lines connecting the barge to the seabed. The x-axis is aligned with the
wind direction, the z-axis is vertical, and the y-axis is orthogonal to x and z.

The FOWT is modeled as a rigid body with six DoF describing its motion and orientation, plus one
additional DoF for the rotor speed. The translational degrees of freedom correspond to surge, sway, and
heave, while the rotational degrees correspond to pitch, roll, and yaw (Fig. 1). The x-axis is aligned with
the wind direction, toward which the nacelle is oriented; the z-axis is vertical with respect to the sea
surface, and the y-axis is orthogonal to both x and z axes. Rotations about these axes—roll, pitch, and
yaw—represent the angular motion relative to the inertial reference frame. Pitch and roll in particular
can induce large oscillations of the nacelle in fore-aft and lateral directions, potentially causing structural
damage. In the model, the wind is assumed to act along the x-axis, whereas wave forces may originate from
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arbitrary directions. Hydrodynamic forces due to currents are considered negligible for control purposes, as
they primarily produce translational displacement without generating aggressive nacelle oscillations. Table 1
summarizes some of the main variables and parameters of the mathematical model.

Table 1: Variables and parameters of the FOWT mathematical model.

Description Symbol Units
Translational motions: surge, sway, and heave X, 9,2 m

Rotational motions: roll, pitch, and yaw 0,¢,v deg

Rotor angular velocity w rpm
External forces (3D): aerodynamic and hydrodynamic 2F3 N

External torques (3D): aerodynamic and hydrodynamic XT3 N'm

Gyroscopic torque (3D) T, N-m

Rotor torque (1D) T, N-m
Translational dynamics matrix (damping and restoring) A; -
Rotational dynamics matrix (damping and restoring) A, -

The dynamic mathematical model presented in this Section 3 is organized into two Sections 3.1 and 3.2,
that introduce a linear state-space formulation that describes the translational and rotational dynamics
separately for clarity, with couplings incorporated subsequently.

Indeed, the inherently coupling of these models (Sections 3.1 and 3.2) is implemented in Section 4.4,
Specifically, it considers the coupling of translational degrees to rotational degrees, which is more relevant
than the reverse. This coupling is explicitly incorporated into the model through the torque terms, which
depend on translational velocities and accelerations. The influence of rotational motion on translational
dynamics is comparatively smaller and is therefore neglected to preserve model simplicity.

Besides, in the following development the wind turbine is considered a rigid body because platform
movements are more significant than those due to the tower flexibility, something that does not occur
in offshore bottom-fixed or onshore turbines. However, the elasticity of the mooring lines is included by
restoring coeflicients.

3.1 Translational Motion

At the equilibrium point of this system, it is possible to express the dynamic model of the three degrees
of translation as a state-space dynamic equation written as

. Fi,
M‘Et:At‘Et‘*‘[%Sl], ey
3x1
where ¢, is the translational state vector, given by:
Et: [x>y>2)x)y)Z]T (2)

 Thevariables x, y, z are the position relative to the equilibrium point. They refer to surge, sway, and heave
of the system, respectively.

o The variables x, y, z are the derivative of the position components.
The term M is the total mass of the system, which includes the added mass. The equation can be
normalized by dividing by M.
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The matrix A, is given by,

—Di3xs —Kizxs
A; = 3
' [ L343 03x3 ] 3)

where:

« D;=diag(Dx D, D) isthedamping coeflicient diagonal matrix, mainly due to the geometry of the
floating platform; these coefficients include viscous forces and radiation effects.

« K;=diag(K, K, K.) is the restoring coefficient diagonal matrix due to the mooring lines and the
barge buoyancy.

o I3.3 and 03,3 are the identity and zero matrix, respectively.
The summation ). F3, represents the accumulation of normalized external disturbances (wave and wind)
and the forces of control actions.

3.2 Rotational Motion

Similarly to the translational motion, the dynamic model of the rotational degrees at the equilibrium
point can be expressed as,

I'ér:Ar'£r+|:Tg:|+|:ZT3X1:| (4)

03><1 03><1

where &, is the rotational state vector.

& =[0.6,9,0,6.v] (5)

o The variables 8, ¢,y are rotation angles with respect to axes x, y and z, i.e., roll, pitch and yaw,
respectively (Fig. 1).

«  The variables 6, ¢, y are the derivative of the rotational variables.

«  The vector Ty is a feedback gyroscopic torque.

o Thesummation ). T3« is the accumulation of the normalized external perturbations and control actions
regarding the torques.

The term I is the inertia tensor of the system. The equation can be normalized by multiplying by the
inverse of this matrix. The matrix A, is given by,

_Dr3><3 _Kr3><3
A, = G
[ I3x3 033 ] )

where:

« D,=diag( Dy Dg D, )istherotational damping coefficient diagonal matrix due to the geometry
of the floating platform; they include viscous forces and radiation effects.

« K,=diag( K¢ Ky K, ) represents the rotational restoring coefficient diagonal matrix due to the
mooring lines.

o I3,3 and 0343 are the identity and zeros matrix, respectively.

