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ABSTRACT

With the gradual increase in the size and flexibility of composite blades in large wind turbines, problems related to
aeroelastic instability and blade vibration are becoming increasingly more important. Given their impact on the
lifespan of wind turbines, these subjects have become important topics in turbine blade design. In this article, first
aspects related to the aeroelastic (structural and aerodynamic) modeling of large wind turbine blades are summar-
ized. Then, two main methods for blade vibration control are outlined (passive control and active control),
including the case of composite blades. Some improvement schemes are proposed accordingly, with a special
focus on the industry’s outstanding suppression scheme for stall-induced nonlinear flutter and a new high-fre-
quency micro-vibration control scheme. Finally, future research directions are indicated based on existing
research.
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Nomenclature
B-L Beddoes Leishman
BEM Blade element momentum
CAS Circumferential antisymmetric stiffness
CDC Critical damping control
CFD Computational fluid dynamics
CSM Cell-set model
CUS Circumferentially uniform stiffness
FBF Finite blade function
FBTC Fused blade tip construction
FE Finite element
FP Flexible piezoelectric
FSI Fluid-solid interaction
GA Genetic algorithm
GEB Geometrically exact beam
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HBM Harmonic balance method
HFMV High-frequency micro-vibration
LQG Linear quadratic gaussian
METE Multi-elements trailing edge
MR Magnetorheological
NREL National Renewable Energy Laboratory
NS Navier-Stokes
ONERA A well-known stall-induced aerodynamic model
OPC OLE (Object Linking and Embedding) for process control
OPC UA Open Platform Communications Unified Architecture
PDSS Passive damping of synchronous switch
RANS Reynolds averaged Navistox simulation
SMA Shape memory alloy
TEF Trailing edge flap
TLCD Tuned liquid column damper
TMD Tuned Mass Damper
TWB Thin-walled beam

Airfoil Parameters
c Chord length
Dd The drag force
G Signal from feedback controller or forward controller
LC The cyclic term in lift
LNC The non cyclic term in lift
M Aerodynamic moment
s Element displacement of composite material elastic unit
U Wind speed
V0 Inflow wind speed
x, y, z The lead-lag, flap-wise, and stretching directions
xi, ui i ¼ 1, 2, 3, represents the direction and displacement of stretching, flap-wise bending, and lead-lag

bending, respectively
a Attack angle of the blade
b External pitch angle
h Elastic torsion angle of the blade
’ Elastic torsion angle of the beam
w Inflow angle of the blade
� Wind turbine speed

1 Introduction

With the growth of global energy demand, the expanding need for energy supply and related technology
have brought enormous pressure to the world. In the meantime, environmental pollution and climate change
have drawn widespread attention. Therefore, developing clean and renewable energy has become one of the
focuses of government bodies and scientific research groups. Wind energy, among various renewable energy
sources, has become a widely accepted clean energy due to its stable source, enormous potential, pollution-
free nature, and common availability. Therefore, wind wind-power generation has become an important
subject of clean energy development [1]. By 2030, the wind energy installed capacity in Europe is
expected to reach approximately 323 gigawatts (GWs) (of which 253 GW is onshore), an increase from
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160 GW in 2016 and approximately equivalent to one-third of the EU’s electricity demand. In East and
Southeast Asia, the proportion of renewable energy in total energy may increase by more than one-fifth
by 2030. It is estimated that by 2030 and 2050, wind power generation will reach 450 and 1200 GWs,
respectively [1,2]. Wind-driven blades are an important component of wind turbines, and their
aerodynamic and aeroelastic properties (including structure and aerodynamic performance) directly
determine the service life and efficiency of wind turbines. With the development of large and efficient
wind turbines, the size and flexibility of the blades continue to increase, making them more prone to
flutter, thereby endangering the structural safety and aerodynamic performance of the blades. The typical
characteristics of turbines with high-rated power are longer and heavier blades. Due to the increase in
mass, the influence of gravity and inertia loads on wind turbine blades cannot be ignored compared to
aerodynamic loads [3,4]. These high gravity loads cause higher stress in the blade material, increase
fatigue, and transfer larger loads to the rotor shaft and turbine tower. Therefore, an increasing number of
typical cross-sectional units of large wind turbine blades have adopted (or partially adopted) flexible
composite material structures [5]. Therefore, the research on the aeroelasticity and aerodynamics of wind
turbine blades is flourishing, which also makes the research and development of aeroelastic system
modeling and vibration control technology more important in terms of theoretical significance and
engineering value.

The modeling and vibration control technology of aeroelastic systems involve a wide range of aspects. It
includes structural modeling, aerodynamic evaluation, coupling behavior and aeroelastic response analysis,
flutter response and flutter wind speed analysis, nonlinear vibration and vibration control technology, as well
as related structural health detection technology, etc. Common structural modeling methods include the
assumed modal method, finite element method and multi-body dynamics method. In the early days,
scholars conducted a lot of research in this area. The assumed model method and finite element method
are often applied in 1D and 3D beams. Early versions of GH Bladed software [6] integrate mature
applications of assumed modal methods. Manolas et al. [7] investigated the second-order beam model
based on finite element analysis, which improved the accuracy of the aeroelasticity analyses. However,
the finite element analysis here cannot effectively describe large structural displacements and is not
suitable for the analysis of high-order terms. Wang et al. [8] proposed a geometrically exact beam theory
model that can effectively describe large structural displacements. However, it has several parameters and
is computationally intensive. The multi-body dynamics method has positive significance in 3D beam
structures, large displacements and deformations, as well as nonlinear analysis. It can improve accuracy
but is built on a large number of independent rigid bodies, so the computational cost is high [9]. The
common methods for evaluating blade aerodynamics include blade element momentum theory,
computational fluid dynamics simulation, and wind tunnel testing experiment. The blade element
momentum method [10] divides the blades into blade units with an infinitely thin thickness along the
span direction, which is based on the quasi-steady flows and two-dimensional aerodynamics. It cannot
accurately simulate the eddy currents generated by the blades and does not consider large blade
deformations because it ignores the radial flow component. The computational fluid dynamics simulation
can accurately obtain specific and dynamic information about the flow field around small blades, with the
advantages of low cost and visualization. However, for large blades and higher precision requirements,
significant computational consumption is required [11]. Wind-tunnel experiment requires miniature
models that are difficult to match real-time wind conditions, and the physical equipment, including
detection instruments, is expensive and requires complex technical operations [12].

Meanwhile, dedicated to seeking solutions to the above problems, this article will provide a detailed
overview in the following sections. Meanwhile, coupling behavior (including structural displacements
coupling and flow-structure coupling), aeroelastic response analysis, flutter response and flutter wind
speed analysis, nonlinear vibration and vibration control technology, as well as related structural health

FDMP, 2025, vol.21, no.1 3



detection technology, are all issues that need further exploration. The bend-twist coupling and adaptive
control based on structural displacement were elaborated in detail [13] to achieve the aeroelastic coupling
control strategy, which facilitates further analysis of the coupling effect and large deformation response of
blades. Nonlinear flutter analysis of a bent-twist coupled composite wind turbine blade was addressed to
improve the aeroelastic performance of large blades and predict flutter wind speed based on the coupling
of bending and torsional stiffness [14]. The flutter performance based on flutter wind speed is often tested
through micro-models and wind tunnel testing [15]. The geometric nonlinear deformation behavior [16]
and nonlinear aeroelastic response [17] can be solved for nonlinear vibration response through multi-body
dynamics analysis and Hamiltonian principle, respectively. And the fluid-structure interaction response
[18], especially for small wind turbines and vertical axis wind turbines, is often solved through
computational fluid dynamics analysis. The vibration control of megawatt-level wind turbines [19],
including their supporting structural health detection and sensing measurement technology [20,21], is a
more complex and important issue, which will be further reviewed in the following chapters of this article.

This article systematically reviews the research progress on modeling and vibration control of composite
blades for wind turbines. The wide topics in this field are addressed in this study, including structural
modeling, aerodynamic modeling, passive vibration control technology, and active vibration control
technology for wind turbine blades. Moreover, this article also presents the insights of various advanced
aeroelastic system modeling schemes and innovatively discusses the suppression planning of stall-induced
nonlinear flutter, as well as a new high-frequency micro-vibration (HFMV) control scheme.

2 Aeroelastic System Modeling

Accurate modeling and analysis of blade aeroelasticity and aerodynamics are key to improving wind
turbine design and optimizing operating conditions. The aeroelastic system modeling of wind turbine
blades mainly includes two aspects: structural modeling and aerodynamic modeling. Fig. 1 shows the
classification and composition of aeroelastic modeling of wind turbine blades.

