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Highlights:

e A 13-DOF nonlinear multibody model is developed, incorporating coupled tower-blade-nacelle-rotor
dynamics and often-neglected tower torsion.

¢ Anintelligent mode selection algorithm is proposed to optimize vibration mode functions, balancing
computational efficiency with simulation accuracy.

e Validation against OpenFAST shows relative errors within 3.5% for key responses, enabling
reliable structural assessment and future optimization.

Abstract: This paper introduces a high-fidelity, nonlinear dynamic modeling and intelligent analysis
framework for assessing the dynamic response of onshore wind turbines. A 13-degree-of-freedom (DOF)
multibody model is established using Euler-Lagrange formalism, integrating coupled rigid and flexible
body dynamics across the tower, blades, rotor, nacelle, and drivetrain. The tower and blades are modeled
as Euler-Bernoulli beams capable of capturing both bending and torsional deformation, with
aerodynamic loads computed via an enhanced blade element momentum (BEM) approach. To ensure
predictive accuracy under complex loading conditions, an intelligent analysis algorithm is developed for
selection and validation of vibration mode functions based on structural response convergence.
Numerical simulations, implemented symbolically in MATLAB®, are validated against the widely
recognized OpenFAST code. Results indicate that the proposed model effectively captures nonlinear
and coupled dynamic turbine behavior, achieving relative errors within 3.5% in key response metrics.
The framework offers a reliable tool for structural dynamic assessment and establishes a foundation for
future applications in optimization and control of large-scale wind energy systems.
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1. Introduction

Driven by escalating global demand for sustainable energy infrastructure, wind power has become a
cornerstone of the renewable energy transition, offering significant benefits such as carbon-neutral
operation, environmental stewardship, operational reliability, and high energy conversion efficiency [1,2].
As one of the most commercially mature and rapidly expanding renewable energy technologies, wind
power capacity has demonstrated characteristic exponential growth. According to the Global Wind
Report 2025 [3], the sector experienced unprecedented expansion in 2024, with 117 gigawatts (GW) of
new installations worldwide. Furthermore, the market is projected to maintain a compound annual
growth rate (CAGR) of 8.8% through 2030.

Wind turbine towers [4,5], a principal component of onshore wind turbines, serve two critical
structural and aerodynamic roles, making them essential to the overall effectiveness and safety of wind
energy systems. First, they elevate the rotor blades to heights where wind speeds are more favorable due
to the vertical wind shear effect, thereby improving aerodynamic efficiency and energy capture. Second,
they function as the primary load-bearing structures, supporting the nacelle, hub, and rotor assemblies
while transmitting complex dynamic loads-including gravitational, aerodynamic, inertial, and
operational loads-to the foundation. These dual functions require towers to possess high bending
stiffness, adequate buckling resistance, and favorable vibrational characteristics. The natural frequency
of the tower must be carefully designed to avoid resonance with rotor excitation frequencies (typically
1P and 3P), which can lead to amplified structural responses and potential fatigue failure. A tower that
is either too stiff or too flexible may result in adverse effects such as excessive blade tip deflection,
reduced energy production due to misalignment, and long-term material degradation. Moreover,
environmental factors such as turbulence intensity, extreme gusts, and seismic loading necessitate towers
that are not only strong but also dynamically resilient. Cost analyses indicate that tower manufacturing
accounts for approximately 14%-20% of the capital expenditure for onshore wind projects [6]. This
economic reality underscores the need for a comprehensive design methodology that integrates structural
safety with cost efficiency-balancing fatigue endurance, buckling resistance, vibration suppression, and
mass minimization within a multi-objective optimization framework.