In Eq. (4), the gyroscopic effect introduces feedback in the system. The gyroscopic torque vector T, due
to the angular moment of rotational components is,

Ty = [0, 6, 9] x (Lyor + Lgen) (7)
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where:

o Lyt = Iyot - Wrot, is the angular moment of the rotor, included blades.

o Lgen = Igen - Wgen, is the angular moment of generator.

where I,,; is the rotor inertia tensor, w,,; is the rotor angular velocity, I¢., is the generator inertia tensor
and wg., is the generator angular velocity. These angular moments may have a different direction and/or
sense, due to rotor orientation, gear transmission and mechanical couplings. If the two angular moments
have the same direction, they can be considered as a single angular moment vector. If the rotation axes of
the generator and the rotor are aligned with the x-axis, no gyroscopic moment will be generated in this axis,
and then the gyroscopic torque vector is described by Eq. (8).

0
Tg =~y (Lror + Lgen) (8)
¢ : (Lrot + Lgen)

Therefore, the model of the FOWT dynamics is represented by two linear vector equations, Eqs. (1)
and (4), which represent respectively the translational and rotational motions of the wind turbine. The inputs
to these equations are the hydrodynamic (Section 4.1) and aerodynamic (Section 4.2) forces and torques,
generated by the external disturbances (waves and wind), to which the control action will then be added.

4 External Forces and Torques

In the model, the system inputs consist of forces and torques induced by external perturbations—namely
waves (Section 4.1) and wind (Section 4.2)—as well as control actuators, which are detailed later. A simplified
wind turbine model is presented in Section 4.3, which contributes gyroscopic torque and aerodynamic forces
to the platform dynamics. Finally, Section 4.4 integrates all modules into a coupled model that captures the
primary feedback and interactions, providing the foundation for system identification and control design.

4.1 Hydrodynamic Forces

To study and illustrate the hydrodynamic forces and torques generated by waves, the motion of a semi-
submerged object is analyzed (Fig. 2). Due to the internal motion of the water particles, a drag force is
produced at the bottom of the wave that attracts the object laterally. The object is pushed upwards but is then
dragged laterally and finally is carried towards the bottom of the wave. The rectangle in Fig. 2 represents
the FOWT barge, where the Center of Gravity (CoG) must be below the Center of Buoyancy (CoB) for the
platform to be stable. In contrast, the Center of Aerodynamics (CoA) can be above both, near the nacelle.

For waves of significant height, i.e., large waves relative to the size of the platform, these forces will be
perceived as out of phase with respect to the time at which the wave crest reaches the CoG of the barge. This
lag can be modeled as a combination of the wave elongation and its derivative, which is advanced % cycle,
as expressed in (9).

Fh3><1 = Kh3><1 : (r + Dh3><1 . (.r (9)

where (, is the wave elevation minus the vertical displacement of the platform, and C . is its derivative. The
modeling of wave forces has been simplified as a function of the waves relative to the platform and their
relative velocity, as it is presented in Eqs. (10)-(12), which capture the main behavior, gain and phase, for the
purpose of control design.
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Figure 2: Horizontal and vertical hydrodynamic forces of FOWT platform are functions of the relative wave.

If the wavelength is very large compared to the dimensions of the barge, the signals can be assumed to
be in phase with the waves or their derivative.

o A drag force proportional to the relative velocity of the water with respect to the floating object appears

in the horizontal plane. This force is % cycle ahead of the vertical force. It can therefore be modeled as a
linear function of the derivative of the wave which introduces that lag.
Fh, = Dh- (¢ - %) (10)
Fh,=Dh-({, - ) (11)
where Dh is a drag coefficient that is function of the floating platform geometry, and {cand ¢ y are the
projection of the horizontal motion of the wave onto the x and y directions.

o An elastic force is exerted on the vertical axis. This force can be expressed as a function of the elevation
of the wave with respect to the object floating, i.e., the relative distance between the height of the wave
and the height of the object.

Fh,=Kh-({-2) (12)

where K is a buoyancy coefficient that depends on the barge geometry.

The hydrodynamic external torque, Th3,;, can be modeled by a cross product of the vector G2B = CoB —
CoG and the hydrodynamic force vector.

Thsy = G2B x Fhsy, (13)

For small platform angles, the vector G2B = CoB — CoG is almost aligned with the z-axis. In this case,
the z-axis torque may be insignificant, as expressed in Eq. (14).

|G2B|- Dh - (4} -5)

Thsq =~ ||G2B|- Dh - ({, - %) |» (14)
0
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4.2 Aerodynamic Forces

In addition to the hydrodynamic disturbances caused by waves, the aerodynamic effects generated by
wind must be considered. The two components of the aerodynamic forces acting on the wind turbine blades
can be expressed in terms of the wind speed (v), measured at the nacelle, the blade pitch angle (), and the
tip-speed ratio (A = w,o¢ - R/v), where w,,; is the angular speed of blades and R is the blade length:

o The blades lift force (Fa;) is function of the lift coefficient (C;) and the square of the wind speed.
Fa;=C;(B,A)-v* (15)

o The blades drag force Fb is function of the drag coefficient C; and the square of the wind speed.
Faq=Cy(B, 1) v, (16)

where, C;(f,1) and C;(3, A) are tabulated functions of the blade pitch angle and the tip-speed ratio.

The values of the local lift and drag coeflicients, as well as other parameters, may vary depending on
the design and specific operational conditions of the wind turbine. For a control-oriented model, a rotor
averaged performance of lift and drag forces around the nominal conditions is more appropriate. The tip
speed ration is function of w and v, therefore the lift and drag coefficients may be linearized at wind turbine
nominal conditions as functions of (§, v, w) as it is shown in (17).

aC aC aC

Fa; (B,v,w) = (Faln + ﬁi (B=PBn) + y’j (% - %) + 8wi (w- wn)) v (17a)
aC aC aC

Fag (B,v, @) » (Fadn +ﬁ(ﬁ—ﬁn)+ﬁ(%— Vi) v o (w—wn))-vz (17b)

where Fa,,, Fa,,, f, and A, denote the nominal values used to obtain the nominal lift and drag forces.

