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Abstract. Accurate modelling of nonlinear wind turbine blade dynamics is essential for the reliable design and operation of 

modern wind turbines. Wind turbine blades have complex shapes with spatially varying sectional properties, twists and 

curvatures. The dynamics of long, flexible blades are strongly influenced by geometric nonlinearities, centrifugal effects, and 

material anisotropies. Conventional linear beam models are inadequate for capturing these complexities, since they are not 10 

designed to handle large deformations and nonlinear couplings. This study presents a high-fidelity nonlinear reduced-order 

model (ROM) for predicting the structural dynamics of modern wind turbine blades. The ROM uses a biorthogonal modal 

basis derived from the intrinsic mixed formulation of geometrically exact beam theory. The structural model is coupled to a 

high-fidelity unsteady vortex lattice solver in a two-way fluid-structure interaction framework, improving on the traditional 

blade element momentum method. The proposed model was validated using numerical and experimental results from the 15 

NREL 5-MW and SNL CX-100 wind turbine blades. Benchmark tests demonstrate that the ROM successfully captures the 

wind turbine blade’s nonlinear frequency response to harmonic loads and dynamic response to transient loads, including 

extreme wind gust, wind shear, and turbulence. Among the wind load cases tested, the ROM’s maximum out-of-plane tip 

displacement error was 0.77% of reference tip deflection, compared with 20.90% for conventional linear time-invariant 

models. This framework has applications in wind turbine control, structural health monitoring, fatigue life studies, and digital 20 

twins. 

Abbreviations 

Table 1 List of abbreviations 

Abbreviation Description 

EOG Extreme Operating Gust 

EWS Extreme Wind Shear 

ETM Extreme Turbulence Model 

FOM Full-Order Model 

GEBT Geometrically Exact Beam Theory 
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IGEBT Intrinsic Geometrically Exact Beam Theory 

LTI Linear Time-Invariant 

ROM Reduced-Order Model 

SHARPy Simulation of High Aspect Ratio Planes in Python 

UVLM Unsteady Vortex Lattice Method 

Nomenclature 

Table 2 List of symbols 25 

Symbol Definition 

𝑖, 𝑗, 𝑘 Element indices; 𝑖, 𝑗, 𝑘 ∈ {1,⋯ , 𝑛} 

𝑟, 𝑠, 𝑡 Polynomial order indices; 𝑟, 𝑠, 𝑡 ∈ {1,⋯ ,𝑚} 

𝑉	 Linear velocity 

𝛺	 Angular velocity 

𝐹	 Internal force 

𝑀	 Internal moment 

𝑃	 Linear momentum 

𝐻	 Angular momentum 

𝛾	 Linear strain 

𝜅	 Rotational strain 

𝑘 Twist and curvature per unit length 

𝑓!"#	 External forces 

𝑚!"#	 External moments 

𝐶$%	 Transformation matrix from global frame 𝐴 to local frame 𝐵 

𝐶%& Transformation matrix from inertial frame 𝐺 to global frame 𝐴 

𝑔	 Gravity vector  

𝑞	 Generalized coordinates 

𝑥	 Spatial coordinate along the blade reference line 

Φ	 Shifted Legendre basis function 

𝑈	 Direct eigenvector basis function 

𝑊	 Adjoint eigenvector basis function 

𝜂 Modal coordinates 
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(∙)′	 Spatial derivative with respect to the blade reference line 

(∙)̇	 Time derivative 

(∙)I	 Skew-symmetric operator 

(∙)J	 Perturbed quantity 

(∙)'	 Reduced model 

1 Introduction 

Global demand for wind power is increasing rapidly, with installed capacity projected to grow at 5.2%, or 194 GW, each year 

from 2026 to 2030 (Gwec, 2026). To meet rising electricity demand, wind farms are built on a wide variety of sites, including 

complex terrains, offshore locations, and high-turbulence locations in tightly packed layouts. Wind turbines operate under 

intense wind flow environments, including high wind speeds, atmospheric and wake turbulence, transient wind loads, and 30 

frequent wind direction changes (Fig. 1). Traditional analytical flow field models oversimplify unsteady and spatially varying 

flows, resulting in inaccurate power and load predictions (Porte-Agel et al., 2020). High-fidelity surrogate modelling of wind 

farm flow fields is a growing research topic, including the use of adjoint methods (Antonini et al., 2020) and machine learning 

(Romero et al., 2024; Hasanpoor et al., 2025). Concurrently, wind turbines are trending toward larger rotor diameters due to 

their higher power output and lower cost per MW. From 2012 to 2025, the largest wind turbines have increased from 6 MW 35 

with 73.5 m-long blades to 26 MW with 153 m-long blades currently under testing (Alstom, 2012; Dongfang, 2024). In deep-

water offshore wind farms, wind turbines are built on floating spars or platforms, whose wave-induced motions strongly 

influence wind turbine blade dynamics. These trends pose a great challenge for modern wind turbine blade design and 

operation. Wind turbine blades are flexible, light-weight composite structures with high aspect ratios and can deflect by more 

than 10% of their span during operation. Due to intense cyclic wind loads, fatigue has become the leading cause of blade 40 

failure (Dai et al., 2022; Machado and Dutkiewicz, 2024). Poor wind turbine reliability results in safety and environmental 

hazards, high maintenance costs, reputational damage, and financial losses from downtime. 

As wind turbine blades become longer, lighter, and slenderer, their dynamics are increasingly influenced by geometric 

nonlinearities. Under large deflections, the relation between applied force and strain becomes nonlinear due to the dependency 

of the blade’s effective stiffness, inertia distribution, and internal load path on its deformed shape (Palacios and Cesnik, 2023). 45 

Several studies have compared geometrically nonlinear models to linear models of wind turbine blades. Manolas et al. 

(Manolas et al., 2015) found a more than 100% increase in torsional moment in a NREL 5-MW wind turbine blade due to 

nonlinear flexural-torsional coupling. Qu et al (Qu et al., 2020) found that geometrically nonlinear effects increased the blade 

root lifetime fatigue damage for a 10-MW wind turbine in almost all wind load cases studied. Wang et al (Wang et al., 2026) 

found a 13.9% difference in maximum flapwise blade deflection and 13.6% difference in out-of-plane aerodynamic loads 50 

between linear and nonlinear models for a 15MW wind turbine operating at rated wind speed.  
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Figure 1: a) Offshore 6-MW wind turbines with 73.5 m-long blades (photo by Dennis Schroeder, NLR/DOE), b) blade failure in a 
generic wind turbine (photo by Dietmar Händel, CC BY 2.0 license). 