To achieve this, modern computational optimization of wind turbine towers typically integrates
two modules: (1) a high-fidelity structural analysis model that captures key physical responses, and
(2) a numerical optimization engine that navigates the complex design space under multiple constraints.
The structural analysis component serves as the predictive core, tasked with evaluating the tower’s
mechanical behavior under both operational and extreme loading conditions. Two mainstream analytical
approaches are widely employed. The first is based on Euler-Bernoulli beam theory [7-9], in which the
tower is idealized as a slender beam and discretized using one-dimensional beam elements. This method
is computationally efficient and reasonably captures global bending, axial, and shear deformations,
making it suitable for preliminary design and parametric studies. The second, more detailed approach
employs three-dimensional finite element analysis (FEA) [10-12], using shell or solid (brick)
elements to model the tower geometry and material behavior. FEA provides localized stress
resolution, captures geometric nonlinearity, and accommodates complex boundary conditions,
making it ideal for high-fidelity simulations and failure assessments. Within the optimization module,
gradient-based algorithms, evolutionary strategies (e.g., genetic algorithms), or surrogate-assisted
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methods are used to identify optimal tower geometries and material layouts that minimize mass or cost
while satisfying constraints on stress, displacement, buckling safety factors, and modal frequencies. The
coupling of structural fidelity and algorithmic robustness forms the foundation for automated,
performance-driven wind turbine tower design, enabling the development of lighter, safer, and more
economically competitive renewable energy infrastructure.

However, to comprehensively capture the dynamic behavior of onshore wind turbines-particularly
under operational and extreme loading scenarios-it is essential to adopt an integrated analysis framework
that accounts for full system interactions and inherent nonlinearities. To enhance modeling accuracy and
predictive capability, this study employs a multi-body dynamics (MBD) approach [13—15]. The analysis
begins with the formulation of the kinematics for both rigid and flexible bodies, followed by the
derivation of coupled equations of motion that describe the interactions between rigid-body dynamics
and elastic deformations. While high-fidelity commercial tools offer comprehensive nonlinear
capabilities, they often entail significant computational cost. The proposed framework seeks a balance
by implementing a concise yet nonlinear multibody formulation that efficiently accounts for finite
rigid-body rotations and large elastic displacements, providing a physically consistent representation
suitable for rapid dynamic analysis and design optimization. While Timoshenko beam effects may
become significant for larger-scale turbines, the nonlinear Euler-Bernoulli beam theory is employed here
to capture the tower’s structural flexibility, allowing the elastic rotation matrix to reflect large
deformations and torsional effects. Additionally, balancing computational efficiency with accuracy, an
intelligent optimization algorithm was employed to develop a method for identifying vibration mode
functions applicable to towers and blades of various structural forms.

2. Mechanical modelling of the 13-DOF OWT system

A comprehensive 13-degree-of-freedom (13-DOF) model for an onshore wind turbine (OWT) is
developed based on the Euler-Lagrange formalism. This model utilizes a hybrid multibody and
modal-based formulation to systematically describe the system’s kinetic and potential energies. It
captures the fully coupled dynamics of the blades, rotor, nacelle, and tower, with particular emphasis on
explicitly incorporating the tower’s torsional degree of freedom-an aspect often neglected in
conventional modeling approaches. Nonlinear aeroelastic effects are represented through the modal
decomposition of blade deformation, and the influence of collective blade pitch control is rigorously
integrated into the framework. This advanced modeling strategy provides a robust and physically
consistent foundation for analyzing the dynamic response of onshore wind turbines under a wide range
of operational scenarios.

2.1. Model overview

The degrees of freedom (DOFs) and coordinate systems (CSs) of the OWT model are depicted in Figure 1.
Tower deformations are expressed in the global inertial coordinate system (OXYZ, referred to as
Frame %o), with its origin located at the tower base. The nacelle and rotor motions are described in a local
moving coordinate system (0:x):z:, denoted as Frame #r), with its origin fixed at the center of the tower top.
Each blade has its own local rotating coordinate system (0,Xpq)bazba, denoted as Frame Fa, a = 1, 2, 3),

originating at the rotor center.
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The blades and tower are modeled as Euler-Bernoulli beams. As illustrated in Figure 1, each blade [16]
exhibits two deformation DOFs-upa(7s, t) and vea(rs, t) (a =1, 2, 3), representing flapwise and edgewise
displacements, respectively. Tower motion is characterized by the translational DOFs u(z, f) and vz, f),
corresponding to fore-aft and side-to-side vibrations, along with the torsional DOF ¢4z, ). The torsional
moment at the tower top often governs the design of the upper sections, where bending moments are
comparatively smaller than those at the base. Thus, the inclusion of the tower’s torsional DOF is critical
for accurately capturing the structural dynamics and load effects essential to design.

(©)

Undeformed tower

" Xba

Undeformed blade

(a) (d)

Figure 1. Schematic diagram of the OWT and each coordinate system. (a) Frame %o; (b) Frame

Fr; (c) Frame Fva-(Plane onxaza); (d) Frame . (Plane oxxaya).