For wind aligned with the nacelle, lateral and vertical aerodynamic forces can be neglected, resulting in
the vector of aerodynamic forces shown in Eq. (18).

Fa,(B,v, w)
Fas. » 0 (18)
0

o  The aerodynamic forces acting on the wind turbine generate the following torque components:

« Thetorque on the x-axis is the torque of rotor, i.e., Ta; = R - Fa;, which is mainly generated by the blades
lift forces acting at a distance proportional to the blade radius.

«  The torque on the y-axis is the pitching torque, i.e., Ta, = |G2A| - Fa4, which is mainly generated by the
blades drag forces at a distance called G2A, defined as the distance from the CoG to the CoA of the
FOWT, which is a greater than R.

o  The torque on the z-axis can be neglected if the nacelle is oriented to the wind, as it is usually the case.

For small pitch angles, under nominal conditions the external torque vector may be approximated
by Eq. (19).

R-Fa;(B,v,w)
Tasx ~ ||G2A|- Fay (B, v, w) (19)
0
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The lateral forces that would appear if there were a yaw alignment error have not been considered, since
it is assumed that the nacelle is aligned with the wind by the wind turbine’s yaw control, although in any case
these effects will be lower than the considered drag force (Eq. (18)).

4.3 Wind Turbine Rotor Dynamics

In a wind turbine, it is common to control the rotor speed through two signals: the electromagnetic
torque, Tgen, and the blade pitch angle, 3, depending on the operating region in which the wind turbine is
working, which in turn depends on the wind speed (low-wind and high-wind regions, respectively) [45].
The forces and torques generated by these actuators are also modeled as a linear combination of the control
signal and its derivative, in order to capture the phase shift of the actuators.

The rotor and generator are connected by a gearbox with a ratio of N, and therefore their angular
velocities are proportional. Thus, the dynamics of the entire system can be modeled as a function of the rotor’s
angular velocity, including the equivalent inertia of the generator. For this purpose, the effective inertia of
the system is defined as I, = I,or + N - Igep.

Although the system behaves as a first-order system with respect to the rotor’s angular velocity, the
electrical component of the generator is subject to inductive effects. These effects introduce extra inertia
into the generator current; therefore, it is necessary to add another order to the model by introducing the
derivative of the angular velocity in the system state. The wind turbine’s behavior is represented in Eq. (20).

Ia) : fw = Aw . Ew + Tav,ﬁ + Tew,e (20)

where:

o  The wind turbine state vector is given by,

Eo=[0,0]" (21)

o  The variables w, w are the derivative and angular speed of rotor, and the generator speed is N - w.
o  Theterm I, is the total inertia of the system. his term may be used to normalize the dynamic coefficients
of the model.

The matrix A, is given by,

-L, -D,
Aw:[ 1 0 :| (22)

where:

o D, is the damping coeflicient, mainly due to mechanical friction in the system.
o L, is the induction coefficient, mainly due to the inductive inertia of the generator current.

The dynamics of the wind turbine are perturbed by a sum of different torques acting on the rotor:

»  Ta, pistheaerodynamic torque, which is proportional to the effective wind captured by the turbine and
the blade pitch angle control signal. The effective wind speed is modified by the degrees of freedom of
the wind turbine, primarily the rotational DoFs, which generate large fore-aft oscillations of the nacelle.
The blade aerodynamics, which depend on the pitch angle as discussed earlier, also strongly influence
this torque.

o Te,, is the counter-torque produced by the generator when mechanical energy is converted into
electrical energy. This signal is controllable but also introduces its own control loop because this torque
is implicitly proportional to the generator’s angular velocity.



12 Comput Model Eng Sci. 2026;147(1):20

At nominal conditions the wind torque input may be approximated by Eq. (23), where Fb,,, is a function

of .

(23)

R-Fa;(B,v,w
Tav"g%[ 15)/3 )]

The electromagnetic torque input may be approximated by Eq. (24), where 7., is the torque control
signal.

—Tgen
Tey,e ~ [ ge :| (24)

This mathematical development captures the main forces and moments acting on the FOWT.

4.4 Model Integration and Coupling

Once the different forces and moments experienced by a wind turbine have been obtained, this section
performs an integration of the different components of the dynamic model to analyze the coupling between
the DoFs. Fig. 3 shows a block diagram that considers the main couplings between translational, rotational,
and wind-turbine DoFs in response to external disturbances. The system is composed of linear blocks with
feedback, which facilitates its identification through classical techniques.

]
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d Y
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Wind(v) Tays = [0 Fuv. @) Ao w2 T
Tgen]  Eq.(23) o = o, 0]"
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Figure 3: Integration of external forces and torques in the FOWT model. The external inputs are waves and wind
(blocks with a white background). Based on the calculation of effective waves and wind, the two upper blocks represent
the translational dynamics of the FOWT, the middle ones the dynamics of the wind turbine, and the lower ones the
rotational dynamics of the FOWT including gyroscopic torque.

The inputs to the model are wind speed and wave elongation. For cross-swells, the effective waves that
excite the degrees of freedom (x, y, 6, ¢) can be modeled as a function of the wave direction, y, as described
in Eq. (25).