Modern wind turbine blades have complex cross-sectional shapes with axial twists and curvatures, spatially varying blade 55 

properties, and anisotropies such as passive twist-bend coupling. Three prevalent beam theories used for modelling wind 

turbine blades are the linear Euler-Bernoulli, Timoshenko, and geometrically exact beam theory (GEBT) (Rafiee et al., 2017). 

Linear Euler-Bernoulli beam theory assumes that cross sections remain perpendicular to the beam centreline and uses small 

angle approximation for deflections. Therefore, it cannot model large beam rotations associated with geometric nonlinearities. 

Timoshenko beam theory can model cross-sectional rotations with respect to the centreline but is limited to small rotation 60 

angles. Large rotations can be modelled in the floating frame of reference formulation by superimposing small elastic 

Timoshenko deformations onto large rigid-body motions. However, the decoupling of elastic and rigid-body motion may lead 

to inaccuracies for highly nonlinear dynamic cases (Shabana, 1997). To address the geometric limitations of linear beam and 

multibody methods, GEBT was developed from the nonlinear rod theories of Reissner (Reissner, 1973) and later extended to 

a three-dimensional finite element framework by Simo and Vu-Quoc (Simo and Vu-Quoc, 1988). GEBT is a Hamiltonian 65 

reference line model based on a deforming space curve with rigid sliding cross-sections translating and rotating independently. 

It can be formulated in terms of global displacements (displacement-based) or local strains (intrinsic mixed formulation) 

(Palacios and Cesnik, 2023). Unlike linear beam theories, GEBT can model arbitrarily large displacements and rotations in the 

elastic range. As wind turbine blades become longer and more flexible, an increasing number of wind turbine simulators use 

GEBT (e.g. SHARPy (Del Carre et al., 2019) and Beamdyn (Wang et al., 2015)). 70 

Reduced-order models (ROM) of wind turbine dynamics play a critical role in wind turbine control, structural health 

monitoring, fatigue life studies, and digital twins. Full-order GEBT solvers such as SHARPy and BeamDyn are too 

computationally expensive for real-time state estimation. For these applications, model reduction must be performed. 

Displacement-based GEBT, due to its high dimensionality and high-order nonlinearity from tracking global rotations, is 
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typically reduced using Taylor-based methods. A linear time-invariant (LTI) model of wind turbine blade dynamics can be 75 

produced by taking a first-order Taylor expansion about a steady state operating point and then reduced via modal projection 

or moment matching (Hesse and Palacios, 2012; Jonkman et al., 2018). Additionally, higher-order Taylor expansion terms can 

be retained to produce a nonlinear ROM (Gözcü et al., 2023). However, Taylor-based methods are only accurate for small 

perturbations about the steady state because the global inertia, stiffness, and damping properties, which are configuration-

dependent, become constant upon linearization.  80 

The intrinsic GEBT (IGEBT) formulation has been studied in several recent wind turbine aeroelasticity research papers 

(Wang et al., 2026; Wang et al., 2025). However, these studies do not address the model order reduction of IGEBT for control 

and digital twin applications. IGEBT is convenient for nonlinear model order reduction due to its frame invariance and low-

order (quadratic) nonlinearity (Hodges, 2003). Its governing equations can be projected onto a reduced basis to create a 

quadratically nonlinear ROM. Even with a linear basis, the ROM can capture large deformations due to the use of local strain 85 

coordinates. Several methods can be used to produce a reduced-order basis. Frequency-based methods, such as the harmonic 

balance method, project the system onto a truncated Fourier basis (Siami and Nitzsche, 2023). These methods are mainly suited 

for periodic steady-state dynamic responses to harmonic loads and are less effective for transient responses to arbitrary loads 

such as wind gusts and turbulence. To address this limitation, recent frameworks have utilized signal windowing functions to 

condition non-periodic loads and boundary conditions for the Fourier transform (Pamfil et al., 2026). Data-driven methods 90 

such as proper orthogonal decomposition extract energy modes from a given dataset using singular value decomposition (Peters 

et al., 2023; Baisthakur and Fitzgerald, 2025). While highly versatile, data-driven methods can exhibit limited generalization 

outside the training bounds. Eigen-based methods compute the natural vibration modes of the blade linearized at a steady state 

operating point (Artola et al., 2022; Althoff et al., 2012). Natural modes offer strong generalizability around the steady state 

and can be further extended with nonlinear normal modes or modal derivatives to cover a wider operating regime (Palacios, 95 

2011; Wu et al., 2019). However, these additions can significantly increase the computational cost of the model. 

Current wind turbine control design largely relies on LTI models to approximate the blade’s structural dynamics (Jonkman 

et al., 2018; Wright and Fingersh, 2008). This study proposes a nonlinear ROM created by projecting the IGEBT equations 

onto the vibration modes of the blade. To the authors’ knowledge, IGEBT-based ROMs for wind turbine blade dynamics has 

not yet been studied in research literature. Several challenges are associated with this approach. First, the natural vibration 100 

modes taken about a rotating steady state are non-orthogonal and coupled due to gyroscopic effects. The resulting truncated 

modal basis can result in inaccurate forced-response and frequency-response predictions (Genta, 2005). Second, the vibration 

modes of a wind turbine blade cannot be obtained analytically due to its spatially varying material properties and geometry, 

necessitating finite element discretization of the IGEBT equations. The goal of this study is to produce a highly accurate and 

computationally efficient ROM that captures the nonlinear dynamics of a real operational wind turbine blade subjected to 105 

unsteady and unevenly distributed loads. The three main contributions of this paper are: 

1. The formulation of a compact hierarchical spectral finite element discretization of the IGEBT equations for a realistic, 

spatially varying wind turbine blade. In subsequent text, this model will be referred to as the full-order model (FOM). 
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2. The formulation of a robust, spectrally accurate reduced-order model (ROM) of the IGEBT equations using linearly 

independent biorthogonal vibration modes for a rotating wind turbine blade. In subsequent text, this model will be 110 

referred to as the ROM. 