2.1 Structural Modeling
Structural modeling is a mechanical description of the internal stress, strain, and deformation states (such

as bending, twist/torsion, shear, etc.) of a blade, based on its material, structure, and load. Structural modeling
can evaluate the strength, stiffness, and stability of a blade, and provide deformed blade shape lines for
subsequent aerodynamic modeling. The current structural modeling mainly includes equivalent beam
models and three-dimensional blade structure models.
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Figure 1: The classification and composition of aeroelastic system modeling of wind turbine blades
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2.1.1 The Equivalent Beam Model
The large elongated blades of wind turbines are slender structures, with the chord direction of the blades

much smaller than the length direction. This structure can be idealized as a beam structure along the length
direction. The cross-section changes perpendicular to the axis of the beam (span direction).

(1) Two important equivalent beam models

The Euler-Bernoulli beam model [22] and Timoshenko beam model [23] are the most commonly used
beam models for wind turbine blades. Among them, the Euler-Bernoulli beam model, commonly known as
the classical beam model, has demonstrated resistance to tensile, torsional, and bending loads without
considering shear deformation effects. In contrast, the Timoshenko beam model was proposed by
Timoshenko in the early 20th century and includes shear deformation effects. Compared with the Euler-
Bernoulli beam model, it is more suitable for describing thick and short beams. For wind turbine blades
with slender structures, the calculation results of Timoshenko beam and Euler-Bernoulli beam models are
similar. The advantage of Euler Bernoulli beams is their ease of engineering application; therefore, the
application of Euler Bernoulli beam models is becoming increasingly widespread [24]. Both of the above
are linear beam models. For nonlinear beam models with large disturbances, Hodges [25] provides a
geometrically accurate beam theory that considers the geometric nonlinearity caused by large bending
deformation and can accurately represent the torsion and displacement of deformed beams. Fig. 2 shows
a schematic of beam under transverse follower force P, exhibiting two bending displacements and a
stretching displacement in reference [25].

There are also many mathematical modeling methods for equivalent beam models, and the latest
achievements include the following cases. A large deflection blade model was developed to study the
dynamic response using the updated Lagrangian equation to derive the large deflection blade model from
the Euler–Bernoulli beam [26]. The Laplace transformation and Green’s function methods were employed
to model a wind turbine blade using the Euler-Bernoulli beam model to obtain fundamental solutions of
the governing equations [27]. Based on Timoshenko beam theory, a new modeling approach of the blade
was proposed, according to the strain energy release rate and Castingliano theory and considering the
stiffness nonlinearity. The modeling approach is validated by the measured natural frequencies of an
intact blade [28].

The equivalent beam model has the advantages of fast and simplified calculation and analysis. With
appropriate formulation, it can save a lot of time and obtain accurate results. Therefore, most aeroelastic
models represent the blade as a series of one-dimensional beam elements that exhibit flap-wise bending
and torsional displacements.

Figure 2: The schematic of beam under transverse follower force in Reference [25]. Copyright ©2003,
Dewey H. Hodges
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(2) Further discussion

The equivalent beam model includes the aforementioned 1D beam model and 3D beam model. Of
course, the assumed modal method mentioned earlier, the finite element method and multi body dynamics
method are still applicable for modeling. These methods have been applied in recent years; they are still
being improved. Zhou et al. [13] utilized the geometrically exact beam theory and implemented analysis
of structure and inflow based on the blade’s geometric nonlinearity, with large deformations analyzed
using updated Lagrange method. Xu et al. [16] investigated the geometric nonlinearity and aeroelastic
problems caused by large deformations based on multi-body dynamics analysis. The results indicate that
when the deformation of the blade increases, the multi-body dynamics analysis method can predict the
deformation under static load more accurately than other analysis methods, especially when the blade
loading exceeds the maximum design load and the tip deflection is greater than the blade span. And its
computational efficiency is not lower than finite element analysis, especially in extreme wind conditions,
it has positive application value.

The structural theory and microscopic theory of Euler Bernoulli bending beams continue to develop and
have been widely applied [29–32]. Fudlailah et al. developed an advanced Euler Bernoulli beam theory based
on a Python computer program as a numerical tool, considering the combination of blade geometry and
element momentum theory. This theory achieves effective calculation of blade structure response under
aerodynamic loads without sacrificing computational accuracy [29]. Khabiri et al. also considered
geometric deformation and studied the influence of fractional order Euler Bernoulli beam models. Due to
the geometric properties and fractional order effects of beams, changing the fractional order parameters
will significantly affect the deflection behavior of bent beams [30]. Krysko et al. optimized the maximum
stiffness of the beam microstructure from a microscopic theoretical perspective by performing topological
optimization under given boundary and load conditions. They also studied the influence of scale size
parameters on chaotic beam dynamics [31]. Malik et al. conducted a study based on composite
microscopic theory, treating Chicken Feather Fiber with Epoxy-Resin as a beam structure, and
investigated the vibration frequency at high temperatures. Modal analysis was performed on the first eight
modes [32]. All these studies provide new ideas for the study of aeroelastic deformation and vibration
frequency of blades.

In addition, the universality of the equivalent beam model is also reflected in the use of various thin-
walled structures in the cross-section of the beam, with the thickness being h(s). For example, using
elliptical thin-walled structures or box beam structures. Fig. 3 shows two examples of thin-walled
structures of composite materials. At this point, due to the elasticity of composite materials, torsional
displacement is also being considered.

(a) (b)

Figure 3: The thin-walled structures of composite materials. (a) Elliptical shape; (b) box shape

6 FDMP, 2025, vol.21, no.1



2.1.2 3D Blade Structural Model
The structural modeling of the 3D blade is mainly divided into the 3D finite element (FE) modeling and

the continuous distributed parameter modeling.

(1) 3D FE modeling approach.

Hamdi et al. [33] comprehensively constructed an approximate structural model of the blade including
centripetal force, gravitational force, rotational motion, and aerodynamic force, and studied the modal and
dynamical response of each order frequency based on FE analysis. Horcas et al. [34] considered blade
pre-torsion scheme and used FE analysis to model the a DTU-10MW blade constructed by lamination of
glass fiber reinforced composites. The composite layers of the blade were defined as a stacked sequence
of layers, constructed as multidirectional layers (i.e., each layup contains fibers with multiple layup
angles). Rezaei et al. [35] modeled the structure of the blade in an Ansys FE model using 100-node, 12-
degree-of-freedom beam with 188 cells for the blade. A single-node rigid body MASS21 cell was used to
model the rigid nacelle and hub assembly in a simplified manner, and rotating joint constraints were
applied between the hub and nacelle components to simulate the rotation of the rotor. Yang et al. [36]
imported the National Renewable Energy Laboratory (NREL)-5MW turbine blade model built by
SolidWorks software into Hypermesh meshing tool to perform surface blade mesh discretization. The
blades used are thin-walled structures, and the FE model adopts Ansys shell elements for modal and
frequency analysis. Wang et al. [37] also investigated the NREL-5MW model based on NX Open Grip
parametric language to design the composite material layers, used FE software to analyze the bending
torsional coupling characteristics, and implemented the frequency analysis using Ansys shell cells.

In the comprehensive application of FSI, the FE modeling methods have also been increasingly widely
used. The FE model was used to perform fluid-solid interaction (FSI) using ABAQUS to study damage
mechanisms of a large-span composite blade, with the wind velocity model as well as the tower shadow
effect considered for fluid elements as boundary condition. Meanwhile, using a local T-shape adhesive
structure, effects of some important factors on damage mechanisms of the composite blade were
discussed including the wind velocity, the strength, thickness and width of adhesive layer [38,39].
Considering the principle of 3D printing, reference [40] established a model using the FE analysis to
discuss the effects of fiber content, fiber aspect ratio, fiber orientation, and local fiber density. This model
not only helps to accurately predict issues related to the recycling of wind turbine blades, but also has
enlightening significance for the safety framework of the fiber structure of composite blades [40]. A
structural model based on the FE analysis was developed for generation of large datasets of high-fidelity
aerodynamic loading, displacement and stress for a NREL 5MW wind turbine blade [41]. Based on the
datasets, analysis of structural responses of the turbine blade and their possible shifts with respect to a
change in the operating conditions, e.g., rotor plane tilting and yawing, were performed.

The disadvantages of the 3D FE blade modeling method are over simplification, limitation of the
structural units of the FE software, and difficulty in analyzing the transient responses of composite blades
with complex structures. However, improving the skin structure or shape of the blades can expand the
application of the FE method, and the improvement of the FE method itself is not absolutely impossible.
Tavares et al. and Peeters et al. [42,43] explored the modeling of wind turbine blades under torsional
loads using an Outer Mold Layer shell model and FE analysis. Fig. 4 is the flowchart of the process to
generate a high-fidelity model of a wind turbine blade, based on the study by Tavares with the original
software developed by Peeters. Vaz et al. [44] placed diffusers around wind turbines and provided a
“Finite Blade Function (FBF)”. FBFs retain the finite limit of axial velocity, but do not alter the
traditional zero limit of circumferential velocity. On this basis, the mechanism of aerodynamics has been
thoroughly studied. Dash et al. [45] used a stochastic finite element method to quantify the uncertainty of
the dynamic response of carbon fiber reinforced composite blades during brake manipulation. Albanesi
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et al. [46] used an inverse finite element method to analyze the geometric shape of large elastic deformation
blades caused by loads. The blades are made of multi-layer composite materials, based on aerodynamic
analysis, and do not require further interaction between the two solvers in FE analysis. Chakravarthy
et al. [47] discussed different FE modeling strategies for complex shaped 3D composite structures, and
analyzed and compared marine propeller blades and metal blades, providing ideas for FE analysis of
various shapes of wind turbine blades.