(x = ((/) = ('COS(Y)
{y =Co=(-sin(y) (25)
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Furthermore, the surge and sway motions affect the effective wave through the feedback from Eq. (2).
Regarding the effective wind speed captured by the wind turbine, it is disturbed by the fore-aft motion of
the nacelle, due mainly to the rotational motion of the FOWT, and is therefore represented by feedback
from Eq. (4).

The force module, represented by Eqs. (10)-(12) and (18), works with the relative wave elongation,
(¢ - z) and the relative horizontal speed (( - )’c), both supplied by feedback from Eq. (2). The force module
also depends on the aerodynamic coefficients, which are functions of the wind speed, the blade pitch angle,
and the rotor speed, (8, v, ), the latter supplied by feedback from Eq. (20). The torque module, Eqs. (14)
and (19), works similarly. The coupling of the translational and rotational DoFs occurs through the hydrody-
namic torque, which depends on the derivative of the surge and sway. However, yaw is only excited indirectly
through gyroscopic coupling with the other rotational degrees of freedom. This gyroscopic coupling is
avoided in vertical-axis wind turbines, where all elements rotate with respect to the z-axis.

The wind turbine model, Eq. (20), is excited by the aerodynamic and generator torques, Eqs. (23)
and (24), which are functions of the effective wind and the control signals. In addition, the wave disturbance
affects these torques as a simplified way to represent the effect of nacelle motion.

It is important to point out that the translational model shown in Eq. (2) influences the rotational model
presented in Eq. (4) through feedback in the torque module, but not the other way around. Because they
are independent, the translational model can be identified in advance. This significantly reduces the number
of parameters to be estimated at each stage of identification. The relative signals used in the model can be
measured in an experimental setting for identification purposes.

In a model as this, with so numerous feedback loops, achieving convergence is challenging. Therefore,
less significant components were excluded when describing the forces. In addition, the model was further
simplified by retaining only the dominant effects. As shown later, these components can be identified
separately, leading to a stable model.

5 Identification of the NREL 5 MW FOWT Model
5.1 Wind Turbine Description

The parameters of the general model presented in the previous section are identified for a specific
turbine. Synthetic data for all degrees of freedom (DoFs) considered in the simplified model were generated
using the high-fidelity simulation software OpenFAST. These data were subsequently used to identify the
parameters of the proposed linear model via the MATLAB System Identification Toolbox.

This work employs the National Renewable Energy Laboratory (NREL) 5 MW floating offshore wind
turbine [46], specifically mounted on the ITI Energy barge platform [47]. The main characteristics of this
FOWT are summarized in Table 2. The turbine features an 8-line mooring system (two lines at each barge
corner) and is a variable-speed, collective pitch-controlled machine.

5.2 Excitation and Response

Model identification requires exciting the system around its nominal operating point. To this end, the
FOWT was subjected to realistic input signals. To ensure sufficient excitation of the relevant dynamics, the
OpenFAST simulations are performed under combined wind and wave loading conditions. The wind field is
generated using a turbulent wind model, while wave excitation corresponds to a predefined sea state. Fig. 4
shows the excitation signals over two intervals: 0-600 s (used for model identification) and 600-1200 s (used
for validation). The inputs comprise wind, wave, and actuator control signals, as shown in Fig. 4.
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Table 2: Main parameters of the NREL 5 MW FOWT.

Parameter Value Unit
Rated rotor speed 12.1 rpm
Rated wind speed 11.4 m/s
Rated mechanical power 5.3 MW
Blade length 63.0 m
Hub height 87.6 m
Barge dimensions (L x W x H) 40 x40 x 10 m
Barge draft 4 m
Static barge tilt angle 2.86 deg
60 'FOWT Actflation and‘Perturbati'on Signals'
N Wave Height (m)
sl / \ Wind (m_/s) e
Blade Pitch angle (°)
i Gen Torque (kNm) A

ol | \/ | J\WM———\\ i

Identification Validation

>
<X

Y

20

[ ]

LT
10

o

'.'\\"[M""f‘fv\\'ﬁ””“‘ Wi T "‘”{"'\ il M'T\MWM]."1'|b|‘ﬂ‘~‘\,rl uwl i “lef l“’“'“u i«'ﬁ{l\"'l‘

-10 : : : : :
0 200 400 600 800 1000 1200

Time (s)

Figure 4: Excitation signals for system identification. Time series of irregular wave elevation (blue), wind speed
(orange), collective blade-pitch angle (yellow), and generator torque (purple) over the identification and validation
periods.

The FOWT was excited with high-irregular waves corresponding to Sea State Number (SSN) 6 on the
Douglas Sea Scale, generated using a JONSWAP spectrum [48] to induce significant barge motion. Waves
were introduced at a 30° angle of attack («) relative to the surge axis to simultaneously excite multiple DoFs.
This oblique incidence projects wave forces onto the surge, sway, pitch, and roll DoFs.

Wind speed, generated around 14 m/s, incorporates small step changes (F'ig. 4, orange line) to perturb
the system’s gain and dynamics.

Actuator signals—collective blade-pitch angle and generator torque—were designed as chirp signals
comprising segments of varying frequency and amplitude (Fig. 4, yellow and purple lines). This design excites
the system over a broad frequency range to facilitate comprehensive dynamic identification.