3. Validation of the biorthogonal ROM by comparing with experimental measurements available in the literature 

(Paquette et al., 2011; Farinholt et al., 2012), and benchmarking its performance against conventional LTI and modal 

reduction methods using advanced frequency response analysis and transient wind load cases applied in a high-

fidelity, two-way aeroelastic framework. 115 

Numerical benchmarks were based on SHARPy, an open source aeroelastic software developed and extensively validated 

by Imperial College London (Del Carre et al., 2019). SHARPy uses a displacement-based GEBT solver for modelling structural 

dynamics and an unsteady vortex lattice method (UVLM) solver for computing aerodynamic loads. This solver has been 

extensively benchmarked against OpenFAST and actuator line method simulations (Muñoz-Simón, 2021). To test its 

performance under realistic wind loads, the ROM was tightly coupled to SHARPy’s UVLM solver in a two-way aeroelastic 120 

framework. Realistic load cases based on standard IEC 61400-1 were used in the performance assessment. 

2 Structural Model 

IGEBT is a Hamiltonian system derived from momentum balance and intrinsic kinematic equations of a body in motion. It 

describes the nonlinear dynamics of beams with arbitrary cross-sections, material properties, twists and curvatures. This study 

models the wind turbine blades as cantilever beams rotating at a prescribed angular velocity. This study will focus on the 125 

dynamics of the wind turbine blade, excluding from the formulation the response of the nacelle and tower. In addition, 

structural damping is neglected due to the low damping ratio of wind turbine blades (Jonkman et al., 2009; Paquette et al., 

2011). 

2.1 IGEBT Equations 

The IGEBT equations are expressed in terms of linear velocity 𝑉, angular velocity Ω, internal force 𝐹, and internal moment 𝑀 130 

coordinates in the deformed local frame 𝐵 (Fig. 2) (Hodges, 2003). Equations 1 and 2 are the equations of motion of the blade 

derived from momentum balance, while Equations 3 and 4 are the intrinsic kinematic equations derived from the generalized 

strain-displacement and velocity-displacement relations as follows: 

𝐹′ + M𝑘N + 𝜅̃P𝐹 + 𝑓!"# = 𝑃̇ + ΩR𝑃, (1) 

𝑀′ + M𝑘N + 𝜅̃P𝑀 + (𝑒̃( + 𝛾T)𝐹 +𝑚!"# = 𝐻̇ + ΩR𝐻 + VR𝑃, (2) 

𝑉′ + M𝑘N + 𝜅̃P𝑉 + (𝑒̃( + 𝛾T)Ω = 𝛾̇, (3) 

Ω′ + M𝑘N + 𝜅̃PΩ = 𝜅̇, (4) 
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where 𝛾 and 𝜅 are the linear and rotational strains, respectively, 𝑃 and 𝐻 are the linear and angular momentums, respectively, 

𝑘 is the twist and curvature per unit length, 𝑒( is the unit vector [1,0,0], 𝑓!"# and 𝑚!"# are the external forces and moments, 135 

respectively. Here, (∙)′	denotes the spatial derivative with respect to the blade reference line and (∙)I  is a skew-symmetric 

operator. The strain (𝛾, 𝜅) and momentum (𝑃,𝐻) terms are related to the intrinsic mixed coordinates (𝑉,Ω, F,M) through the 

6 × 6 cross-sectional stiffness and mass matrices along the blade, i.e., 

]𝛾𝜅^ = _
𝑅(𝑥) 𝑆(𝑥)
𝑆(𝑥)) 𝑇(𝑥)c ]

𝐹
𝑀^, (5) 

]𝑃𝐻^ = d
𝜇(𝑥)Ι* −𝜇(𝑥)𝜉i(𝑥)
𝜇(𝑥)𝜉i(𝑥) 𝐼(𝑥)

k ]𝑉Ω^ = _
𝐺(𝑥) 𝐾(𝑥)
𝐾(𝑥)) 𝐼(𝑥) c ]

𝑉
Ω^, (6) 

where 𝑥 is the spatial coordinate along the blade reference line, 𝑅, 𝑆, 𝑇 are the 3 × 3 cross-sectional flexibility coefficient 

matrices, 𝜇 is the mass per unit length, 𝜉	is	the	mass	centre	offset	of	the	cross-section	from	the	reference	line,	𝐼	is	the	mass	140 

moment	of	inertia	per	unit	length,	and	Ι	is	the	identity	matrix. 

 
Figure 2: Reference frames used for coordinate conversion: 𝑮 is inertial frame, 𝑨 is global frame, 𝒃 is undeformed local frame, 𝑩 is 
local frame (material frame). 

In this study, the flapwise (𝑍$) and edgewise (𝑌$) directions refer to the directions perpendicular and parallel to the local 145 

blade chord, respectively. The out-of-plane (𝑍%) and in-plane (𝑋%𝑌%) directions refer to the directions normal and tangential to 
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the rotor plane, respectively. The intrinsic blade strains in local frame 𝐵 are converted to global displacements in frame 𝐴 

using the generalized strain-displacement and velocity-displacement relations (Hodges, 2006). Frame 𝐴 is attached to the rotor 

hub axis and rotates with the rotor at angular velocity Ω% (a single frame 𝐴 is used for the whole rotor). Each wind turbine 

blade is modelled as a cantilever beam with a prescribed local angular velocity Ω+ at the blade root. 150 

𝑉(0, 𝑡) = 0,									Ω(0, 𝑡) = Ω+ = 𝐶$%Ω%,										𝐹(𝐿, 𝑡) = 𝐹, ,										𝑀(𝐿, 𝑡) = 𝑀, ,	 (7) 

where transformation matrix 𝐶$% is governed by the angle of twist and curvature at the blade root. The inertial gravity vector 

𝑔& is transformed to the local gravity vector 𝑔$ according to the blade’s current azimuth angle and local deformed orientation:  

𝑔$- + M𝜅̃ + 𝑘NP𝑔$ = 0, (8) 

𝑔$+ = 𝐶$%𝐶%&𝑔& ,	 (9) 

where transformation matrix 𝐶%& is governed by the current azimuth angle of the blade and 𝑔$+  is the local gravity vector at 

the blade root. The local gravity vector 𝑔$ for the remainder of the blade is solved through forward integration of Equation 8.  