(2) The continuous distributed parameter model

The continuous distributed parameter model was established based on the vibration superposition
method or the hypothetical modal method to derive the relative relationship between strain and
displacement, stress-strain relationship, and inertia and aerodynamic load equations, and finally
established the (partial) differential equations of motions of elastic blade body [22–25]. For example,
Gebhardt et al. [48] developed a structural model of a large wind turbine blade based on rigid body
dynamics and assumed modal methods, and analyzed the motion equations of a three-blade system.
Farsadi et al. [49] derived the displacement and strain fields based on the composite thin-walled beam
(TWB) structure, obtained the intrinsic and equilibrium equations and derived the kinetic and potential
energies based on the energy method analysis. The geometric nonlinear structural modeling of the TWB
structure with a circumferential antisymmetric stiffness (CAS) was studied using Hamilton’s principle,
perfectly demonstrating the continuous distributed parametric modeling method of the blade. Wang et al.
[50] also derived displacement fields based on composite TWB structures and investigated a coupled flap-
wise/twisting structural model including primary and secondary warping as well as transverse shear
effects. In fact, Chandra et al. [51] have already investigated the TWB structure modeling of composite
bending-twist coupling based on a CAS structure and its derivation used a solid-section approach and
contained transverse shear-related couplings with appropriate sectional warping. The discretized solution
of the partial differential equations was realized based on Galerkin method.

The continuous distributed parametric modeling method based on composite material structures can
fully consider more structural factors and aerodynamic load influencing factors, and is currently the
preferred blade structure modeling method. Its disadvantage is that it requires consideration of complex
material microscopic theory and mechanical behavior, and the solution method is complex, requiring
complex computer simulation technology support. Just in terms of composite microscopic theory, the
method or solution for determining mechanical behavior or cross-sectional stiffness is a complex
problem. The non-zero beam stiffness matrix terms are defined for use in cross-ply, anti-symmetric layup
composite box-beam. These stiffness parameters contain a number of constants. These constants arise
from the refined treatment of the two-dimensional in-plane elastic behavior. Please refer to reference [51]
for specific calculation schemes and processes.

Figure 4: The flowchart of the process to generate a high-fidelity model of a wind turbine blade
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Further discussion on the continuous distribution parameter model is necessary because composite
materials with different layers and structures have different microscopic theories. Given the superior
performance of composite materials, another layering method with symmetric layup configuration of
circumferentially uniform stiffness (CUS) can also be used in modeling of composite blades. The CUS
configuration would exhibit displacements of vertical/lateral bending coupling. Theoretical modeling of
CUS-based structure can be implemented based on Hamilton variational principle of elasticity theory. The
discretization of aeroelastic equations can also be solved by the Galerkin method. Fig. 5 shows the CUS-
based blade system its motion characteristics: (a) the CUS-based deformed blade; (b) the displacements
and aerodynamic distribution of CUS-based blade section. The blade section is a single-celled composite
structure with CUS configuration. In Fig. 5a, the position of the undeformed blade is in a horizontal
position, and its end is represented by the coordinates v� u. Fig. 5b shows the position and motion
characteristics of the cross-sectional airfoil during the deformation process of the blade. The sectional
pitch angle is θ, and the relative wind angle is ψ. The variable chord length is c. The aerodynamic lift is
denoted by LC, with drag by DC. The rotor rotating speed is Ω, and the wind speed is U. The system has
two degrees of freedom: vertical bending displacement v in y direction, and lateral bending displacement
u in x direction. s is the motion displacement of the element.

2.2 Aerodynamic Model
Aerodynamic modeling is the first step in describing aeroelasticity and aerodynamics. The aerodynamic

modeling refers to the use of fluid dynamics methods to describe the aerodynamic loads and characteristics of
blades, such as lift, drag, moment, etc., based on the interaction between the blades and the flow field.

(a)

(b)

Figure 5: The CUS-based composite blade section and its motion characteristics. (a) CUS-based deformed
blade; (b) Displacements and aerodynamic distribution of CUS-based composite blade section
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Aerodynamic modeling can calculate the power coefficient, efficiency coefficient, and optimal operating
point of wind turbines, and provide a basis for subsequent control strategies. At present, the main
methods for aerodynamic modeling include blade element momentum (BEM) theory, computational fluid
dynamics (CFD) simulation methods, and aerodynamic analytical methods.

2.2.1 BEM Model
Based on the two-dimensional blade element theory, the BEM theory initially proposed by Glauert [52]

assumes that wind turbines are composed of an infinite number of blades, ignoring the mutual influence of
adjacent elements, and assuming uniform induced velocity. It simultaneously ignores the effects of hub loss,
blade tip loss, and other factors to solve the problem of overall flow field effects and impeller torque changes
in the overall flow field of wind turbines. The momentum method and blade element method are used to
study the load and flow field changes caused by specific parts of the blade and the surrounding airflow.
However, the actual number of wind turbine blades is limited, and the introduction of Prandtl’s tip loss
correction makes the theory of lobe momentum closer to the actual situation. Shen et al. [53] analyzed a
correction method based on the Prandtl tip loss function when the axial induction coefficient is greater
than 0.4. When the wind turbine blades enter a turbulent wake state, the boundary element model fails.
The boundary element theory predicts that due to the instability of the free shear layer at the edge of the
turbulent wake, the wake velocity becomes negative. Wood et al. [54] developed three methods for
directly calculating blade tip loss. The optimal method was determined by comparing these methods with
the blade tip losses of an ideal three bladed rotor that were independently and accurately determined at
blade tip speed ratios between 0 and 15. Koh et al. [55] compared the performance of various blade tip
loss models (including Prandtl correction) using the boundary element method with experimental data
from a scaled turbine. Prandtl’s tip loss correction predicted higher power and thrust coefficients. For
rigid wings, Spall et al. [56] obtained numerical solutions based on the Prandtl lift line theory and
compared the results with those obtained using the established vortex lattice method and the CFD
solution of the Euler equation This method is applicable to multiple lift surfaces with arbitrary sweeping.
Other researchers have proposed various other corrections to the BEM model based on this, which
include: (1) a skewed wake correction [57] that accounts for non-axisymmetric flows (e.g., a wind turbine
operating at a yaw angle relative to the incident wind); (2) a stall delay correction [58–60] that accounts
for stall delays due to blade rotation; (3) a radial flow correction [61] that considers radial flow in the
calculation of aerodynamic loads. These corrections further improve the accuracy of the model. In
addition, the validity of BEM models has been widely confirmed by comparison with methods of
coupling with CFD based on artificial intelligence algorithm optimization and experimental data
processing [62–65]. The BEM modeling has become a standard method for analyzing the aerodynamic
performance of wind turbine blades because it is simple, efficient, and well-validated.

Excellent research results have also emerged in the promotion and secondary development of BEM
theory. Yirtici et al. [66] investigated the effect of “ice accumulation” in blade leaves using the BEM
method with a prediction method based on the extended Messenger model, in a parallel computing
environment. Boulamatsis et al. [67] carried out a study using a modified BEM momentum model,
considering a rotor blade with variable tip trajectory for a NREL-5MW wind turbine, and modified the
model results according to the lift curve theory. Wang et al. [68] combined BEM theory and
Geometrically Exact Beam (GEB) theory to improve the accuracy of aeroelastic analysis results for large
deformation and large span blades.

The BEM theory can also be used for modeling ultra large flexible blades, as well as for modeling small
and micro wind turbine blades. For instance, A nonlinear model was applied to the DTU 10 MW wind
turbine mentioned above in reference [26]. The nonlinear aeroelastic dynamics equations of the blade
were established using the BEM theory, and time-domain simulations were performed using the nonlinear
Newmark and Newton–Raphson methods. An Artificial Bee Colony optimization method based on the
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BEM Theory was investigated and applied to design a small-scale wind turbine blade [69], with the
aerodynamic performance of the optimized blades validated by both experimental and numerical
methods. The aerodynamic geometry of the small-scale blade was optimized in terms of optimal chord
length and twist angle distributions. The objective function was the power coefficient, and the optimized
parameters were the tip speed ratio, wind speed, and the rotor diameter. The important inputs for
modeling the platform, hub, and motion are the forces, torques, and energy dissipation provided by the
turbine rotor. The BEM can provide a numerically effective method for calculating these quantities in
steady flow, making it applicable not only to wind turbine platforms but also to blade platforms under
hydraulic and ocean current impacts [70].