The OpenFAST response of the 5 MW FOWT to these excitations is shown in Fig. 5 (top) depicts the
rotor speed (rpm, blue line) and generator output power (MW, orange line). External disturbances from
wind and waves significantly affect both variables. Step-like changes in wind speed produce corresponding
transient responses. Furthermore, nacelle motion modulates the effective wind speed, inducing oscillations
in rotor speed and power, primarily driven by wave-induced rotational dynamics. These simulations were
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performed without feedback control; consequently, increased wind speed leads to uncontrolled rotor
acceleration and higher power generation.
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Figure 5: Open fast response of the 5 MW barge FOWT to excitation signals. Top, rotor speed (blue) and generated
power (orange). Middle, translational degrees of freedom, heave (black), sway (orange) and scaled-down surge (blue).
Bottom, rotational degrees of freedom, roll (blue), pitch (orange) and yaw (black).

Wave excitation perturbs all DoFs (Fig. 5, middle and bottom). As anticipated, wind primarily affects
surge (Fig. 5, middle, blue line) and induces a mean offset in pitch (Fig. 5, bottom, orange line). Even more, as
shown in Fig. 5 (the middle one), the surge can cause the FWOT structure to shift approximately 20 m. This
occurs when the wind begins to push and the turbine moves backward, because the mooring lines allow this
drift. Therefore, to identify the model, it will be necessary to use the wave displaced to the FOWT position,
which will be handled by the effective wave block in Fig. 3.

Rotor speed variations must be included in the model due to their influence on the gyroscopic effect’s
angular momentum and the blades’ aerodynamic coeflicients. For translational DoFs: surge exhibits a strong,
wind-dependent response; sway shows a transient followed by an oscillatory, wave-dominated response; and
heave correlates directly with wave elevation. For rotational DoFs: roll and pitch are highly correlated with
waves, while yaw responds at distinctly different frequencies. Additional coupling effects between DoFs,
though not visually apparent, will be captured via mathematical identification.
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5.3 Model Identification

Control actuators are incorporated as model inputs. For the 5 MW barge-type turbine, as for most
wind turbines, two control signals are available: generator electromagnetic torque (7,.,) and collective blade-
pitch angle (). The operational region—determined by wind speed (below or above rated)—dictates which
actuator is primary [45]. The forces and torques from these actuators are modeled as a linear combination
of the control signal and its derivative to capture actuator phase dynamics.

While rotor speed (w) is primarily excited by wind, it is also coupled with other DoFs through changes in
the effective rotor-swept area and relative wind speed. The normalized rotor speed equation to be identified is:

&= (Lo Dy)- ( Z ) +(Tfbar Tfbye)- ( Z: ) + Tov+ (Tag  Thp)- ( ﬁ )+ ToTgen (26)

where coefficients are normalized by the wind turbine effective inertia I,,. Terms L,, and D,, represent rotor
inertia and damping. T fb,; and T f by represent a simplified translational-DoF feedback in effective wave
computation, capturing phase shift. T, quantifies wind speed influence. T;5 and Ty capture the blade-pitch
actuator dynamics. T, represents the generator torque influence. Rotor speed couples into other FOWT
DoFs, primarily those affected by drag and lift coefficients (e.g., surge in Eq. (18)).

The translational DoF equations are:

i = (Ds Kx)-(i)+(thx Fhkx)-(?‘)+Fadw-w+Favx-v+(Fadx Fakx)-(g) (27)

(7 s

j=([D, K,) (y)+(thy Fhy,) (( ) (28)
Yy

z= (D, Kz)-(j)+(thz Fhkz)-(g) (29)

where coefficients are normalized by the FOWT mass and added mass, M, D and K represent the inherent
damping and stiffness of each DoE. Fh(.y and Fhy.) model hydrodynamic wave forces, required to capture
the phase shift under real conditions. Fa,,, relates aerodynamic force to rotor speed via the drag coefficient.
Fa,, captures the primary aerodynamic force from wind. Fa,, and Fay, represent blade-pitch influence on
aerodynamic forces, capturing actuator phase dynamics.

As aresult, added mass effects are implicitly included in the normalized model coefficients, even though
they are not modeled explicitly as separate terms.

The rotational DoF equations are:

é: (Dg Kg) ( g ) + (Thdg T]’lkg) ( gz )+ Thgj,)./

+ Tag,v + (Tads Taky) - ( g ) + TegTgen (30)

b= 00 kY5 s mi)(3) s physes

+ Gy + Tagowy + Tag,v + (Tad¢ Tak¢) ( g ) (31)
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=Dy, Ky)- ( z ) +(Fdy Fky)- ( g ) + GW& + Cyow (32)

where coefficients are normalized by the FOWT inertia I. Thy .y and Thy .y represent wave-induced torques.
Coupling terms are included: Thgj (roll-surge), Fhy; (pitch-surge), and gyroscopic couplings G4, and
G, 4 between pitch and yaw. Aerodynamic, and control input coeflicients follow a structure similar to the
translational case.

The parameters for the selected FOWT were estimated using OpenFAST simulation data and the
MATLAB System Identification Toolbox. Discrete transfer functions for the seven Eqs. (26)-(32) were
identified using ARX (Autoregressive with Exogenous Input) models [49]. This choice is motivated by the
need for a computationally efficient and transparent identification framework that is consistent with the
control-oriented nature of the proposed model. Both wind and wave excitations are considered, depending
on the degree of freedom being identified. The ARX structure employed two poles to capture the common
second-order dynamics and a zero for inputs with derivative influence.

Fig. 6 validates the identified model (orange dashed line) against the OpenFAST nonlinear simulation
(blue line). The root mean square error (RMSE) between the signals quantifies the model accuracy.
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Figure 6: Model validation for rotor speed (top) and generated electrical power (bottom). OpenFAST high-fidelity
simulation (blue) vs. identified linear model (dashed orange).