The drivetrain, illustrated in Figure 2, is modeled based on St. Venant torsional theory using the
DOFs qu(t) and gan(t), which represent the angular deviations of the rotor and generator from their
respective rated angular positions, Qof and N,Qot. Here, Qo is the rated rotor speed, and N is the
gearbox ratio. The actual rotor speed is expressed as Q(f) = Qo +4 ,(¢). The angular positions of the
low- and high-speed shafts in the gearbox are denoted as 6:(¢) and 6»(¢), respectively. The gearbox and
gear components are assumed to be rigid and massless, while the torsional stiffness coefficients kzss and

4
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krss of the low-speed shaft (LSS) and high-speed shaft (HSS) are derived from St. Venant torsional
theory. Finally, the azimuthal angle of blade a relative to the nacelle is defined as:

2
l//ba(t)=§20t+qd(t)+§7z(a—l) a=1,2,3 (1)

Figure 2. Schematic representation of a flexible drivetrain with a gearbox having an odd number
of gear stages.

2.2. Tower kinetics model

The tower is modeled as a dynamic cantilever beam, where shear deformation and rotary inertia effects
are neglected based on the slender beam assumption [17]. The deformation kinematics at an arbitrary
point P; along the beam are described using four field variables: the fore-aft displacement u«(z, ©),
side-side vibration vz, ?), arc length stretch s{z, ), and torsional angle ¢4z, f). The axial displacement
wi(z, t) 1s dependent on the other three deformation variables and is expressed as [18]:

a,

1 ¢ Ou, ,
=5 ——| [(=1)° +
= 2'[0 K 82) (82

)z 2)
Given that axial stretch is negligible in typical tower dynamics (i.e., s: = 0), wi(z, f) can be formulated as:
¢z 0u , Ov_,
w=——| [(=5) + (=) Mz 3
I+ 3)
Thus, the position vector r; and velocity vetor v; of point P; are respectively:

[, v, z+w,] )

rl‘
. .. qT
VvV, =1, = [ut Vy Wt] (5)
Taking the time derivative of Equation (4), the expression for w, is obtained as:

ou, 0’u, +% 0%,
Oz 0zOt 0Oz OzOt

W, == ( (6)
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The kinetic energy of the tower is then formulated as:
1 ¢ I .
T = Ejo myv' v dz+ 5 IO pJ @ dz (7)

where m4(z) is the mass per unit length of the tower (= p.AA(z) with p; and A«z) being density and
cross-section area at height z); / is the tower height; and J,,(z) denotes the polar moment of inertia of
the tower section.

The tower strain energy due to bending and torsional is written as:

o=t e, Cpa s e Oy LG oy ®)

where E; and G; are the Young’s modulus and shear modulus of the tower material, respectively; and
Ix(z) and I,(z) are the second moments of area about the local x- and y-axes, respectively.
The gravitational potential energy of the tower is given by:

! T
Vtg = »[0 mtg(rt : K)dZ (9)

where g is the gravitation acceleration; and K = [0 0 1] is the unit vector in the vertical direction. Thus,
the total potential energy of the tower can be expressed as:

V.=V,+V, (10)
2.3. Nacelle model

Frame &r is rigidly attached to the centroid of the tower tip cross-section and is initially aligned with the
global inertial frame %o in the undeformed configuration. The elastic rotation of the tower cross-section

at the tip (z = /) is characterized by a second-order rotation tensor Re; [17,19]:

_1_1(8%) _l _ 10u, ov, ou, ]
o 20z oz oz
18u Gv 1 ov 1 ov
R = T == (=) = =2 e
o & 2 0z Oz 2(82) 2@ Oz an
ou, Ov, ov, Ou,
—_ __+_
o ety [( Y Z) 1|

This formulation adequately captures the system’s kinematic behavior under small-strain assumptions.
The rotation matrix R serves to transform vectors from Frame #r to Frame %o. Accordingly, the angular
velocity of Frame #r with respect to Frame %o, denoted by @y, is computed as [20]:

~ o T
o, =R,R, (12)
where @, is the skew-symmetric matrix corresponding to the angular velocity vector .