Over the years, although the BEM method has undergone many improvements or been combined with
other methods, the errors in its calculation results still appear significant as the optimization design of large
and elongated blades deepens.

2.2.2 CFD Model
In recent years, with the rapid development of computers, CFD method has received wide attention and

more and more applications. CFD provides the flow motion around the blade by solving the continuity and
momentum Navier-Stokes (NS) equations. This is a numerical method for virtually obtaining the flow field
around a wind turbine, providing detailed information about the airflow and forces on the wind turbine. It is
exactly a tool for predicting the aerodynamic performance of wind turbine blades and visualizing the flow
field around the blades [71]. CFD is also considered a valuable method for accurately optimizing turbine
performance due to its high fidelity [72]. Due to the complex aerodynamic characteristics of wind turbine
blades, CFD modeling of wind turbines is very challenging. Currently, a large amount of research is
devoted to using CFD to optimize the performance of wind turbines [73]. Usually, there are two main
methods in CFD to simulate the rotation of a wind turbine blade, namely the dynamic grid/mesh [74]
method and the reference frame method [75]. The dynamic grid method can accurately capture the
changes in turbine blade motion caused by changes in air conditions, and is considered more accurate for
modeling transient blade motion. The cost of dynamic grids is enormous in terms of computational cost
and computer resources, as computational grids need to be regenerated at every time step [76,77]. In the
reference frame scheme, the turbine blades and pre-generated meshes across the flow field do not move
and the airflow is transferred to the turbine reference coordinates [78,79]. Due to its relatively simple
numerical treatment and low computational requirements, the reference frame approach has been widely
used for CFD modeling of turbines [80,81]. However, this method can only be applied to static analysis
and cannot accurately model the transient motion of the blade [82].

Another important aspect of CFD optimization of wind turbine airfoils is the use of appropriate
optimization algorithms to seek and design the optimal shape of the blades. Bedon et al. [83] proposed an
optimization model for turbine airfoil shapes by combining a genetic optimizer, a 2D CFD model based
on unsteady Reynolds averaged Navistox simulation (RANS), an adaptation calculator, and an airfoil
generator. Ribeiro et al. [84] proposed a turbine airfoil optimization technique that couples CFD and
optimization algorithms. In this study, the Spalart-Allmaras turbulence model and incompressible RANS
equation were used for CFD simulation in steady state. The CFD model was combined with single
objective and multi-objective Genetic Algorithm (GA) to optimize the aerodynamic shape of the airfoil.
The results showed that the airfoil obtained by single objective and multi-objective GA had similar
shapes and aerodynamic coefficients. Sayed et al. [85] used precise CFD loose coupling method to study
the aeroelastic response of the blades of a universal DTU-10MW horizontal axis wind turbine, and
employed FSI coupling method for aeroelastic simulation. At the same time, the “block structured CFD”
solver FLOWER was used to obtain the aerodynamic blade load based on the NS equation in the time
domain approximation, and the aerodynamic pressure distribution of the blade was studied in detail. Barr
et al. [86] used a CFD solver CRUNCHC and the commercial FE analysis software ABAQUS to
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calculate static aerodynamic loads and the blade structural deformation, and studied the dynamic process
until aeroelastic convergence. In order to make progress in this direction, Li et al. [87] proposed a fast
CFD aeroelastic tool, which is built around a simplified reduced order model of aerodynamics. The
model is modified for structural feasibility using structural dynamics reanalysis methods.

Under the condition of not emphasizing precision requirements in particular, the CFD method can be
used not only for large wind turbines, but also for small-scale wind turbines and other structural forms of
wind turbines. A CFD method and a Bayesian analysis were developed to generate a large dataset of
high-fidelity aerodynamic loads on the NREL-5MW wind turbine blade, as mentioned in reference [41].
Training Bayesian network models to generate abnormal structural responses or the range and likelihood
of blade damage based on input operating conditions provided a reasonable basis for modeling and
analysis of aerodynamics. Reference [88] conducted a comprehensive CFD study on the influence of
airfoil type and blade size on aerodynamic performance of small wind turbines, and solved the complete
3D NS equation. Four combinations of airfoils and three rotor diameter sizes were studied, and the
optimal performance combination was ultimately selected from the research. The performance of a
vertical axis turbine mainly depends on the overlap ratio, aspect ratio, number of blades, and blade
design. Various researchers have been focusing on using CFD to study and modify these parameters in
order to improve the efficiency of turbines. Reference [89] discussed various turbulence models used in
different CFD studies of Savonius turbines, and introduced various computational methods used in CFD
simulations of Savonius wind and hydraulic turbines, as well as key findings and future development
directions of such studies. The traditional blade rotating wind power generation system has many
drawbacks, such as natural landscape destruction, flow induced noise, and flickering shadows. Reference
[90] proposed a lift generating disc blade power generation mechanism that can effectively generate wind
even with a simple structure. The lift data related to the design blade shape was obtained through CFD
simulation, and the Modelica language was used to model the multi-physics wind power generation system.

The engineering application of CFDmethods is also a topic worthy of attention. One of the issues is low-
cost calculation under certain accuracy conditions. Khedr et al. [91] conducted in-depth research on the
cross-sectional shape and size of the computational domain, the accuracy of discretization schemes, grid
partitioning standards, free flow turbulence intensity, and turbulence modeling, providing reference for
standardized simulation settings of small horizontal axis wind turbines. Hamlaoui et al. [92] introduced
advanced design techniques based on multi-software analysis, using a reverse CFD actuator disk to
determine the radial local chord length distribution on the rotor blades, improving aerodynamic
performance and enhancing the potential for optimizing wind farm layout. Ibrahim et al. [93] used
ANSYS FENSAP ICE software for numerical CFD icing simulation, and analyzed small-scale blade
cross-sections tested in laboratory environments, providing new insights into modeling of glaze ice
accretion on large wind turbine blades. The aerodynamic performance cycle of wind turbine blades is
also an important issue in engineering. Cheng et al. [94] developed a specific mathematical cyclic
integration method and applied it to blades of different relative heights, providing useful reference data
for the optimization and reverse design of wind turbine blades. Frulla et al. [95] utilized the optimization
software OPTIWR to provide details on construction techniques for transforming optimized
configurations into effective working prototypes, and critically discussed suitable production methods for
composite blades. In the FE analysis mentioned earlier, blade modeling based on FBFs for skin structures
was discussed. In fact, the aerodynamic performance of such skin structures and protective covers can
also be analyzed through CFD. Silva et al. [96] conducted a comprehensive analysis of the tip vortex
trajectory in a shrouded wind turbine using Reynolds averaged NS numerical solutions, and also
discussed the influence of flow conditions on tip vortex trajectory, flow separation, and shroud
interaction. This has positive implications for the engineering application of small wind turbines.
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The CFD method can effectively calculate the flow field changes through the impeller and the
aerodynamic forces acting on the blades. Theoretically, it can effectively solve the aeroelastic stability
problem of wind turbine blades. However, if the analysis is not simplified and reduced, the complexity of
the NS equation will greatly increase in the process of transforming from the physical domain to the
computational domain. Currently, it is difficult to obtain accurate solutions for large wind turbine blades
using current technology.

In addition, as mentioned earlier, wind-tunnel testing can serve as a verification tool in CFD analysis. If
the aerodynamic conditions can be accurately matched without considering price and cost, wind tunnel
testing has positive significance. Wind-tunnel testing aims to further understand the aeroelastic response
of flexible blades to reduce storm damage to wind turbines under extreme wind conditions. Reference
[12] designed and processed an aeroelastic model of a NREL-5MW wind turbine blade, and investigated
the effects of different pitch angles, wind speeds, and wingspan positions on the aeroelastic response
characteristics of wind turbine blades through wind-tunnel experiments. Fig. 6 illustrates the frequency
spectrum variation pattern of flap-wise acceleration of blade tip at the different pitch angles from wind-
tunnel testing based on the NREL-5MW blade analysis.

2.2.3 Aerodynamic Analytical Model
In recent years, many scholars have transplanted several aerodynamic models from wing profile analysis

for the study of flutter in large wind turbine blades, such as the Theodorsen model used for the classical flutter
instability of 2D wing vibration, the stall-induced nonlinear aerodynamic models, as well as the unsteady
vortex model for studying wake effects. The stall-induced nonlinear aerodynamic models include
Beddoes Leishman (B-L) model used for small angle of attack states, and the ONERA model used for
high angle of attack analysis.