The identified model replicates the OpenFAST response effectively, capturing the correct frequencies
and amplitudes for both rotor speed and power. Output power is proportional to rotor speed and generator
torque; the identified proportionality constant encapsulates the gearbox ratio and generator efficiency.

Fig. 7 shows the validation for the translational DoFs, with fit quality assessed via the RMSE. The
identified model accurately captures surge behavior despite its distinct frequency response. Sway is well-
represented at low frequencies, though some high-frequency components are less precise. Heave is modeled
with high fidelity. Cumulative errors for surge and sway are minimized.
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Figure 7: Model validation for translational DoFs: surge (top), sway (middle) and heave (bottom). OpenFAST
simulation (blue) vs. identified ARX model (orange dashed).

Similarly, Fig. 8 presents the validation for rotational DoFs. Roll and pitch, which exhibit predominantly
linear behavior, are identified accurately. Yaw dynamics are more nonlinear, resulting in a less precise match;
the model captures the frequency but slightly underestimates the amplitude, suggesting a potential need for
a more complex nonlinear model for this DoF.

The fitted discrete models were converted to continuous state-space to extract the parameters
in Eqgs. (26)-(32). For the rotational DoFs (Eqs. (30)-(32)), the resulting identified transfer functions yield
the following continuous representations (coeflicients rounded for brevity):

6 = (~0.0182 —0.2819)( 6 ) +(~0.5280 0.01895)( o )

0 Co
+0.00089v + (0.02184 0.00335) - ( g )+ (0.007686  0.002594) - ( ige” ) (33)
gen
¢ = (-0.1048 —0.2678)( z ) +(0.4314 -0.0662) ( g‘" ) +0.0214v + (0.1906  —0.0244) ( ﬁ ) (34)
9
= (- 0.01222 -0.02913 ) ( z ) +(-0.1316 0.04354)( g )

+0.03978¢ + (0.1542 0.00808)( Z ) (35)



Comput Model Eng Sci. 2026;147(1):20 19

Models Validation RMSE=0.48276
10F T T T T FAST Roll
— _ b — — — - ARX Roll
[«)) A i
[9)
B '}
04
10t 1 1 | | | 4
600 700 800 900 1000 1100 1200
RMSE=0.66035
' ;o o ' FAST Pitch
550 ,‘ — — — - ARX Pitch
ﬁ A s ’ o /\,/ Al A
g 0 AT o &
o 1
\ ]
5t 1 1 1 1 1 =
600 700 800 900 1000 1100 1200
RMSE=1.8032
FAST Yaw
ey — — — -ARX Yaw
(o]
[0}
2
=
©
>-

600 700 800 900 1000 1100 1200
Time(s)

Figure 8: Model validation for rotational DoFs: roll (top), pitch (middle) and yaw (bottom). OpenFAST simulation
(blue) vs. identified ARX model (orange dashed).

For pitch and roll, the identification achieved optimal results considering only disturbances (waves,
wind) and relevant control signals (blade-pitch and, for roll, generator torque). Other inputs provided
negligible improvement. Yaw dynamics are distinct, being directly perturbed only by waves. While control
signals have no direct effect, gyroscopic coupling with pitch and rotor speed are significant perturbations.

As a summary;, it is possible to conclude that

«  Roll and pitch are linear and well-identified.

o  Surge and heave capture hydrodynamic and aerodynamic influences accurately.

«  Yaw requires consideration of nonlinear effects for higher fidelity.

o Couplings between DoFs are effectively represented by torque and gyroscopic interactions.

6 Analysis and Control Design

6.1 Frequency Domain Analysis

This section analyzes the system response to wave perturbations in the frequency domain [50]. The
primary objective is to identify which degrees of freedom (DoFs) most critically affect energy production and
which pose the greatest risk to structural stability and safety. Ensuring structural integrity and preventing
emergency shutdowns is paramount, with particular concern for the pitch and roll DoFs. Oscillations in
these modes induce fore-aft and side-to-side nacelle movements, leading to accelerated fatigue and potential
structural damage.

Waves represent the dominant external disturbance, especially under aggressive sea states common in
many offshore locations. The analysis focuses on the frequency response of the rotational DoFs (roll, pitch,
yaw) to wave excitation characterized by a JONSWAP spectrum for Sea State Number 6 (SSN6), which
provides significant energy to excite these modes.
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Fig. 9 compares the power spectral density (PSD) of SSN6 waves with the magnitude (gain) of the
transfer functions from wave excitation to the rotational DoFs, as derived from the identified models
(Egs. (33)-(35)).

12 Frequency Domain Analysis
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Figure 9: Wave disturbance and rotational DoF frequency response. Wave power spectral density (blue solid line) and
magnitude of the transfer functions for Wave-to-Roll (red dashed), Wave-to-Pitch (yellow dash-dot), Wave-to-Yaw
(purple dotted), and the gyroscopic Pitch-to-Yaw coupling (green dotted).

The resonance frequencies for roll (red) and pitch (yellow) align closely with the peak of the wave energy
spectrum. In contrast, the yaw mode (purple) resonates at a significantly lower frequency. This confirms that
roll and pitch are more susceptible to direct wave excitation, as observed in the time-domain simulations.
Furthermore, when waves approach at an oblique heading angle, the effective wavelength increases (and
the effective frequency decreases), potentially shifting the spectral peak closer to the pitch and roll natural
frequencies and thereby amplifying oscillations.