The displacement vector r, and velocity vector v, of the nacelle can be expressed as:
n + R I‘lC ( 1 3)
Vn = l..n = th + Relrnc (14)

where ry and vy is the displacement and velocity of the tower tip section center, respectively, i.e. ¥1 = ¥~
and vy = Vt|z: I
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The kinetic energy of the nacelle is:
1 1
7;: =EmnV:Vn +Em§RelJizRthl (15)
where m, is the mass of the nacelle; and J,, is its mass moment of inertia matrices.
The gravitational potential energy of the nacelle is:
V,=m,zg(r, K) (16)

2.4. Generator model

The coordinate transformation matrix from the rotor shaft coordinate system to Frame %r is defined as:

cos<9g 0 sin@g
R = 0 1 0 (17)

g
—sin Hg 0 cos Qg

The kinetic and potential energy of the generator can be expressed as:

1
T, = szReleJg (Rele)T(og (19

4

1 1
Vg = EkLSS(el _Qot_‘]d)z +EkHSS(02 _NgQOt_an)z (19)

where J, is the mass moment of inertia tensor; and ey is the angular velocity vector of the generator
. T
o, =0, +R,R [NQ, +q, 00] (20)
2.5. Rotor model

The displacement vector r,, velocity vector v, and angular velocity vector vector ®, of the rotor can be
expressed as:

rr = rtl +Rel ([0 0 r;*otz]T +Rg [_rmtx 0 O]T) (21)
Vr = l..r = th + 1.{el ([O O rrotz ]T + Rg [_l/;’otx O O]T) (22)
®, =0, +R,R, [Q +¢, 00] (23)

The kinetic energy of the rotor is:

1 1
T = > mvv + wa R,RJ (R,R) o, (24)

r

where m;, is the mass of the rotor; and J, is the mass moment of inertia tensor.
The gravitation potential energy of the rotor is:

V,=mg(r, -K) (25)
2.6. Blade kinetics model

The coordinate transformation matrix from the blade-local frame % to the rotor shaft coordinate system

is expressed as:
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cos fcos 0, sin fcos 6, sin @,
R,, =| cosBsin@, siny,, —sin fcosy,, cosBcosy,, +sinBsind, siny,, —cosb, siny,, (26)

a

—cos fsin 6, cosy,, —sin Bsiny,, cos fsiny,, —sin fsiné, cosy,, cosb, cosy,,

where 6. is the pre-cone angle of the blade; and f is the collective blade pitch angle.
Following the same modeling strategy as the tower, the position vector ry, and velocity vector va,
of a point on blade a are expressed as:

6, =1, +R, {007, ] +R, (-, 00] +R, )} (27)
e =E =V + R0 01, T +R, (7, 0 0] +R, 1)}

R, (R, ([, 0 0] +R, ;) +R, (R, (R, 1} + R, i)} 9

vy =[u, (. O v, (5 0 1] (29)

£ = [ty Ve W] (30)

The kinetic energy of the blade is:
3 1 Lb T
I, = ZE'[O m,V,,V,,dr, 3D

where m(rp) is the mass per unit length of the blade; and L, is the blade length.
The strain energy of the blade due to bending deformation is:

SH YA 8 8
I/bs:ZIEJ-OL Ehlby uba)d +Z J‘ E Vba db (32)

where Ej is the Young’s modulus of the blade material; and 7, and /, by, are the cross-sectional moments

of inertia in the flapwise and edgewise directions, respectively.
The centrifugal stiffening energy due to rotor rotation is:

y=y ! S I (2 030, ey e Sy

bes
a= 1

1 ov (33)
+ZE.|-0 [J-, my (€2, cos Hc)zrbdrb](a—b”)zdrb
a=l1 b ]/‘b
The additional strain energy caused by gravitational loading during rotor rotation is:
bgs = —gILh [ILh m, (cosy,, cos B, cos @, —sin g, sin @ )drb](a“ba) dr,
" (34)
b ov
_Z g_[ [_[ m, (cosy,, cos0, cos@ —sin@, sind )d”b]( ba ) r,
or,
The gravitation potential energy of the blade is:
3 L,
Z.[o m,g (1, - K)dr, (35)
a=l1

Therefore, the total potential energy of blade is given by:
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I/b = I/bs + I/bg + ths + I/vbgs (36)
2.7. Spatial discretization method