Stäblein et al. [97] studied the effect of flap bending-torsional coupling on the aeroelastic modal
properties and stability limits of attached flow of 2D blade sections based on the Theodorsen model.
Boutet et al. [98] used an improved B-L model to predict the aerodynamic load response of airfoils under
low Reynolds and low Mach conditions. The steady and unsteady force and pitching moment
measurements of airfoils with distinct stall-induced mechanisms were used to demonstrate the validity of
the improved B-L model. Tohid et al. [99] cited and demonstrated an aeroelastic tool, hGAST, for
consistent prediction of the deflection of material bending-torsional coupled blade beams. In hGAST, a

Figure 6: The frequency spectrum variation pattern of flap-wise acceleration of blade tip at the different
pitch angles from wind-tunnel testing
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detailed BEM model was used to account for dynamic entry, yaw misalignment, and stall-induced effects
through the ONERA model. Gao et al. [100] investigated the key parameters affecting the classical flutter
speed of wind turbine blades using a NREL-5MW wind turbine, and established an aeroelastic model to
describe blade flutter. This model was composed of a coupled blade aerodynamic model and a structural
dynamic model, where the aerodynamic part was the Theodorsen unsteady aerodynamic model, and the
structural part was obtained based on the Lagrange equation. Wind turbine blades in wind farms often
suffer damage in extreme turbulence intensities (TIs). In order to further analyze this issue through
experiments, Wang et al. [101] processed and manufactured a continuous aeroelastic scaling blade, and
conducted a multi-parameter study on the aeroelastic response of the blade under different TIs by
adjusting the wind fields with grids. The influence of TIs on the wind-induced vibration characteristics of
flexible blades under wind turbine shutdown conditions was experimentally studied. The impact of
different turbulence on the frequency domain characteristics of blades was analyzed, and the interaction
mechanism between blades and turbulent flow fields was deeply explored. The experimental results show
that the root-mean-square acceleration of scaled blades is positively correlated with TIs, while the vortex-
induced vibration in the direction of the scaled blade flaps is negatively correlated with TIs. In addition,
the TIs reduce the frequency locking vibration caused by excitation vibration during the feathering
process and lowers the amplitude of blade vortex-induced vibration. This experimental study provides a
reference for designing large wind turbines with long flexible blades in coastal, nearshore, and
mountainous areas. Therefore, accurately calibrating the aerodynamic forces under different operating
conditions and studying the fluid-structure interaction response have positive significance. Liu et al. [102]
calibrated a simplified ONERA model, which was first applied in China to study stall-induced nonlinear
flutter of wind turbines. As for the wake model, Rodriguez et al. [103] proposed an integrated method
that integrates the free vortex wake method into a rotor system suitable for simulating floating offshore
wind turbines, generating aeroelastic behavior of rotor wake interaction during operation. Meanwhile, a
series of validation studies were conducted on the aerodynamic and structural performance of the rotor of
the NREL-5MW wind turbine, and focused on the modeling and simulating different aeroelastic
operational conditions of floating offshore wind turbines [104].

Analytical models also include some models generated by certain aeroelastic analysis tools, as well as
some semi-analytical models. Ma et al. [105] used an aeroelastic analysis tool called ALFBM to study the
coupled aeroelastic wake behavior of a single NREL-5MW wind turbine at different inflow velocities. The
aerodynamic and structural characteristics such as power, aerodynamic thrust, natural frequency, and blade
tip displacement were compared with previous research results, verifying the effectiveness of this analysis
tool. A semi-analytical model [106] for aerodynamic damping of horizontal axis wind turbines was
proposed. Considering the translational and rotational degrees of freedom at the top of the tower, the
aerodynamic damping force on the rotor was calculated using BEM theory. The results indicated that the
non-coupled analysis method using this aerodynamic damping model can accurately predict the dynamic
responses of wind turbines. The article [27] derived a semi-analytical solution for the steady-state forced
vibration of rotating wind turbine blades, considering the coupling of flapping bending, pendulum
bending, and unsteady aerodynamic loads. The novelty of this work lies in the use of Green’s function
method to solve differential dynamic equations with variable coefficients caused by aerodynamic forces.
The effectiveness of the proposed method was verified by comparing numerical and FE solutions, and the
influence of important physical parameters such as rotational speed, installation angle, cone angle, inflow
ratio, and damping on blade vibration response was also discussed.

Dynamic stall typically leads to unstable loads and decreased performance of wind turbines. As
mentioned above, accurate modeling of dynamic stall is crucial. However, due to the significant changes
in blade aerodynamic profiles and the complexity of dynamic stall flow, the cost of numerical simulation

14 FDMP, 2025, vol.21, no.1



and wind-tunnel experiments is high. On the other hand, the accuracy of widely used semi-empirical models
is also limited. Therefore, Shi et al. [107] proposed a physics knowledge-based experimental scheme This
scheme is a data knowledge fusion method that integrates physics knowledge into neural networks, and
establishes an effective dynamic stall model for S809 airfoil using a small amount of high-precision
experimental data. It achieved extrapolation prediction of reduced frequency and angle of attack, and in
order to fully utilize the accumulated existing airfoil data to assist in modeling other airfoils, the obtained
S809 model was fused into the network to predict the aerodynamic performance of other S-series airfoils.
The average relative error of the predicted cases is close to 10%. It provides a new paradigm for
evaluating the dynamic stall of wind turbine blades. As a semi-empirical classic B-L model [108], there
are also many cases where it has been directly improved and applied. Ge et al. [109] developed an
improved dynamic stall model for rough surface airfoils, introducing an attenuation coefficient of
effective angle of attack to consider rough surface effects. The proposed model can effectively predict the
dynamic stall characteristics of rough surface airfoils, with higher accuracy than the original B-L model.
Melani et al. [110] conducted a detailed review of the B-L model, which was used to adjust the model
correctly on a case-by-case basis or to benchmark the formula with a new dynamic stall model applied to
wind turbines. On this basis, a series of new models have been developed, which can serve as references
for future engineering applications. Santos et al. [111] proposed an extended B-L model that includes
gust loads, which can fully characterize the aeroelastic behavior and investigate the possible effects of
common external disturbances such as atmospheric gust turbulence. Herein, several modeling strategies
for stall initiation, reattachment, and vortex shedding processes were described based on modifications to
low-speed dynamic stall [112]. These enhanced features have been extensively validated by experimental
data of symmetric NACA 0012 and curved AMES-01 airfoils. Due to the existence of structural
nonlinearity, various dynamic responses can occur before flutter [113], and the path of flutter occurs
through an intermittent pre-flutter oscillation mechanism. Therefore, further research on the B-L effect is
still necessary.

In addition, the extension and improvement of the ONERA model have always been a hot topic. In early
research [114], an extended ONERA-EDLIN dynamic stall model was used to simulate unsteady dynamics
and torque on the blades of a transverse flow “Darrieus” turbine with active pitch control. In recent studies, an
improved ONERA model suitable for bending-bending coupling and external large pitch behavior was
successfully used in the aeroelastic modeling of large wind turbine blades, as described in the
aforementioned literature [92]. In fact, for rigid blades, when considering stall-induced dynamics, the
small flapping assumption and, to a lesser extent, the small induced angle of attack assumption may lead
to inaccurate predictions of blade flap responses for certain rotors [115]. Therefore, further research on
the ONERA effect is still necessary.

2.2.4 Further Discussion on the Aerodynamic Analytical Models
The Theodorsen model is suitable for studying classical flutter. The B-L model, without angle of attack

correction and approximation, is commonly used to solve aerodynamic problems at small angles of attack.
The ONERA model involves the problem of nonlinear aerodynamic “striping” in the study of “flap-wise
bending/lead-lag bending/torsional (bending-bending-twist) coupling”, which requires complex computer
simulation methods. As for the wake model, comprehensive research shows that the wake effect is not an
important factor affecting flutter under high-speed wind conditions. However, given the positive role of
aerodynamic analysis models in parameter analysis, improving and developing aerodynamic models
suitable for different operating conditions, such as the ONERA model, still has positive practical
significance.

The improvement and development process of the ONERAmodel mentioned above accurately confirms
this point. The structural nonlinearity and stall-induced nonlinearity were analyzed by Petot et al. [116],
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based on a primitive ONERA aerodynamic model. Dunn et al. [117] investigated the theoretical nonlinear
flutter responses based on the harmonic balance method (HBM) and Newton iterative algorithm, and used
a wind-tunnel experiment to demonstrate a reasonable agreement between theory and experiment for
deflection responses. Kim et al. [118] investigated the nonlinear aeroelastic behavior of composite blades,
derived the differential equations of motion with different deflections, and used HBM to analyze the
aeroelastic stability of the stall-induced aeroelastic system excited by the stall-induced ONERA
aerodynamic forces.

Based on the prototype ONERA model in reference [118], considering external pitch motion β and
elastic twist θ (See Fig. 7), we derived a set of stall-induced models at high angles (α) of attack as
follows:
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where ρa is the air density; c is the chord length, with half-chord length bing b = c/2. If it is set to
NACA0012 airfoil, the key nonlinear parts, including DCL and DCM, in the above aerodynamic
coefficients were fitted as 5-order or 8-order Taylor series [119]. The stall-induced aerodynamic forces
(LC, LNC, Dd) and aerodynamic moments (MC, MNC) can be find in Fig. 7b, where the total moment is
M = MC + MNC. The other multiple parameters and coefficients are detailed in reference [119].