The gyroscopic coupling from pitch to yaw (green), calculated by applying the pitch gain to the
identified pitch-to-yaw transfer function, exhibits two minor peaks at the natural frequencies of yaw and
pitch. Its magnitude decays rapidly across most of the wave frequency range, indicating a secondary
influence compared to direct wave excitation. This coupling between yaw and pitch through the gyroscopic
effect means that if we reduce the pitch oscillation, we will also automatically reduce the yaw oscillations.
Nevertheless, in light of the results, as explained in the roll control problem, the gyroscopic moments of
the rotor and the generator could have cancelled each other out by design. To give greater weight to the
gyroscopic effect, it would be necessary to redesign the gearbox to avoid a change in the direction of rotation.

Altering the resonant frequencies of critical DoFs would require structural redesign—a core aspect of
control co-design that relies on a deep understanding of the system dynamics. The presented frequency-
domain analysis provides a tool for iteratively evaluating new designs and formulating mathematical criteria
for performance optimization.

An alternative solution is to implement active control loops that modify the dynamic response of the
resonant DoFs, attenuating peak gains and reducing damaging oscillations. To demonstrate this approach,



Comput Model Eng Sci. 2026;147(1):20 21

a simple control loop is designed using the identified linear model and subsequently validated on the high-
fidelity nonlinear simulation.

6.2 Control Design and Validation

A control strategy is proposed to modify the turbine’s dynamic response by feeding back rotational
states to the available actuators. The design is based on the identified transfer functions relating the control
signals (collective blade-pitch angle, 8, and generator torque, 7g.,) and disturbances to the rotational DoFs,
specifically Eqs. (34) and (35) for roll and pitch.

Initial analysis considers proportional (P) feedback. The root locus for roll control (Fig. 10) indicates

that, in principle, stable closed-loop poles can be achieved using either the blade-pitch or generator
torque actuator.
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Figure 10: Root locus for roll DoF control. System poles (x’s and squares for open and closed loop) and zeros (circles)
with proportional feedback via (left) blade-pitch angle and (right) generator torque. Open and closed loop poles are
overlapped.

However, the FOWT presents a strongly under-actuated control problem: the authority of the actuators
is severely limited relative to the disturbance forces acting on the platform. Realistic maximum feedback
gains must be estimated based on actuator saturation limits and expected oscillation amplitudes. Assuming
actuation margins of +8° for blade-pitch and +15 kNm for generator torque, and desired control ranges of
+10° for roll and +5° for pitch, the maximum feasible gains are calculated (Table 3).

Table 3: Estimated maximum feedback gains based on actuator saturation limits.

Control Loop Max. Gain [Actuator Unit/deg]
Roll to Blade-Pitch 8/10 = 0.8
Roll to Generator Torque 15/10 = 1.5
Pitch to Blade-Pitch 8/5=16

Applying these maximum gains to the roll loop results in closed-loop poles (blue squares in Fig. 10)
virtually overlapping the open-loop poles, indicating negligible performance improvement. The blade-pitch
effect on roll is inherently weak. The similarly weak effect of generator torque was unexpected and is likely due
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to the gearbox configuration. Typically, the generator rotor turns opposite to the blades to mitigate gyroscopic
effects, causing the generator’s electromagnetic torque to be compensated by the aerodynamic torque on the
blades, nullifying its net effect on the roll moment. This insight highlights how such analysis can inform
co-design, suggesting that a gearbox redesign could enhance this control pathway.

In contrast, proportional control for the pitch DoF shows greater promise. The root locus (Fig. 11, left)
allows for meaningful pole relocation. The achievable closed-loop poles (blue squares), constrained by the
maximum gain from Table 3, provide a damping ratio of approximately 0.4.
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Figure 11: Root locus for pitch DoF control. With proportional (P) control (left). With Proportional-Derivative
(PD) control (right). Open-loop poles (circles), closed-loop poles with P regulator (squares), and with PD controller
(triangles).

Performance is improved by adding a derivative (D) term to provide phase lead, increasing the damping
ratio. The resulting PD controller places the closed-loop poles closer to the real axis (blue triangles, Fig. 11,
right). With the actuator saturation constraint, the achievable closed-loop system has a damping ratio of
0.27 and a natural frequency of 0.45 rad/s, moving it farther from the peak wave excitation frequency. The
designed PD controller is:

B = Brom + 2(0.7¢'> +0.7¢) (36)

The effectiveness of the PD controller is first evaluated in the frequency domain (Fig. 12). The closed-
loop transfer function (yellow, top) shows a significant reduction and shift of the resonance peak compared
to the open-loop system (orange). The bottom graph plots the product of the wave PSD and the pitch gain,
representing the propagated energy density. The reduction in the area under this curve (the integral) provides
a direct index for control tuning or co-design optimization.