The Assumed Mode Method (AMM) is employed to discretize the continuous deformation fields of the
tower and blades, including udz, t), vdz, t), pdz, 1), usa(rs, t) and vea(rs, t) (@ = 1, 2, 3). These fields are
expanded using the following modal representations:

Ntl(
ut (25 t) = zq)ui (Z)T;ui(t) = (I)Z’Ttu (37)
i=l1
N,,
v(z, t):zq)vi(Z)Tm(t)zq):Ttv (38)
i=1
Ny,
(D[ (Z’ t) = Z 771' (Z)];(pi (t) = nT’I‘t(p (39)
i=1
Ny,
uba (rh H t) = Z \Pui (7}) )T;)aui (t) = \PZTbau (40)
i=l1
Ny,
Vba (rb’ t) = Z\Pvi(rb )T;mvi (t) = TfTbav (41)
i=l1

where @i(x), Dvi(x), ni(x), Pui(rr) and W,i(7») are the assumed mode shape spatial functions. ®,, ®,, 7,
¥, and W, are the corresponding modal vectors. The numbers of mode shapes used for bending and twist
discretization of the tower and blade are Nu, Nw, Nip, Npu, and Ny, respectively. Tuit), Tni(t), Trpi(f),
Traui(f), and Travi(f) (a =1, 2, 3) are generalized coordinates to be determined. T, Tsw, Trp, Trau, and Tray
are the corresponding generalized coordinates vectors.

2.8. Formulating the equations of motion

A multibody-based formulation is adopted to derive the total kinetic and potential energies of the OWT

system. The equations of motion are then obtained using the Euler-Lagrange equation [21,22]:
4oL, oL 0% oW,
dt 0q° 0q 0q 0Oq

(42)

where L = T — V, with T and V being the system kinetic and potential energies, respectively; R is the
work performed by a nonconservative damping force; q(f) is the generalized coordinate vector
corresponding to the 13 degrees of freedom; and W, is the work induced by the aerodynamic load.

The total kinetic and potential energies of the system are given by:

Ir=T7+T,+T,+T +1, (43)
V=V+V,+V,+V, +V, (44)

The total nonconservative work R , due to structural and drivetrain damping, is composed of

contributions from the tower, generator drivetrain, and blades:

R=R +R, +R, (45)
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1t 0° ®, 5
9{t = 5 '[0 Ctu t ty 0 vt tr Ct(p t t(p( ) d (46)
mg =Crss (91 -0 -q, )’ + Css (02 _Nng ~44 )’ (47)
3 1 Lh aBlea 2 3 1 Lh a3Vba 2
R, = Z:‘EJ.O cbuEbIbya(al%zat) dr, + ;EJ-O vaEbIbm(arbzat) dr, (48)

where czss and cpss are the of the damping coefficients of massless low speed shaft and high speed shaft.
cu, Crv and cq are the damping coefficients associated with the two bending deformations and twist of
the tower, respectively; and ¢y, and c¢py are the damping coefficients associated with the two bending
deformations of the blade. The coefficients can be calculated as

c, _25/ C, _25/ i ,¢:2§,/ﬂ,¢ (49)

w?>

Cou =26, Ays €4, =28, | Ay, (50)

where & and & are the damping ratios of the tower and blade, respectively; Aw, An, and A, are the
fundamental natural frequencies (in rad/s) for the corresponding elastic deformations of the tower; and
Abu, and Ap, are the fundamental natural frequencies (in rad/s) for the corresponding elastic deformations
of the blade.

3. Work by aerodynamic loads

Aerodynamic loads acting on both the blades and the tower are incorporated into the dynamic analysis of
the wind turbine system. For the blades, the classical Blade Element Momentum (BEM) theory [4,5,23] is
employed, augmented by three widely used correction models: Prandtl’s tip loss factor, Glauert’s
turbulent wake correction, and the Pitt and Peters skewed wake model [24,25]. It is acknowledged that while
BEM serves as an industry standard for integrated aero-servo-elastic simulations, several higher-fidelity
modeling approaches exist for capturing more complex aerodynamic phenomena. These include
Generalized Dynamic Wake Models [26], Free-Vortex Methods [27], and Computational Fluid
Dynamics [28]. The selection of the enhanced BEM approach in this work is justified by its
computational efficiency, which aligns with the objectives of the proposed intelligent analysis method.
The exploration of higher-fidelity models like the Free-Vortex Method for specific complex scenarios
is identified as a valuable direction for future research.

