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The increasing size and structural flexibility of megawatt-scale wind turbine blades make them highly susceptible to
edgewise vibrations under rotating dynamic loads. Conventional passive control methods, such as tuned mass dampers
(TMDs), effectively mitigate vibrations but add auxiliary mass, thereby increasing static root loads. This study proposes
a novel, fully passive hybrid control framework integrating a one-dimensional Acoustic Black Hole (1D-ABH), a
localized viscoelastic damping layer, and a Nonlinear Roller Damper (NRD) to simultaneously suppress edgewise
vibrations and reduce blade mass. A two-degree-of-freedom (2-DOF) nonlinear coupled dynamic model is derived
based on rotating Euler-Bernoulli beam theory, incorporating centrifugal stiffening, Coriolis forces, and rolling friction.
The governing equations are solved using the variable-step Runge-Kutta method across ten distinct operational
scenarios. The results reveal that a bare ABH structure, despite reducing mass, increases steady-state vibration
amplitudes by 20.7% due to localized stiffness degradation. Adding a viscoelastic layer compensates for this reduction,
yielding a 15.78% vibration decrease. Ultimately, the optimal hybrid configuration (Scenario 8) achieves a 15.4% total
blade mass reduction while providing a 21.53% decrease in steady-state RMS displacement and a 33.87%
reduction in peak amplitude. These findings demonstrate that the proposed hybrid system offers a highly efficient
strategy for structural lightweighting and robust vibration suppression in modern wind turbine blades.
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Table 2 Configuration of the ten simulation scenarios for dynamic
analysis.

Standard composite
reference blade ~ 1300.0  0.005 0.00 —
(uncontrolled)

S1 Baseline

Base blade +
Nonlinear Roller  1300.0  0.005 21.54  0.031
Damper at 35 m

NRD at x, =

B8 35m

Bare ABH + Bare ABH blade +
S5 Nonlinear Roller 1077.14  0.005 21.54  0.031
NRD (45 m)
Damper at 45 m

ABH blade +
ABH + . .
S7 . . viscoelastic layer 1077.14  0.045 0.00 —
Viscoelastic
(structural control)

Hybrid design with
damper at non-
optimal position (35
m)

Combined

S9 System (35 1077.14  0.045 21.54  0.031
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Table 1 Physical, geometric, and mechanical parameters of the system.

Blade Geometric Specs Total blade length L 63.0 m

Initial generalized mass

B 1
ase Structural Specs P ——

Mopase 13000 kg

First edgewise natural

—— Wy 6.67 rad/s

Initial structural linear

damping coefficient ‘o TS KR

Damping ratio with

viscoelastic layer Svisco 0.045 —

Nonlinear Roller Damper

(NRD) Specs Physical roller mass m 21.54 kg

Rolling path radius R 2.0 m

Equivalent damper

pendulum length (R — 1) R, 1.8 m

Environmental &
Computational Constants

Friction function smoothing

coefficient 14 200.0 =

Aerodynamic & Wind ~ Mean wind speed at hub

Turbulence Specs height Vi DU s

Turbulence wind speed
standard deviation

Air density Pair 1.225  kg/m?

Effective blade projected

A d 2
o eff 63.0 m

Aerodynamic excitation load

F,
amplitude L) X0 W

Aerodynamic damping ratio  {gero 0.035 —
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Table 3 Quantitative validation and comparison with Zhang et al. [3]

Wlnd Response Evaluation  Zhang et al. Presefnt Deviation
Condition Index (2014) Reference  umerieal o)
Vo) Model .
Maximum
m/sl‘)/“ =B e 0.7700 0.7682 0.23%
(Design) displacement (m)
Uncontrolled RMS (m) 0.1684 0.1679 0.30%
Maximum controlled ., ¢, 0.6358 0.19%
displacement (m)
Controlled RMS (m) 0.1148 0.1145 0.26%
RMS reduction (gys) 31.84% 31.83% 0.03%
m/s Vy = 11.4 .
(Roate ) RMS reduction (gus) 30.12% 30.08% 0.13%
A S RMS reduction (1gpys) 26.38% 26.31% 0.26%
(Cut-out)
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Table 4 Summary of dynamic performance and weight trade-off across
all 10 simulation scenarios.

RMS Vibration
Scenario Scenario Description I}MS . II’eak Amp lltude'
Code and Configuration Disp t Disp t Change relative
(m) (m) to Base Blade
(%)
s Base blade 0.1048 03104 0.00%
(uncontrolled)

Base blade + NRD at

S2 optimal position 0.0811 0.2188 -22.63%
(%o = 45 m)

Base blade + NRD at

S3 non-optimal position 0.0988 0.2849 -5.76%
(xo = 35 m)
Bare ABH blade
S4 (without damping 0.1265 0.3747 +20.70%
layer)
Bare ABH blade +

S5 NRD at optimal 0.0963 0.2688 -8.17%

position (xo = 45 m)

Bare ABH blade +

S6 NRD at non-optimal 0.1195 0.3336 +14.04%

position (xo = 35 m)
g7 ABHbladetlocal oy op 0.2415 -15.78%
viscoelastic layer
Optimal combined
design (ABH +
viscoelastic + NRD at
45 m)
Combined design
with NRD at non-

S9 R .. 0.0842 0.2107 -19.68%
optimal position (35

S8 0.0822 0.2053 -21.53%

m)
Base blade +
S10 traditional 0.0867 0.2667 -17.32%
viscoelastic layer
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(a) Transient and Steady-State Blade Response

0.3 —— S1: Base Beam (Uncontrolled)
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I ¥

-0.2

Tip Displacement g(t) [m]

-0.3

T T T
a 30 100 150 200 250
Time [s]

(b) Steady-State RMS Reduction Performance
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Fig. 2 Dynamic response and vibration suppression performance across the
four primary scenarios: (a) Blade tip displacement time history, and (b)

Comparison of steady-state root-mean-square (RMS) vibration
attenuation.

Steady-State Displacement Zoomed (t = 150 to 200 s)
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Fig. 3 Zoomed steady-state tip displacement response) t = 150 s to
200 s (highlighting peak suppression for key configurations.
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(a) Tip Displacement: Baseline Configuralions (51, 82, 53, 510)
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(d) Steady-State RMS Displacement & Vibration Reduction Across All Scenarios
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Fig. 1 Overall dynamic response comparison across all 10 scenarios: (a)
Blade tip displacement time history q(t), (b) Roller damper angular

kinematics 6(t), © Steady-state RMS displacement, and (d) Percentage of
vibration reduction relative to the baseline (S1).
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Fig. 5 Steady-state phase portrait (6 versus 8) of the nonlinear roller
damper: (a) Dynamic trajectory comparison among the uniform blade (S2),
bare ABH blade (S5), and viscoelastic-treated ABH blade (S8); (b)
Stability verification and kinematic constraint compliance (stroke limit |
0 1< 18° and angular velocity envelope) for the optimal hybrid
configuration (S8).
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Power Spectral Density (PSD) with Resonant Peak Zoom
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Fig. 4 Power spectral density (PSD) of the blade tip response with an inset
highlighting the resonance region, demonstrating modal energy

concentration and damping effectiveness around the fundamental
frequency (f = 1.06 Hz).
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Fig. 6 Comprehensive performance trade-off analysis across all ten

scenarios relative to the baseline blade: (a) Steady-state RMS vibration
attenuation percentage, and (b) Overall structural mass savings.
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