Time-domain verification using the linear model (Fig. 13) confirms the controller’s performance. Under
combined wind and irregular wave disturbances, the PD controller (black line, top) reduces the pitch
oscillation amplitude from approximately 6° to 3°, compared to the uncontrolled response (blue line). The
phase shift observed in both responses is induced by the wind disturbance. To discount this shift, the
standard deviation is used as a performance index, yielding a reduction factor of 0.43 with PD control.
The corresponding control signal (bottom) remains within the specified +8° limit, saturating only rarely.
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Frequency Domain Analysis
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Figure 12: Frequency-domain analysis of pitch control. Top: Magnitude of the open-loop (orange) and PD closed-loop
(yellow) transfer functions gain from waves to pitch vs. wave energy density (blue). Bottom: Propagated wave energy
density spectrum for the open-loop (blue) and closed-loop (orange) cases and integral values.
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Figure 13: Linear model time-domain verification of pitch PD control. Top: Pitch angle for the uncontrolled (blue) and
PD-controlled (black) linear model. Bottom: Applied blade-pitch control signal.
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Finally, the controller is validated on the high-fidelity OpenFAST nonlinear model (Fig. 14). The PD
control law (Eq. (36), with Bhom = 8°) is implemented in Simulink, and the system is subjected to the same
disturbance sequence.
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Figure 14: Nonlinear model (OpenFAST) validation of pitch control. Top: Pitch angle for the uncontrolled (blue) and
PD-controlled (black) nonlinear model simulation. Bottom: Applied blade-pitch control signal.

The results closely match the linear model verification. The PD controller reduces pitch oscillations from
~6° to ~3°, with brief intervals near 4° due to strong wind events that induce a mean pitch offset—an effect
the controller cannot fully reject due to performance limitations. Consequently, the reduction in the standard
deviation index is slightly less pronounced than in the linear case. The control signal operates within its
bounds, oscillating around the nominal value and only deviating significantly to counteract sustained wind-
induced moments. This confirms the appropriateness of the gain limitation and demonstrates the successful
translation of the linear design to the complex nonlinear system.

7 Conclusions and Future Work

Wind energy is fundamental to the global transition towards sustainable power. The expansion into
offshore environments, particularly with floating wind turbines (FOW'Ts), introduces significant engineering
and control challenges related to dynamic stability and load mitigation in harsh marine conditions. To
enhance the efficiency and structural integrity of these systems, there is a pressing need for simulation models
that facilitate both the redesign of components and the synthesis of advanced control strategies.

This work addresses this need by developing and validating a simplified, interpretable linear model
of a FOWT, derived from first principles. The model successfully encapsulates the essential dynamics,
including aerodynamic, hydrodynamic, inertial, and gyroscopic couplings between the platform’s six degrees
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of freedom, the rotor, and the primary actuators. Its key advantage lies in its utility as a rapid and transparent
tool for parametric studies, control design, and preliminary co-design analysis, bridging the gap between
complex high-fidelity simulation and conceptual engineering.

Although the modelling methodology based on the analysis of the forces can be applied to any floating
device, the model’s fidelity was rigorously demonstrated through identification from and validation against
the industry-standard OpenFAST high-fidelity software for the NREL 5 MW barge-type reference turbine.
This software is accepted as a standard in the literature given the lack of real data on wave activity relative to
the turbine.

Crucially, a pitch control strategy designed solely using this simplified model was successfully imple-
mented on the full nonlinear OpenFAST simulation. In general terms, it has been shown that the energy
density for the entire frequency range is reduced by about 50% in the closed-loop against the open-loop
for at SSN 6. When tested for these extreme conditions, the platform pitch amplitude was kept below 10°,
validating the model’s approximation for these conditions and proving its practical value for control-co-
design workflows. In fact, it is assumed that floating wind turbines must cease production for structural safety
reasons if platform oscillations exceed 10 degrees, as blade movement contributes to this instability. Therefore,
the article identifies the model for a sea state that generates oscillations around this magnitude. For lower
sea states, the wind turbine can operate normally, and control would not be necessary. For higher sea states,
this model would still be valid since it captures larger rotations very well (Fig. 8), but the actuators would
likely not provide sufficient actuation capacity to control the system, as this is a significantly under-actuated
control problem.

The subsequent analysis yielded several critical insights. The frequency-domain study quantitatively
confirmed that pitch and roll are the modes most susceptible to wave-induced resonance, directly linking
external excitation to structural fatigue. Furthermore, the control analysis revealed a fundamental limitation:
the severe under-actuation of the platform stabilization problem. Specifically, the achievable control author-
ity for roll mitigation is constrained by existing mechanical design choices, such as gearbox configurations
that cancel actuator effects. This finding strongly advocates for an integrated control-structure co-design
philosophy from the earliest development stages. Conversely, the gyroscopic coupling, often viewed as a
disturbance, was characterized and could potentially be harnessed in future designs for passive or semi-active
vibration mitigation.

In summary, this research provides a validated methodological framework that connects system
identification, dynamic analysis, and constrained control design for FOWTs. The implications extend the
tools available for engineers to expand the operational envelope and longevity of floating wind turbines,
contributing to the advancement of more reliable and cost-effective marine renewable energy technologies.

Looking ahead, this foundation opens several productive avenues for future work. The logical next
step is to leverage the identified model within advanced, multi-variable control architectures, such as Model
Predictive Control (MPC) or robust H., synthesis, to optimally manage the trade-offs between power
regulation, platform stabilization, and actuator load. The limitations observed, particularly the nonlinearity
in the yaw response and the constrained roll control, motivate the development of enhanced nonlinear model
variants and the explicit formulation of co-design optimization problems. In such frameworks, mechanical
parameters (e.g., gearbox ratio, ballast distribution) and controller gains could be jointly optimized against
metrics like the propagated wave energy density introduced in this study. Finally, extending the analysis to
include a wider range of environmental conditions and integrating the model with high-cycle fatigue analysis
tools would provide a direct pathway to evaluating the long-term economic impact of different design and
control choices on the levelized cost of energy.
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