As illustrated in Figure 3, the distributed lift p;, drag pp and pitching moment M per unit span are
determined from the 2D aerodynamic properties of the blade section. These loads are functions of the
effective wind velocity Vi, the relative inflow speed W, the angle of attack o and the local chord length c.
The angle of attack is calculated by as the difference between the flow angle ¢ and the sum of the blade
pitch angle f and the local blade pre-twist angle 6.

10
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section 7

pL .p.\'u

Figure 3. Illustration of the velocity triangle and force analysis for a blade element.

For the tower, aecrodynamic loads are computed based on the quasi-steady assumption [29,30]. The
distributed aerodynamic thrust (drag force) per unit length of the tower is expressed as:

1
P, :Epacdtdt|vw|2 (51)

where Cy4 and d; are the drag coefficient and diameter of the tower at height z; p, is the density of air;
and v,, is the incoming wind speed relative to the moving tower.

Based on the kinematic descriptions presented in Section 2, the total work done by the aerodynamic
loads on the turbine system is be expressed as:

301, !
w,= ZIO pgrbadd’?) + _[0 ptTrtddx (52)
a=1

where rs and ryqq are the displacement vector of tower and blade a, respectively.
4. Numerical simulation and validation

To derive the equations of motion capturing the complex kinematic behavior of the wind turbine system,
a symbolic code was developed in MATLAB® based on the multibody formulation. The resulting
system of nonlinear differential equations was numerically integrated using a stiff ordinary
differential equation (ODE) solver in MATLAB® to compute the time-domain dynamic response.

11
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A validation study was conducted to assess the reliability of the proposed model by comparing its
predictions with those from OpenFAST, a widely recognized high-fidelity simulation tool in wind
turbine dynamics research [31]. The benchmark configuration for this comparison was the 5 MW
reference wind turbine developed by the National Renewable Energy Laboratory (NREL) [32].

Throughout the simulation, it was observed that the selection of vibration mode functions-specifically
®,, ®,, 1, for the tower, and ¥, and W, for the blades-plays a critical role in determining the accuracy
of the computed dynamic response (see Figure 4 and Figure 5). These figures examine different
first-order vibration mode functions to evaluate their impact on the structural response and to validate
the suitability of the modal representations under various operating conditions.

1 z., 4 z, Z.,
—EYZEy 42& MF1
3(1) 3(1) + (l)
@ —® - 1 dd MF2
ul(Z)_ vl(Z) = _COSE (53)
sin 28752 1 3622 cos 1'81752 —sinh 1'81752 +1.3622 cosh 1873% M3
1 r_b)“ _i(if +2(r_b)2 MF1
3L, 3L L
¥ (n)=W (r,)== 1-cos 2% MF2 54
ui \"b vi\"h 2Lb ( )
. 1.875 1.8757, . . 1.875 1.875
sin—22" 13622 cos ~27b _sinh—>2"0 4 1 3622 cosh —>>"2. MF3
b b Lb Lb
2.8 ~ - 2.8

. —MF1], s L
N ME2f . CoN o

20

u,, (m)

—— MF1 ) i
== MF2 v \ - MF2
- - MF3 0.6 N ! ' - - MF3

. . . . 0.0 . . .

0

0.6 1 —— MF1

! " ' R A= I - - - MF2 0.6
' g B L . ‘ - MF3
075 " MF3| )

. . ; . .
15 20 0 5 10 15 20 0 5 15 20

t 1((;) £(s) t I((;)
(d) () (®

Figure 4. Comparison of dynamic responses obtained from different vibration mode functions (Blade).
(a) Blade 1 (X direction); (b) Blade 1 (Y direction); (c¢) Blade 2 (X direction); (d) Blade 2 (Y direction);
(e) Blade 3 (X direction); (f) Blade 3 (Y direction).
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Figure 5. Comparison of dynamic responses obtained from different vibration mode functions
(Tower). (a) X direction; (b) Y direction.

Building on the analyses in Figures 611, the modal expansions were extended from first four modes
to first six modes (i.e. Ny= N = Np»= N, = 4-6), and the resulting simulations were compared with
OpenFAST outputs. The comparison demonstrates that increasing the number of modal terms
significantly improves the agreement between the presented method and OpenFAST results. However,
this enhancement comes at the cost of increased computational effort, as the required calculation time
grows proportionally with the number of modes (one hour to several hours). To achieve an optimal
balance between computational efficiency and simulation accuracy, it is essential to adopt a
differentiated modal expansion strategy-using tailored combination of modal terms for each variable,

including ws, v, ttpa, vea (a =1, 2, 3).