2.2 Spatial Discretization 155 

The FOM is created using a hierarchical spectral finite element method, where the IGEBT model of the wind turbine blade is 

projected onto 𝑛 spectral elements of order 𝑚. Legendre polynomials, shifted from their original range [-1,1] to [0,1] for 

convenience, are chosen as the basis function due to their orthogonality, smoothness, and exponential convergence properties 

resulting in highly accurate models. The intrinsic coordinates are represented by Legendre basis functions Φ'(𝑥.)  and 

generalized coordinates 𝑞',.(𝑡): 160 

where element index 𝑖 ∈ {1,⋯ , 𝑛}, polynomial order index 𝑟 ∈ {1,⋯ ,𝑚}, 𝑥. is the spatial coordinate along the blade element 

reference line, 𝐿. is the element length, 𝒫 is the shifted Legendre polynomial function, and 𝑣,𝜔, 𝑓,𝑚 are 3 × 1 vectors.  

A Galerkin projection is performed by replacing the intrinsic state variables with a Legendre trial solution, pre-multiplying 

the IGEBT equations with each Legendre basis function and integrating over the spatial domain. This procedure transforms 

the governing partial differential equations into a set of ordinary differential equations (Patil and Hodges, 2011). Physically, 165 

the projection yields an energy conservation relation equating the rate of change of the blade’s total energy (kinetic and 

potential) to the rate of work done by external aerodynamic and gravity loads. To evaluate these integrals for a wind turbine 

blade with spatially varying properties, the Gauss-Legendre quadrature is employed. The resulting discretization is a first-

order, quadratically nonlinear ODE in time, with a total size of 𝑁0 = 12𝑚𝑛 (representing the 6 strain and 6 velocity states). 

Φ'(𝑥.) = �
𝒫'1((𝑥. 𝐿.⁄ ) 0 0

0 𝒫'1((𝑥. 𝐿.⁄ ) 0
0 0 𝒫'1((𝑥. 𝐿.⁄ )

�, (10) 

𝑞.(𝑡) = [𝑣(,.(𝑡) 𝜔(,.(𝑡) 𝑓(,.(𝑡) 𝑚(,.(𝑡) ⋯ 𝑣2,.(𝑡) 𝜔2,.(𝑡) 𝑓2,.(𝑡) 𝑚2,.(𝑡)]), (11) 

https://doi.org/10.5194/wes-2026-131
Preprint. Discussion started: 17 August 2026
c© Author(s) 2026. CC BY 4.0 License.



9 
 

𝐴.3𝑞3̇ + 𝐵.3𝑞3 + 𝐶.34𝑞3𝑞4 +𝐷. = 0, (12) 

(𝐴.3)'5 = 𝔸'5,.𝛿.3, (13) 

(𝐵.3)'5 = 𝔹'5,.𝛿.3 + 𝕃'5,.𝛿.,31( +ℝ'5,.𝛿.,36(, (14) 

(𝐶.34)'5# = ℂ'5#,.𝛿.3𝛿.4, (15) 

(𝐷.)' = 𝔻',., (16) 

where 𝑟, 𝑠, 𝑡 ∈ {1,⋯ ,𝑚} and 𝑖, 𝑗, 𝑘 ∈ {1,⋯ , 𝑛}. 𝔸'5,., 𝔹'5,., ℂ'5#,., 𝔻',., 𝕃'5,., and ℝ'5,. are elemental submatrix blocks. The 170 

detailed expressions for these submatrix blocks are presented in Appendix A. Matrices 𝐴.3 , 𝐵.3 , 𝐶.34 are constant and computed 

one time offline. Column vector 𝐷., which contains external forcing terms, must be updated at each timestep. 

2.3 Modal Reduction 

For a given set of boundary conditions, the FOM (Equation 12) is reformulated in terms of perturbations (𝑞�) about the steady 

state solution (𝑞55). The linearized perturbed system is expressed as: 175 

𝐴�.3𝑞�7̇ + 𝐵�.3𝑞�3 = 0, (17) 

𝐴�.3 = 𝐴.3, (18) 

𝐵�.3 = 𝐵.3 + M𝐶.34 + 𝐶.43P𝑞455.	 (19) 

When linearized about a rotating steady state (𝑞55 ≠ 0), the natural modes of the system are complex and non-orthogonal 

due to gyroscopic terms. Upon truncation, this coupled modal basis may lead to inaccuracies in forced-response and frequency-

response predictions. To obtain a consistent modal representation of the non-self-adjoint system, a biorthogonal modal basis 

is used (Meirovitch, 1997; Patil, 2000). The direct and adjoint complex eigenvectors (𝑢 and 𝑤, respectively) are computed 

from their corresponding eigenvalue problems: 180 

𝜆𝐴�𝑢8 = −𝐵�𝑢8, 𝑝 = 1,⋯𝑁0 (20) 

𝜆𝐴�)𝑤8 = −𝐵�)𝑤8, 𝑝 = 1,⋯𝑁0 (21) 

where 𝜆 represents the eigenvalues of the linear system. The normalized direct and adjoint eigenvectors expressed in terms of 

𝑁0 real vectors (𝑈� and 𝑊� , respectively) satisfy the following biorthogonality relations: 

𝑊� )𝐴�𝑈� = Ι9! ,	 (22) 

𝑊� )𝐵�𝑈� = 𝐵  , (23) 
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where	𝐵   is a block diagonal matrix and Ι is the identity matrix. To produce a reduced basis, 𝑈� and 𝑊�  are truncated to 𝑁' real 

vectors (𝑁' ≪	𝑁0) to form the basis functions 𝑈,𝑊 ∈ ℝ9!×9". The nonlinear ROM is created via a Petrov-Galerkin projection 

of the perturbed FOM onto this truncated modal basis. 185 

𝐴'𝜂̇ + 𝐵'𝜂 + 𝐶'𝜂𝜂 + 𝐷' = 0,  (24) 

𝑞� = 𝑈𝜂, (25) 

𝐴' = 𝑊)𝐴�𝑈, (26) 