16 FDMP, 2025, vol.21, no.1



3 Control Methods for Blade Vibration

The vibration control method of wind turbine blades refers to changing the shape, external structure,
structural materials or installation methods of the blades, as well as adjusting the yaw angle, pitch angle
or braking force of the blades to change the structural damping or attenuate aerodynamic loads, in order
to suppress vibration and improve the performance and service life of wind turbines. At present, there are
countless studies on the vibration control of wind turbine blades, mainly divided into passive control and
active control. Fig. 8 presents the components of the vibration control of wind turbine blades.

(a)

(b)

Figure 7: Awind turbine with three blades driven by the improved stall-induced nonlinear ONERA forces.
(a) Turbine blade with external pitch driving; (b) The sectional coordinate system
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Figure 8: Classification of wind turbine blade vibration control
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3.1 Passive Control
Passive control adjusts the quality and stiffness distribution of the blade structure, changes the damping

and natural frequency of the blade to avoid coupling resonance with the system, or redesigns the blade
structure and directly replaces the blade material to prevent blade flutter. This is a flutter suppression
method based on passive damping.

Hayat et al. [120] attempted to improve the aeroelastic stability of wind turbines by changing the ply
angle of the composite material on the blades to be smaller than the usual ply angle value. The
calculation results for the NREL-5MW wind turbine model show that this method can improve the
bending stiffness of the blades while reducing the torsional stiffness, resulting in a decrease in the critical
flutter speed of the structure. Subsequently, Hayat et al. [121] adopted carbon fiber boards with lighter
weight and higher strength by changing the blade layer material. The calculation results show that the
critical flutter speed of the wind turbine can be increased by 7.6%–9.5%. Larwood et al. [122] studied the
flutter characteristics of an NREL-5MW wind turbine with swept blades. The main difference between
swept blades and traditional blades is that their elastic axis is curved, and the results show that the
vibration suppression effect can be improved to a certain extent. However, this type of swept back blade
not only enhances flutter suppression capability, but also brings serious fatigue problems. Li et al. and
Sun et al. [123,124] improved the damping of the blade structure and achieved the effect of suppressing
flutter by pasting damping layers in the blade layup plate and box beam chambers, as well as adding
damping layers to the sandwich material of the blade. Due to the close relationship between blade flutter
and aerodynamic, gravity, structure damping, and elastic forces, Kong et al. and Qian et al. [125,126]
designed new blade profiles to prevent flutter by adjusting the center of gravity position, increase
torsional stiffness and edge structure damping, and meeting processing technic requirements. By adjusting
the first-order torsional frequency of the blades, they avoided the problem of coupled flutter of the blades.
Zhang et al. [127] designed a blade with multi-layer constrained damping to prevent flutter. Compared
with single-layer constrained damping blades and ordinary blades, this type of blade structure has higher
structural damping and better vibration suppression performance, which can provide necessary guidance
and reference for the vibration suppression design of large wind turbines. Sun et al. [128] achieved
passive aeroelastic coupling of wind turbine blades by introducing bending torsional coupling and
geometric sweep coupling to reduce loads. The first coupling is achieved by off-axis composite fibers of
the blade spar cap, and the second coupling is achieved by defining the sweep curve of the blade
reference axis. The results indicate that the two types of coupling of the blade can not only reduce the
load at the root of the blade through a smaller off-axis angle of the optical fiber, but also further reduce
the axial torque.

Passive damping of synchronous switch (PDSS) is also considered a promising solution to reduce the
vibration of thin-walled structures of blades or plates. The common approach is to independently shunt
the switch circuit to a single piezoelectric structure. Fan et al. [129] explored a new method of using
PDSSs, in which PDSSs are interconnected between two piezoelectric structures or substructures, and
conducted numerical and experimental studies on the damping mechanism, performance, and effective
range of interconnected PDSSs. Firstly, based on the FE model of the double cantilever beam, the time-
domain and frequency-domain modeling and solving methods of the interconnected PDSSs were derived
and verified. Then, the influence of amplitude and phase relationship on the damping effect of
interconnected PDSSs was numerically studied. This passive damping suppression has positive
promotional significance, and it is actually a critical damping control (CDC) scheme. As long as an
effective external active control scheme is configured, active control can be achieved. Of course, further
updates are needed for piezoelectric materials, such as switching to flexible piezoelectric materials, which
will be discussed in detail in the following sections of this article. Sajeer et al. [130] investigated a
rotating finite element model of blades, which features longitudinal reinforcement bars (i.e., steel strands
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along their length) made of shape memory alloy (SMA), forming passive damping control. The modal
analysis of reinforced blades shows a significant increase in bending stiffness. This model also belongs to
a type of CDC model, which can achieve active control as long as appropriate temperature control signals
are added to SMA. Jahangiri et al. [131] proposed a two-dimensional nonlinear passive tuned-mass-
damper (TMD) inertial instrument aimed at suppressing bidirectional vibration of blades in the edge and
flap directions, which is also a type of CDC planning. This type of CDC planning considers both cost
and technical requirements, as well as flutter suppression requirements, which is a compromise and has
positive significance in aeroelastic control.

3.2 Active Control
Active control is to suppress blade vibration by loading damping structures on the original blades or

using advanced control strategies, mainly including load control and active damping control.

3.2.1 Load Control
Load control improves the aerodynamic stability of wind turbine blades by changing the aerodynamic

load on the blades. Load control mainly includes control schemes such as microtab load reduction, trailing
edge flap (TEF) load reduction, and pitch control, as well as other active load control schemes.

(1) Microtab and TEF

In recent years, many scholars have studied the unloading methods of wind turbine blades based on
microtab structures. Macquart et al. and Ballesteros-Coll et al. [132,133] investigated the load reduction
effect of the microtab techniques based on various intelligent control theories and CFD analysis methods.
Calculation results show that: the airfoil lift base on microtab is within the normal working range of the
airfoil, beyond the normal working range, the lift will be reduced. At the same time as changing the
circulation of the airfoil, there is an increase in drag resistance. Therefore, in deep stall vibration, it may
have a negative effect. Ballesteros-Coll et al. [133] also first studied the performance and effects of a
rotating microtab implemented at the trailing edge of the DU91W250 airfoil using a novel cell-set model
(CSM) based on CFD analysis. Fig. 9 presents the sketch of the DU91W250 airfoil and the rotating CSM
microtab in reference [133]: βc is the angle between the axis and microtab and h is the length of the
microtab. This CSM method is based on the flow control device modeling and the reuse of calculated
grids and the addition of new geometric shapes, which is fully suitable for the calculation and testing of
the geometric shape of trailing rotating microtabs. In addition, many scholars have studied the flexible
TEF-based methods just mentioned for load control in recent years. Due to the fact that the leading-edge
slats can increase the flow energy on the suction surface of the airfoil, while microtab can impede the
flow on the pressure surface. In order to combine the advantages of two flow control methods, Li et al.
[134] proposed to combine leading edge slats with microtab to simulate the planning of S809 airfoil, and
used a transitional ‘Shear Stress Transport’ turbulence model to estimate the aerodynamic characteristics
of S809 airfoil. Microtab can also be combined with subsequent TEFs to improve the performance of
wind turbine blades, as it can generate greater lift and delay the occurrence of stall. Ye et al. [135]
focused on the combination way using NREL’s S809 as the model airfoil in wind turbine blades. The
results showed that due to the opposite direction of vortices, the maximum lift coefficient increased by
25% and the airflow stall was delayed, which was significantly better than the testing of standard airfoils.

Huang et al. [136] investigated the mechanism of how and to what extent flap deflection affects the blade
tip vortex system using TEFs and cross-center flaps (deflected in opposite directions so that the blade root
bending moment remains almost constant) to excite the instability pattern of the blade tip vortex system.
Thakur et al. [137] studied the load reduction effect of blade TEFs under turbulent flow, using BEM
theory to obtain aerodynamic loads by modeling in the framework of multi-body theory and dynamical
analysis in the framework of a FE method. Zhuang et al. [138] verified and analyzed in detail the role of
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three parameters, deflection, amplitude, and phase shift, in the control of TEFs against aerodynamic loads by
CFD models. Liu [139] calibrated an aerodynamic load calculation method for rigid TEFs and realized the
control of the blade tip displacement using a sliding mode control method. For flexible TEFs of torsional
blades, a downward offset TEF produces a pitch motion and thus (potentially) reduces the load, while an
upward offset has the opposite effect, so it must rely on an active external pitch control algorithm or an
additional hardware solution design. Liu et al. [140] used a thin-walled structure using CAS-based
composite configuration, with rigid TEF embedded and hinged into the host composite structure along
the entire blade span, to realize vibration control based on the restricted control input signals.