OpenFast]
- N,=6
NS

L
0 5 10 15 20

1(s)

OpenFast
- N,=6 -=N,=5

-0.90

N,=3

N,=4
!

-1.35 . >
0 5 10 15 20

0.8

i/

- N6 == N,=S

OpenFast

N,=4 N,=3

6.30

t(s)

(b)

15 20

5.04 |-}

—— OpenFas
- - N6

[P VY

===

0.00
0

t(s)

(e)

0.00

o

penFast]

;

22 =

1
I

6
5
4
3

=

m

1.10

15 20

|— OpenFast
“° Ny=6 - N,=5
N,=4 N,=3

15 20

Figure 6. Comparison of blade tip displacement results (MF1). (a) Blade 1 (X direction); (b) Blade 1
(Y direction); (¢) Blade 2 (X direction); (d) Blade 2 (Y direction); (e) Blade 3 (X direction);

(f) Blade 3 (Y direction).

13



Smart Constr.

Article
1.00 —_—— 0.00
. —— OpenFast A\
A
-0.04
—_
g
SN
-
-0.08
—— OpenFast ' '
--- N,,,:G - Nm:5 ;“,- ,I;.‘ 8
N,=4 N,=3 '
-0.12 L L L
0 5 10 15 20
1(s)

(b)

Figure 7. Comparison of tower tip displacement results (MF1). (a) X direction; (b) Y direction.

6.20

0.8 6.30 -
f‘\ S~ e . A 2 A N
X N X Vel / /L/ \ 5
W\ N\ N 0.4 5.04 H \) s \
4.65 WM A NG W \Y, \ \V:
i
0.0 378 H
— e y =
) 3.10 £ £
= = >
= = Q
s — OpenFast = -04 \ y | I 252 OpenFast
i RS Wy L5 \ N - N,=6
b T -0.8 ' — OpenFast 4 - --N,=5
0.8 126
Nt - N6 - N, N,
i3 N4 N,=3 N,=3
y 0.00 L . I
15 20 0 5 10 15 20
1(s)
(c)
— OpenFast
N\ SN - N6 NS
SAVZSERN A S\
—_
g
=
Q
. —— OpenFast
v - N,=6
-0.90 —— OpenFast 126 1! - = N,=5
- N,=6 - NS ’ N4
N4 N=3 N3 1
135 . L - 0.00 L . I -1.10 L : L
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
t(s) £(s) ‘)

(d) (e) ()

Figure 8. Comparison of blade tip displacement results (MF2). (a) Blade 1 (X direction); (b) Blade 1

(Y direction); (c¢) Blade 2 (X direction); (d) Blade 2 (Y direction); (e) Blade 3 (X direction);
(f) Blade 3 (Y direction).

0.84

0.000
\ — OpenFast \
i - Nm:6 \
H \.
In - = N,=5
0.56 -0.037 -
~~ ~
g g
N~ N—
s =
0.28 -0.074 |
—— OpenFast \ "
N6 NS
N,=4 N,=3
0.00 L L 1 L L
10 15 20 0 5 15 20
1(s)

10

t(s)
(a) (b)

Figure 9. Comparison of tower tip displacement results (MF2). (a) X direction; (b) Y direction.

14



Smart Constr. Article

6.3 0.8 6.30

42 H

uy (m)
‘I’b1 (m)

—— OpenFast| — OpenFast|
2.1 -e- N6 | - N,=6
- --N,=5 08k : —— OpenFast 1.26 f+ T NS
N,=4 - - - N,=6 =="N,=5 N,=4
N3 N,~4 N,=3 N, =3
0.00 L L L
20 0 5 10 15 20
1(s)
(c)
1.10
—— OpenFast
CIN < N=6-=N,=5

Na= N3

WY 0.55 K}

B
~ 0.00
<
I—— OpenFast =
- N6
Ty - — -0.55
-0.90 — OpenFast N,=5 i
- N6 - NS N,=4 i
N,=4 N,=3 N3 i
135 . . n 0.00 . . - -1.10 L . .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
t(s) 1(s) £(s)
(d) (e) ()

Figure 10. Comparison of blade tip displacement results (MF3). (a) Blade 1 (X direction);

(b) Blade 1 (Y direction); (¢) Blade 2 (X direction); (d) Blade 2 (Y direction); (e) Blade 3 (X direction);
(f) Blade 3 (Y direction).