𝐵' = 𝑊)𝐵�𝑈, (27) 

𝐶' = 𝑊)𝐶�(𝑈 ⊗𝑈), (28) 

𝐷' = 𝑊)𝐷£, (29) 

Biorthogonality yields a diagonal representation of the linearized dynamics in the full eigenvector basis (𝑈� and 𝑊� ), with 

modes decoupled at the linear level and coupled only through the nonlinear quadratic terms. Upon modal truncation to a 

reduced subspace (𝑈 and 𝑊), the projected linear operator remains diagonal in the retained modes. This leads to a ROM in 

which linear modal interactions are eliminated, allowing nonlinear effects to be isolated more clearly and improving the 

physical interpretability of the resulting dynamics. 190 

3 Fluid-Structure Interaction 

To translate complex wind flow fields into realistic unsteady wind loads on the turbine blade, a UVLM aerodynamic solver is 

used (Del Carre et al., 2019). UVLM is a potential flow model that assumes inviscid, incompressible, and irrotational 

conditions. Due to the irrotational assumption, UVLM is not suitable for detached flow modelling (e.g. stall conditions). Since 

the main operating regime of a wind turbine is attached flow, we deem this approximation appropriate and rely on the UVLM 195 

model for our aerodynamic load predictions. UVLM can account for complex flow features, such as unsteady and spatially 

varying flow fields, spanwise flow effects, wind direction changes, and velocity variations due to turbulence. UVLM is a 

higher fidelity method than the conventional blade element momentum method, which relies on empirical and analytical 

correction factors for unsteady and spatially varying flows (Madsen et al., 2011; Rahimi et al., 2016; Madsen et al., 2003). In 

this study, the SHARPy UVLM solver is used. 200 

In SHARPy, the NREL 5-MW wind turbine blade is discretized into 28 spanwise panels and 8 chordwise panels based on 

earlier wind turbine studies (Muñoz-Simón et al., 2020; Muñoz-Simón, 2021). This corresponds to 14 quadratic elements along 

the blade reference line, each with different but constant stiffness and mass properties. For consistency, the same material 

property distribution was applied to the FOM and ROM. Aerodynamic loads were collocated onto 27 nodes along the blade 

reference line, with the two hub nodes excluded (Fig. 3 and Fig. 4). Each aeroelastic simulation included three wind turbine 205 
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blades with three helicoidal blade wakes. To reduce the computational cost, the wake vortex panel convection was prescribed 

using the background wind flow only (self-induction was excluded). Studies have shown that the difference in computed 

aerodynamic loads with and without self-induced wake convection is minimal (Murua et al., 2012; Muñoz-Simón, 2021).  

    
Figure 3: Vortex lattice discretization of the NREL 5-MW wind turbine blades and wake. 210 

 

 
Figure 4: Close-up of vortex lattice discretization for one blade. 

The structural model is tightly coupled to a UVLM aerodynamic solver in a two-way aeroelastic framework. The relative 

wind velocity at the blade surface is governed by the background wind flow, the blade’s kinematic velocity, and the upwash / 215 

downwash induced by the wake vortices. Based on this relative wind velocity, the UVLM solver outputs the aerodynamic 

forces and moments at 27 nodes along the blade. At each timestep, the aerodynamic loads, structural deformation, velocities, 

and blade orientation are updated iteratively until successive blade coordinates converge within 1 × 101* m and aerodynamic 

loads converge within 1 × 101* N (Fig. 5). This iterative time stepping process is summarized in Fig. 5.  

Node 3Node 29 Node 1
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 220 
Figure 5: Algorithm for iterative aeroelastic coupling between the fluid mechanics (UVLM) and structural (ROM) components for 
each timestep 𝓵. 

4 Test Cases 

The FOM solver was first validated against experimental data from static tests on the SNL CX-100 wind turbine blade. Once 

the FOM solver was validated, a ROM of the NREL 5-MW wind turbine blade dynamics was created using the biorthogonal 225 

modal reduction method outlined in Sect. 2. The ROM performance was then benchmarked against full SHARPy simulations. 

SHARPy was deemed a reliable reference due to its extensive testing and validation against OpenFAST and actuator line 

methods, including for the NREL 5-MW wind turbine blade (Muñoz-Simón, 2021). A summary of all the tests conducted in 

this study is presented in Table 3. 
 230 
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Table 3: Summary of test cases used for validation 

No. Test Blade Description 

1 Static load  

(Sect. 5.1) 

SNL 

CX-100 

The cantilevered blade was pitched at 5.25° and tilted downward such that under 

full load, the applied forces are perpendicular to the deformed blade (Paquette et 

al., 2011). The blade was loaded at three locations as indicated in Fig. 6, with a 

string pot installed at each load saddle to measure the vertical deflection. 

2 Modal hammer 

(Sect. 5.1) 

SNL 

CX-100 

The natural frequencies of the cantilevered blade were excited using hammer 

impacts and recorded with piezoelectric transducers (Farinholt et al., 2012).  

3 Frequency response 

(Sect. 5.2.1) 

NREL 

5-MW 

The nonlinear frequency response of the blade under a harmonic flapwise 

distributed load of 60 N/m was computed (Bekhoucha et al., 2013). The ROM’s 

frequency response was compared to the FOM.  

4 Wind load cases 

(Sect. 5.2.2) 

NREL 

5-MW 

Three operationally relevant wind load cases from the IEC 61400-1 standard were 

applied to the ROM and LTI models to compare their performance: extreme 

operating gust, wind shear, and turbulence. All load cases start from the rated 

wind speed (11.4 m/s) and include gravity loads. The wind turbine, assumed be 

IEC 61400-1 Class IA, was set to rated speed (12.1 rpm) and 0° collective blade 

pitch for the full simulation duration. 

The CX-100 is an experimental fiberglass wind turbine blade designed by Sandia National Laboratories (SNL). The blade 

is 9 m long and has a 29.6° twist. The blade is composed of a glass fibre reinforced epoxy shell with carbon fibre spar caps 

and a balsa wood shear web (Berry and Ashwill, 2007). The cross-sectional stiffness and mass properties at 40 locations along 235 

the blade, derived using asymptotic modelling, were provided by Los Alamos National Laboratory (Fleming and Luscher, 

2013).  