In addition, multiple TEFs can be folded and used to form a multi-elements trailing edge (METE), which
involves the concept of morphable blades. Redonnet et al. [141] explored the idea of deformable turbine
blades. Fig. 10 shows the concept of wind turbine blade morphing based on METE from reference [141].
Using different degrees of deformation, the authors evaluated the aerodynamics of representative
deformable wind turbine blade cross-sections using numerical simulations. The experiment in reference
[141] also showed that these deformation strategies have significant benefits, including not only a
significant increase in power delivered in all flow states, but also further confirming the aerodynamic
advantages brought by deformation.

In addition, vertical axis wind turbines can also achieve load control based on an additional structure
called “edge”. Vel et al. [142] investigated the impact of aerodynamic characteristics changes caused by
incorporating leading edge protrusion blades into wind turbines at different wind speeds on structural
response, and studied in detail the unsteady structural excitation caused by vortex attenuation under
different aerodynamic loads and its effect on wind turbine structures. There are other additional structures
assembled on the blades that can also achieve load control. For instance, Martín-Alcántara et al. [143]
conducted an exploratory evaluation of the applicability of micro-cylinder devices in reducing vortex

Figure 9: Sketch of the DU91W250 airfoil and the rotating CSM microtab in Reference [133]. Copyright
©2021, Alejandro Ballesteros-Coll et al. βc is the angle between the axis and microtab and h is the length of
the microtab

Figure 10: Wind turbine blade morphing concept based on METE

20 FDMP, 2025, vol.21, no.1



induced vibration of wind turbine blades under small cross flow conditions. The deep stall behavior of
NACA0021 was evaluated at high angles of attack through CFD evaluation, and the influence of micro-
cylinders on reducing the amplitude and fluctuation of aerodynamic coefficients was studied.

The forms of TEFs need to be specifically explained. The TEFs can commonly be constructed in two
forms, one is a local flap, and the other is a large-span structure in the span direction (See Fig. 11). The
local flaps are often rigid and suitable for high stiffness airfoils; The large-span flaps are often flexible
and suitable for flexible composite blade materials. The combination of TEF and pitch control not only
fully utilizes the advantages of TEF, but also overcomes the disadvantages of pitch control. Combined
with the comprehensive application of the intelligent control theories, it has positive significance in
reducing blade load and vibration.

(2) Pitch control

Pitch control, although commonly used as the best power control scheme, also had a positive effect on
load control of wind turbines as the earliest aeroelastic control method. Yuan et al. [144] developed a
multivariable, robust, independent pitch control framework and explicitly modeled the coupling between
blades to provide frequency domain response characteristics. They also adopted a structural singular
value μ-synthesis strategy to reduce periodic loads. Chen et al. [145] developed a real-time feedback pitch
control system based on real-time flow velocity around the blade through in-depth aerodynamic analysis
of the relationship between pitch angle and blade performance. They also constructed a CFD method
based on FLUENT to evaluate the performance of the pitch control system in improving blade
performance. Zhou et al. [146] investigated some control schemes based on individual pitch control,
including blade damping control, linear quadratic gaussian (LQG) control, H∞ control, and improved
LQG control with optimal disturbance observer. At the same time, the specific process of controller
design was given, and these algorithms were effectively verified through simulation.

Figure 11: The TEFs constructed in two forms. (a) A local flap structure; Turbine blade with external pitch
driving; (b) The sectional coordinate system; A large-span flap structure
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However, with the increasing size of wind turbine blades, considering factors such as blade weight,
reverse impact, stall effect at extreme wind speeds, and hydraulic pitch lag, the reliability control defects
of pitch control technology have significantly increased. Therefore, it is not used as an independent load
shedding technology for large wind turbine blades under “extreme wind conditions”.

3.2.2 Active Damping Control
Damping control is widely used in large structures. For wind turbines, the damping control method

adopts the installation of damping devices or the laying of layered structures with third-party materials
combined with external active control planning to suppress the vibration of wind turbine blades.
According to the dynamic equation, additional control force is applied to reduce vibration. At present, the
technologies that are relatively mature and widely used include frequency modulated liquid dampers (i.e.,
the Tuned Liquid Column Damper, TLCD), frequency modulated TMD, magnetorheological (MR)
dampers, fused blade tip constructions (FBTC), and smart sandwich material damping control. Although
various damper controls belong to structural damping control, they often use various intelligent control
theories to improve the effectiveness of damping control, which also has positive significance.

(1) TLCD and TMD methods

Zhang et al. [147] installed roller dampers at specific locations on the blades to reduce in-plane
vibrations, and proposed three different roller layouts where the vibration energy of the blades is
absorbed by balls, cylinders, or flywheels that roll in a circular tube. Among them, the flywheel has a
larger mass moment of inertia, but its layout compactness is lower than that of a sphere or cylinder with
the same mass. Afterwards, Zhang et al. [148] installed TLCD to enhance the damping of the blades in
the direction of rotation plane. The results indicate that better control effects can be achieved by
increasing the mass ratio and installing the damper closer to the blade tip. Other new TLCD studies
include: Basu et al. [149] used a cylindrical TLCD filled with liquid that can move back and forth in the
tube; Chen et al. [145] studied the installation of a novel frequency modulation damper inside the blade
to improve the critical conditions of blade vibration. The results indicate that these new frequency
modulation dampers can increase the critical speed of blade flutter by 100%.

Fitzgerald et al. [150] used a pre-tensioned cable to connect the active TMD inside the blade and the
blade tip, further reducing the response of the blade in the in-plane direction. The system fully considers
the structural dynamics of the system, the interaction between in-plane and out of plane vibrations, and
the mutual influence between the blades and tower, significantly reducing the in-plane vibration of large
flexible wind turbine blades. Sonkusare et al. [151] utilized piezoelectric tuned TMD to achieve active
control of edge vibration of a pre-twisted beam rotating in a vertical plane. The TMD consists of a spring
mass damper system, a piezoelectric transducer, and its related shunt circuit. By investigating the peak
and root mean square values of the beam tip response, the optimal values of resistance and inductance for
the shunt circuit were obtained.

(2) Other active damping control methods

Chen et al. [152] used MR to provide control force, and the controllable fluid of the MR damper can
change from a free flow state to a semi-solid state when a magnetic field is involved, in order to reduce
the in-plane vibration of the blade. Dai Y et al. [153] proposed a FBTC scheme. The FBTC structure
allows for adjusting the folding angle of the blade tip. The authors investigated the impact of FBTC
structure on the aerodynamics of wind turbines by comparing numerical simulations and experimental
tests. The research results indicate that the FBTC structure enhances the aerodynamic performance of
wind turbines. Not only does it increase the turbulent kinetic energy and average pressure of the blade
cross-section, but it also confirms that the blade tip folding angle can effectively optimize the
aerodynamic performance of the turbine. In addition, Liu et al. [154] embedded a flexible piezoelectric
(FP) material in the blades and improved the flutter suppression ability of the blades through optimal
control methods. The advantage of this smart sandwich material damping control is that it has little
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coupling effect with variable pitch operation, and can operate independently of speed and power regulation
without changing the aerodynamic force of the blades.

Safaeinejad et al. [155] proposed an active mitigation control method to reduce torsional and edge
vibrations in wind turbines. This active control is based on the design of an extended dynamic model
with mechanical structural flexibility, which adds an axillary term proportional to the speed difference
between the blade and the hub to the power control loop. It is an intelligent control theory method based
on sliding mode observer. Corral et al. [156] achieved intentional and asymptotic detuning modes in the
rotor by installing small mass blocks on the tip cover of the blade. Through this mode, flutter can not
only be suppressed but also modulated. Kandil et al. [157] applied time-delay and positive position
feedback controllers to reduce nonlinear oscillations in rotating blade power systems. This is a nonlinear
dynamic method with strong linear coupling and multiple time scales, suitable for nonlinear flutter
suppression. Rafiee et al. [158] conducted a comprehensive review of academic articles published in the
past few decades on rotating composite beams. This review involves analytical, semi-analytical, and
numerical research, covering dynamic issues such as adaptive/intelligent/smart materials (such as
piezoelectric materials, electrorheological fluids, SMAs, etc.), damping and vibration control, advanced
composite materials (such as functionally graded materials and nanocomposites), complex effects and
loads (such as added mass, conical beams, initial curves, and distortions), and experimental methods.
This literature is an excellent one that can provide reference methods for various active damping control
of wind turbine blades.