0.84
I8 —— OpenFast
0 N6
InG - =N,=5
0.63 N =4
N3

Eon
=
021
0.00
10 15 20
1(s)
(a)
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5. Intelligent analysis method

To achieve an optimal balance between computational efficiency (using an Intel(R) Core (TM) 17-11700
processor with 32.0 GB RAM). and response accuracy while accounting for the complexity and
variability of structural vibration modes, an intelligent analysis algorithm [33,34] is proposed, as
illustrated in Figure 12. It should be noted that the scope of this study does not extend to structural

optimization; hence, the algorithm terminates once the modal function satisfying to the convergence
criterion is identified.
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Figure 12. Flowchart of intelligent analysis algorithm.

Based on the modal formulations in Equations (53) and (54), along with the comparative results in
Figure 4 and Figure 5, it is evident that appropriately relaxing the boundary conditions of the vibration
modes can significantly improve the accuracy of dynamic response predictions. Here, the term
“relaxation” does not imply a complete disregard for boundary constraints, but rather refers to an
approximate satisfaction, which allows greater flexibility in mode shape representation without
compromising physical relevance.

Figure 13 and Figure 14 compare the structural responses computed using the proposed intelligent
algorithm with those from OpenFAST simulations. The results show that the relative error between the
two approaches is within 3.5%, which falls within an acceptable range for engineering applications and
confirms the effectiveness of the proposed method.
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6. Conclusion

This study has established a comprehensive nonlinear dynamic modeling framework for onshore wind
turbines using a 13-DOF multibody formulation derived from the Euler-Lagrange principle. The model
effectively captures the fully coupled dynamics of the rotor-nacelle assembly and the supporting tower,
with particular emphasis on the often-neglected torsional degree of freedom of the tower, which is
critical for accurate load assessment in the upper tower sections. A key feature of the proposed
framework is its integration of nonlinear aeroelastic blade response through modal decomposition and a
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quasi-steady tower aerodynamics model, providing a physically consistent representation of the turbine
behavior under operational conditions.

To address the critical challenge of balancing computational efficiency with simulation accuracy,
an intelligent analysis algorithm was introduced for the optimal selection of vibration mode functions.
Numerical validation against the high-fidelity OpenFAST code, using the NREL 5-MW reference
turbine as a benchmark, confirmed the model's predictive capability under steady-state conditions. The
results demonstrate that the proposed method achieves a close agreement with OpenFAST outputs, with
relative errors maintained within 3.5%, while significantly reducing computational expense.

While the current model has demonstrated robust performance, this study also identifies key avenues
for future theoretical enhancement and application broadening, directly informed by the review process:

e Towards Higher-Fidelity Dynamics: It is acknowledged that a more rigorous formulation of the
generalized inertia matrix, explicitly accounting for Coriolis force effects and the contribution of tensor
pairs, would further enhance the model’s completeness and accuracy for regimes involving intense dynamic
coupling. This constitutes a primary objective for deepening the theoretical foundation of this work.

e Expanding Operational Regimes: The successful validation under steady-state conditions
provides a solid baseline for future investigations into more complex environments. Subsequent research
will prioritize the analysis of non-steady-state conditions, such as responses under turbulent inflow and
rapidly changing wind scenarios, which are crucial for predicting fatigue loads and optimizing control
strategies in real-world applications.

e Extending Model Validation: To further corroborate the model’s fidelity across a broader range
of dynamic characteristics, future work will include a more comprehensive validation campaign. This
will involve direct comparisons of fundamental natural frequencies and mode shapes with high-fidelity
tools, as well as an analysis of local stress distributions under dynamic loading.

In summary, this work provides a robust and efficient simulation platform that balances accuracy
with computational practicality, making it suitable for preliminary design, parameter sensitivity studies,
and dynamic response analysis. The defined future directions, focused on enhancing theoretical rigor
and expanding operational scope, chart a clear path for developing this framework into a high-fidelity
tool for the next generation of wind turbine systems.
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