 
Figure 6: CX-100 blade static load experiment setup. 

Saddle 3

Load Cell

Crane

7.26m3.00m
Saddle 1

5.81m
Saddle 2
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CX-100
Blade
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b) 
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The NREL 5-MW wind turbine is a theoretical wind turbine designed by the National Laboratory of the Rockies 240 

(previously named National Renewable Energy Laboratory, or NREL). This is a widely used reference turbine design for 

numerical experiments conducted in wind energy research. The basic properties of the NREL 5-MW wind turbine are presented 

in Table 4.  
Table 4: Properties of NREL 5-MW wind turbine (Jonkman et al., 2009) 

Tower height 90 m 

Rotor, hub diameter 126 m, 3 m 

Blade length 61.5 m 

Total twist 13.308° 

Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s 

Rated speed 12.1 rpm 

5 Results and Analysis 245 

Based on convergence results from an earlier study, we chose Legendre polynomials of order 10 as the starting point for 

creating the FOM (Patil and Hodges, 2011). A mesh refinement study concluded that three elements of equal length were 

required for static convergence and dynamic stability of the wind turbine blade (𝑛 = 3,𝑚 = 10). Subsequently, a ROM basis 

was derived by linearizing the FOM about a rotating and unloaded state (Ω% = 12.1	𝑟𝑝𝑚, rated speed). An LTI model was 

derived from SHARPy at the same operating point. In time domain simulations, an implicit midpoint algorithm was selected 250 

to integrate the ROM due to its second-order accuracy and unconditional stability. A timestep size corresponding to a 0.5° 

azimuth increment per timestep at rated rotation speed (approximately 6.9 × 101* seconds) was used for all cases. To simulate 

wind loads, both the ROM and LTI models were coupled to the UVLM aerodynamic solver in the two-way aeroelastic 

framework presented in Sect. 3. 

5.1 Experimental Validation and Benchmarking 255 

The results of the static and hammer benchmark tests on the SNL CX-100 wind turbine blade are presented in Fig. 7 and Table 

5. The FOM blade deflections match very well with experimental results at the first two saddles, but diverge slightly at the 

third saddle, with a maximum difference of 0.072 m (11.4%) compared with the experimental deflection. The static results 

from the FOM closely match published numerical data from NREL’s BeamDyn solver, which also concluded that the 

experimental blade is slightly stiffer in the flapwise direction than the numerical model (Wang et al., 2015). It is noteworthy 260 

that these numerical models used the same blade cross-sectional data. In the impact hammer test, the average difference in the 

first eight natural frequencies between FOM and experimental results is 4.5%. In both tests, the FOM result is an almost exact 

match with SHARPy. 
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Figure 7. Comparison of CX-100 blade deflection along span between FOM, SHARPy, and experiment (Paquette et al., 2011). 265 

Table 5: Benchmark of CX-100’s natural frequencies (Farinholt et al., 2012) 

Description Type Experiment (Hz) FOM (Hz) / %1 SHARPy (Hz) / %1 

Mode #1 Flapwise 4.35 4.85 (11.5%) 4.85 (11.5%) 

Mode #2 Edgewise 6.43 5.85 (9.0%) 5.87 (8.7%) 

Mode #3 Flapwise 11.51 12.85 (11.6%) 12.89 (12.0%) 

Mode #4 Flapwise 20.54 20.31 (1.1%) 20.37 (0.8%) 

Mode #5 Edgewise 23.11 25.68 (11.1%) 25.79 (11.6%) 

Mode #6 Flapwise 35.33 40.30 (14.1%) 40.46 (14.5%) 

Mode #7 Torsion 46.27 46.18 (0.2%) 46.24 (0.1%) 

Mode #8 Edgewise 48.64 47.62 (2.1%)  47.78 (1.8%) 

Note 1: Percent difference compared with experimental results. 

5.2 Performance Evaluation  

The ROM’s performance under dynamic loads was benchmarked against SHARPy simulations based on frequency and time-

domain tests on the NREL 5-MW wind turbine blade.  270 
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5.2.1 Modal Analysis 

The results for the natural frequencies of the FOM and SHARPy models in both stationary and rotating configurations match 

well. The modes and natural frequencies were computed using the generalized Schur decomposition method. The first six 

modes are shown in Table 6.  
Table 6: NREL 5-MW wind turbine blade modelled natural frequencies 275 

 

A frequency response analysis was performed using four harmonics (Fig. 8), consistent with the typical ranges in literature  

(Bekhoucha et al., 2013), and was found to provide converged results in the present study. To obtain representations of the 

FOM and ROM in Fourier space, the harmonic balance method was used. The frequency response curves were then computed 

using the pseudo-arclength method. A convergence study concluded that a minimum of 20 biorthogonal modes were required 280 

to approximate the nonlinear frequency response of the FOM (Fig. 9a). The performance of the biorthogonal modes stands in 

contrast with that of direct modes, which exhibit a distorted frequency response. On the other hand, the LTI model, which 

cannot capture geometric nonlinearity, is represented by a vertical line at the natural frequency. To assess the effect of modal 

truncation on time-domain accuracy, a convergency study was done on the steady state velocity error of the rotating blade tip 

under a steady 11.4 m/s wind load (Fig. 9b). At steady state, the velocity of the blade tip relative to the rotating global frame 285 

𝐴 should be zero, and any non-zero velocity constitutes an error. The convergence results show that when the modal basis is 

small (<12 modes), biorthogonal modes achieve a lower steady state velocity error than direct modes. Beyond this level, both 

models achieve a similar degree of accuracy under steady state loading. 

 𝛀𝑨 = 𝟎 rpm 𝛀𝑨 = 𝟏𝟐. 𝟏 rpm 

Description Type FOM  

(Hz) 

SHARPy 

(Hz) 

% 

Diff. 

Type FOM  

(Hz) 

 SHARPy 

(Hz) 

% 

Diff. 