(3) Discussion on active damping control based on smart sandwich material

The implementation of smart sandwich material damping control using piezoelectric actuation relies on
the combination of optimization control methods and active boundary element feedback control [154]. When
using certain FP materials [159–161] instead of conventional rigid piezoelectric ceramic materials, it can not
only suppress classical flutter but also stall flutter, provided that the piezoelectric material is flexible and has a
considerable piezoelectric effect. The longitudinal 3-3 direction piezoelectric effect of this type of FP
material is even better than the opposite 3-1 direction piezoelectric effect [162–164]. Fig. 12 shows the
composite material host structure with the FP material pairs embedded. The piezoelectric material pairs
consist of a sensor and an actuator. The sensor patch receives the piezoelectric signal caused by the
deformation of the composite material host, and through active feedback control planning G, reacts with
the actuator to excite the host to deform in the opposite direction, achieving the goal of suppressing
flutter amplitudes. Because it is a FP material, there can be longer layers along the longitudinal span
direction, and a larger width in the cross-sectional direction to improve damping effect and enhance
feedback control effect.

Figure 12: The composite material host structure with the FP material pairs embedded to suppress the stall-
induced flutter
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In addition, the real-time control of wind power systems is also a complex issue. After decoupling the
system equations of composite blades, dozens of discretized variables will appear, making the vibration
control problem more complex. When high-end intelligent control algorithms are used to achieve the
active vibration control, due to the complexity of the algorithms, it is almost impossible to implement
them in actual controller hardware, not to mention that most current wind power system controls use PLC
controller hardware that has limitations in random-access memory and programming. An experimental
platform [165] based on the OLE (Object Linking and Embedding) for process control (OPC) precisely
solves this problem, which is an OPC Data Access technology.

3.2.3 Discussion on a Special HFMV Phenomenon and the Vibration Control Methods
In practice, it has been found that a large or medium-sized wind turbine under “normal operating

conditions” will form a certain HFMV phenomenon when the excitation frequency is close to a certain
high-order (within 5th order) natural frequency. Due to long-term excitation of blades under nonlinear
high-frequency and small amplitude vibration conditions, implicit crack defects (or loosening and
misalignment within the skin structure) may form in composite blades, making the blade body more
prone to fracture failure under high wind speed flutter conditions or extreme working conditions. Zhang
et al. [166] also noted that turbulent winds lead to an increase in aerodynamic loads and equivalent
fatigue loads, resulting in low amplitude high-frequency vibrations in the flapping direction that have
more destructive effects. Based on the study of the overall machine mode, Zhou et al. [146] confirmed
the possible small amplitude and constant amplitude high-frequency vibration phenomena of linear
vibration blades under conventional operating conditions. Linear quadratic control and H∞ control were
used to suppress the linear flutter.

This HFMV phenomenon belongs to a type of coupled motion, exhibiting a coupled bending-twist
(torsional) displacement. Bending displacement refers to the displacement in the y-direction of (See
Fig. 13a), while twist displacement is denoted by θ. At this point, the above-mentioned FP materials can
precisely play a role. The piezoelectric layer does not need to be too long, it only needs to be laid inside
the composite material host near the blade root, as shown in Fig. 12. Of course, the piezoelectric layer
does not need to be too wide, so the FP material at this time can be replaced by rigid piezoelectric
ceramic material. The small sized piezoelectric layers also need to be layered in pairs up and down, but
there is no need to use feedback control between the upper and lower layers. Instead, the active control
method shown in Fig. 13b can be used instead. After obtaining the piezoelectric signals from the upper
and lower layers, perform absolute value operations and add them together. Then, after passing through
an amplifier, obtain the signal G that can be recognized by the physical controller hardware. When
HFMV lasts for a period of time t and G stabilizes within a certain set range, the physical controller
issues a command to drive the pitch motion. The pitch motion is arbitrary, as long as the system avoids
the resonance region, so that HFMV can be suppressed.

It should be noted that this HFMV phenomenon can also occur in the three-bladed system of small wind
turbines when the wind speed is less than 6 m/s. However, regardless of the type of wind turbine blades,
detecting small defects caused by HFMV based on commercial sensors is quite difficult. The adaptive
positioning technology based on laser optical scanning can scan the point cloud data of the entire blade
surface [167] to obtain the position of micro defects, or directly scan the surface to obtain the crack
information of micro defects. However, both the operation process and the detection technology itself are
very complex and difficult to implement in engineering applications. Therefore, it is very important to
prevent the occurrence of HFMV in advance and take preventive measures. At the same time, it is
essential to use miniature models and laser displacement sensors (DSs) to perfectly match real wind
turbines and conduct in-depth research on HFMV phenomena. In order to overcome the problem of poor
aerodynamic performance of micro-models caused by miniature effects, Yang et al. [168] proposed an
innovative blade design method based on machine learning for miniature model testing. Wind tunnel tests
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have shown that this method achieves satisfactory similarity between thrust and power coefficients under
various operating conditions of the miniature model and prototype and achieves perfect matching in the
study of NREL-5MW wind turbines. The miniature models of this type of structure, when combined with
laser DSs, will achieve ideal results in HFMV phenomenon research. Fig. 14 shows the miniature model
of the structure and laser DSs layout from reference [168].

(a)

(b)

Figure 13: The small sized piezoelectric layup and control planning in composite material host. (a) Small
sized piezoelectric layer patches; (b) Active control method

Figure 14: The miniature model of the structure and laser DSs layout
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4 Conclusions and Outlooks

In the present study, a detailed review and discussion were conducted on the modeling and vibration
control of aeroelastic systems of composite blades. At present, significant progress has been made in
aeroelastic system modeling and vibration control technology of wind turbine blades, but there are still
many problems that urgently need to be solved, as it not only involves issues of aeroelasticity and
aerodynamics, but also involves the advanced fields of control and computer science. For example, the
accuracy of modeling needs to be further improved, and vibration control methods need to be optimized
for the flexible characteristics of large turbine blades to be combined with advanced control algorithms.
Therefore, control accuracy and reliability are also important research topics to achieve better control
effects. Therefore, further in-depth research is needed in the modeling and vibration control of wind
turbine blades to promote the sustainable development of wind energy. The research themes can be
outlined as follows:

(1) Refined dynamic models need to be established, coupling the dynamic model of the blade with wind,
tower and other factors more reasonably in view of the influence of aerodynamic, structural,
temperature, electromagnetic and other factors of the blade on its dynamic characteristics.
Furthermore, the more refined dynamic models should be established to predict, more accurately,
the dynamic responses of blades to improve performance and reliability.

(2) The new blade materials and structures need to be developed. It is advisable to design efficient,
lightweight, and high-strength blade structures using multi-objective optimization, topology
optimization, multi-scale optimization, and other methods based on different wind field
conditions and requirements. By exploring the performance of rigid and ductile materials, efforts
should be made to find better blade materials and structures, improve the toughness and stiffness
of blades, and enhance wind energy utilization efficiency.

(3) The mechanisms of brittle fracture and fatigue failure of blades should be investigated, using sensor
testing, signal processing, machine learning and other methods to detect the status and damage of
blades in real time, detecting and predicting blade damage as early as possible, and predicting the
health status and maintenance needs of blades to improve the service life of blades.

(4) Various intelligent control algorithms should be introduced to actively control the vibration of
blades. With the development of high-performance intelligent algorithms, they can be applied to
active vibration control planning of blades to generate more stable and efficient outputs for wind
turbines. For example, the FP material mentioned in this article not only has flexibility, but its
piezoelectric properties are not weaker than, or even surpass, conventional rigid piezoelectric
ceramic material [162–164], so it has scientific value for further in-depth research. If there is an
effective intelligent control algorithm for matching, active feedback control will demonstrate
more outstanding results.

(5) At the same time, more efficient smart sandwich materials can be introduced and embedded into the
composite material host to improve the performance of active control. For instance, due to the
different vibration properties of SMA under high and low temperature transformation conditions
[169], the Brinson model analysis based on high-order layering theory and SMA phase transition
constitutive relationship is used to analyze the thermoelastic coupling nonlinear FE model of
laminated composite beams with active SMA layers, which is often applied in composite material
beam structures to achieve flutter suppression [170–172]. Therefore, we envision that we can
apply the same planning to wing structures instead of beam structures, and use various intelligent
control theories as assistance, which will open up more effective ways to achieve active control
of composite blades.

(6) With the introduction of service-oriented architecture in manufacturing systems, the demand for
cross platform data transmission and the issue of data security for large-scale data transmission
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are becoming increasingly critical. The OPC Data Access technology mentioned above seems
somewhat powerless now. An Open Platform Communications Unified Architecture (OPC UA)
technology [173–175] is capable of performing this job as it is a service-oriented communication
protocol that enables interoperability between various hardware systems and devices. This is an
unavoidable research field in the real-time control of wind power systems in the future.

(7) It should be noted that the deficiencies listed in this article do not specifically refer to the
shortcomings of the cited literature, as they are common deficiencies in blade aeroelasticity and
vibration control in the field of wind power generation. Therefore, the goal of this article is to
identify and analyze these issues and explore the possible solutions. Sincere thanks to all the
authors of the cited literature.
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