Mode #1 Flapwise 0.669 0.676 1.0% Flapwise 0.721 0.727 0.9% 

Mode #2 Edgewise 1.072 1.080 0.7% Edgewise 1.080 1.087 0.7% 

Mode #3 Flapwise 1.920 1.951 1.6% Flapwise 1.979 2.009 1.5% 

Mode #4 Edgewise 3.805 3.855 1.3% Edgewise 3.825 3.876 1.3% 

Mode #5 Flapwise 4.349 4.435 1.9% Flapwise 4.403 4.489 1.9% 

Mode #6 Torsion 5.712 5.720 0.1% Flapwise 5.716 5.724 0.1% 
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Figure 8: Frequency response under a 60 N/m harmonic distributed flapwise force for the FOM backbone curve (locus of 290 
resonance peaks), ROM (biorthogonal modes), and ROM (direct modes) at the first natural frequency. a) Root flapwise bending 
moment, b) root torsion.  

Figure 9: Modal truncation convergence analysis for biorthogonal and direct modes. a) Frequency error at the ROM’s resonance 
peak relative to the FOM backbone, b) steady state tip velocity error relative to rotating global frame 𝑨.  295 

5.2.2 Transient Wind Load Cases 

The transient wind load cases adapted from IEC 61400-1 are summarized in Table 7 and focus on the out-of-plane 

displacements and torsional deformations of the blade. Out-of-plane tip displacements are induced by normal wind forces, 

which constitute the largest and most critical load direction. On the other hand, torsional deformation strongly influences the 

angle of attack and aerodynamic loads in the coupled aeroelastic system. In-plane displacements are not included as they are 300 
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mainly influenced by gravity rather than aerodynamic loads. The time histories of the out-of-plane tip displacement (𝑍% 

direction) and torsional tip deformation (𝑋% direction) are plotted in Figs. 10 to 12, with maximum errors summarized in Table 

8.  
Table 7: Load cases tested. 

Load case Description Start time 

EOG 
Wind gust with an amplitude of +4.2 m/s and a total duration of 10.5s, as defined in 

IEC 61400-1. 
𝑡 = 8	𝑠 

EWS 
Wind shear disturbance superimposed on a steady wind profile (power exponent = 

0.2) over a period of 12 seconds, as defined in IEC 61400-1.  
𝑡 = 8	𝑠 

ETM 

Von Karman turbulence with a reference intensity of 𝐼'!0 = 0.16 and longitudinal 

standard deviation of 𝜎 = 3.51, as defined in IEC 61400-1. As a simplifying 

assumption, the wind profile is uniform across the rotor face with wind speed 

fluctuations occurring in the streamwise direction only. 

𝑡 = 0	𝑠 

 305 
Figure 10: EOG response: SHARPy baseline, ROM, and LTI. a) Out-of-plane tip displacement, b) torsional tip deformation. 

 
Figure 11: EWS response: SHARPy baseline, ROM, and LTI. a) Out-of-plane tip displacement, b) torsional tip deformation. 
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Figure 12: ETM response: SHARPy baseline, ROM, and LTI. a) Out-of-plane tip displacement, b) torsional tip deformation. 310 

Table 8: Comparison table for maximum errors of ROM and LTI compared with SHARPy. 

Load Case Out-of-Plane Displacement Max. Error (m) / %1 Torsional Deformation Max. Error (°) / %1 

ROM LTI ROM LTI 

Steady 0.051 (0.86%) 0.76 (12.87%) 0.11 (5.87%) 0.85 (45.25%) 

EOG 0.052 (0.66%) 1.50 (19.07%) 0.11 (6.03%)  1.80 (94.14%) 

EWS 0.048 (0.59%) 1.23 (14.91%) 0.13 (4.59%) 1.23 (44.66%) 

ETM 0.068 (0.77%) 1.86 (20.90%) 0.29 (10.26%) 1.89 (66.68%) 

Note 1: Percent difference compared with maximum deformation in SHARPy. 

 The results generally show that the ROM outperforms the LTI model in time response predictions. Due to two-way 

aeroelastic coupling, structural dynamics errors compound with aerodynamic load errors. Table 9 shows the aerodynamic 

coefficient errors of the ROM and LTI models under a constant wind speed of 11.4 m/s during one full blade revolution and 315 

under the wind gust load case (Fig. 13). 

Figure 13: Comparison of blade coefficients along the normalized blade span at EOG peak between SHARPy baseline, ROM, and 
LTI: a) Out-of-plane, b) in-plane. 

 320 
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Table 9: Aerodynamic coefficient errors during steady state (one full blade revolution) and EOG wind load case. 

 Out-of-Plane Coefficient Error / % In-Plane Coefficient Error / % 

 ROM LTI ROM LTI 

Steady wind Max.: 1.50e-3 (0.36%) 
MAE: 8.95e-4 (0.21%) 

Max.: 4.44e-2 (9.40%) 
MAE: 2.39e-2 (4.99%) 

Max.: 1.16e-3 (1.02%) 
MAE: 8.33e-4 (0.77%)  

Max.: 2.47e-2 (21.97%) 
MAE: 1.52e-2 (13.02%) 

EOG Max.: 2.33e-3 (0.37%) 
MAE: 9.23e-4 (0.22%) 

Max.: 7.44e-2 (11.75%) 
MAE: 2.58e-2 (5.19%) 

Max.: 6.22e-4 (0.35%) 
MAE: 7.98e-4 (0.75%)  

Max.: 6.47e-2 (30.97%) 
MAE: 1.72e-2 (13.47%)  

Note 1: Percent difference compared with SHARPy results. MAE is mean absolute error for the simulation duration. 

6 Discussion 325 

The FOM and ROM were successfully validated with experimental and numerical benchmarks. The static and modal tests on 

the SNL CX-100 blade showed that the hierarchical spectral finite element discretization of the FOM successfully captures the 

spatial variations and vibration modes of the wind turbine blade. FOM agreed very well with numerical simulation results from 

SHARPy and BeamDyn, but all three models exhibited modest deviations from experimental static test data at Saddle #3 (Fig. 

7). Given the uncertainties in experimental testing of the blade, including potential discrepancies in the rigidity of boundary 330 

conditions, load/sensor orientation, and assumed material properties, it can be concluded that the FOM performed reasonably 

well against experimental data. 

A ROM of the NREL 5-MW wind turbine blade was created using 20 biorthogonal vibration modes, constituting an 

approximately 90% reduction of the FOM system size. The inclusion of the first axial vibration mode (mode 20) significantly 

improved the frequency response accuracy by capturing the radial foreshortening effects under large vibration amplitudes. The 335 

frequency response analysis indicated that the biorthogonal ROM accurately approximates the dynamic stiffening behaviour 

of the FOM in the load cases tested (Fig. 8). Physically, this nonlinearity stems from the increased effective structural stiffness 

associated with large blade strains. In contrast, the direct modal basis of the same size exhibits a distorted frequency response 

due to its non-orthogonality and coupled modes. The superior accuracy of biorthogonal modes near blade resonance may prove 

useful for stability analysis and control-oriented model order reduction (Svendsen et al., 2011). However, it is noteworthy that 340 

both biorthogonal and direct modal bases are linear and hence cannot evolve along the full system’s invariant manifold. At 

extreme resonance peaks, the biorthogonal ROM will also diverge from the true system response. To further improve the 

ROM’s frequency response, nonlinear normal modes can be investigated. 

In the transient wind load cases studied, the ROM exhibited strong agreement with SHARPy simulations. By retaining 

the quadratic nonlinearity of the FOM model, the ROM successfully captures nonlinear modal couplings in clear contrast with 345 

the LTI model. While both models were derived from the same linearization point, the ROM outperformed the LTI model in 

every load case studied. Among the wind load cases, the ROM’s maximum out-of-plane tip deflection error was 0.77% of 

reference tip deflection, compared with 20.90% for the LTI model (Table 8). This improvement arises from two main factors. 

First, the use of intrinsic strain coordinates allows the ROM to represent large deformations more accurately than the 
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displacement-based LTI model. Second, the ROM retains the quadratic modal couplings of the FOM, in which excitation in 350 

one direction influences the effective structural response in other directions. For instance, in the EOG case, the ROM exhibited 

a flattened peak in torsional tip deformations near 𝑡 = 14	𝑠 (Fig. 10b), consistent with nonlinear geometric stiffening from 

gravity loads, while the LTI model overpredicts the response due to its inability to capture this coupling. Structural errors can 

also compound in the aeroelastic framework, as reflected by the aerodynamic coefficient errors of the two models at gust peak 

(max. error 0.37% versus 30.97%, Table 9). The nonlinear coupling effect also manifests as phase differences in the dynamic 355 

response under combined gravity and wind loading. While the ROM can capture the phase change well, the LTI model deviates 

from the benchmark in both phase and amplitude (Fig. 10 and Fig. 11). In the two-way aeroelastic framework, the LTI model 

tends to overpredict the blade deformations and aerodynamic coefficients. This can result in overcorrections by the controller 

during load alleviation and set-point optimization actions. 

Generally, the ROM is more accurate for out-of-plane displacements than torsional deformations (max. error 0.77% versus 360 

10.26%, Table 8). A possible cause for this behaviour is the diminished representation of torsional modes due to gyroscopic 

effects. For instance, mode 6, which is the first torsional mode in the stationary blade, becomes a coupled flapwise-torsional 

mode in the rotating blade with strong flapwise participation. Similar modal mixing is also observed in torsional modes 9, 15, 

and 18, to a milder degree. At increased computational cost, the representation of torsional response may be further improved 

by enriching the basis with modal derivatives. 365 

7 Conclusion 

This study formulated a high-fidelity ROM of the nonlinear dynamics of a wind turbine blade under unsteady and unevenly 

distributed wind loads. To accomplish this task, the IGEBT formulation for a spatially varying wind turbine blade was 

discretized using a hierarchical spectral finite element method. Then, a biorthogonal ROM was created by solving the direct 

and adjoint eigenvalue problems at a rotating steady state to produce a linearly independent modal basis. The biorthogonal 370 

ROM successfully captured both the frequency and time domain blade responses to external loads, in contrast with direct 

modes and LTI models. The biorthogonal ROM was rigorously tested using wind load cases from the IEC 61400-1 standard 

in a two-way aeroelastic framework. This work enables computationally efficient, high-fidelity simulation of wind turbine 

blade dynamics that is significantly more accurate than conventional methods. Potential applications include model predictive 

control design, fatigue life assessment, and digital twin development for wind farms. 375 

Appendix A: Hierarchical Spectral Finite Element Discretization 

The elemental sub-matrices 𝔸'5,., 𝔹'5,., ℂ'5#,., 𝔻',., 𝕃'5,., and ℝ'5,. are computed using hierarchical tensor notation: 

Ψ< = [Ι* 0 0 0],Ψ= = [0 Ι* 0 0],Ψ> = [0 0 Ι* 0],Ψ? = [0 0 0 Ι*] (A1) 
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+ Ψ(A)?
) ³−Φ'Φ5Φ#¶𝑆G(𝑥G))Ψ(F)D´ ·Ψ(C)= −Φ'Φ5Φ#¶𝑇G(𝑥G)Ψ(F)E´ ·Ψ(C)= µ^ 𝑑𝑥. 

(A4) 

 

𝔻'(A),. = −® ]Ψ(A)<
)Φ'𝑓I'AJ(𝑥. , 𝑡) + Ψ(A)=

)Φ'𝑚I'AJ(𝑥. , 𝑡)^
,#

+
𝑑𝑥. −¸Ψ(A)<

)Φ'(𝑥.)𝐹A!'K(𝑥. , 𝑡)

−¸Ψ(A)=
)Φ'(𝑥.)𝑀A!'K(𝑥. , 𝑡) − Ψ(A)<

)Φ'(𝐿)𝐹CKL(𝐿) − Ψ(A)=
)Φ'(𝐿)𝑀CKL(𝐿)

+ Ψ(A)>
)Φ'(0)𝑉CKL(0) + Ψ(A)?

)Φ'(0)ΩCKL(0) 

(A5) 

 

𝕃'(A)5(C),. = Ψ(A)D
)Φ'(0)Φ5(𝐿.)Ψ(C)< +Ψ(A)E

)Φ'(0)Φ5(𝐿.)Ψ(C)=  (A6) 

ℝ'(A)5(C),. = −Ψ(A)<
)Φ'(𝐿.)Φ5(0)Ψ(C)D −Ψ(A)=

)Φ'(𝐿.)Φ5(0)Ψ(C)E  (A7) 
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