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vesting system
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Research on the Dynamic Characteristics of Vortex-induced Vibration Energy Harvester Underwater

Based on Ocean Energy
LIU Lilan, REN Hang, WANG Shen, LI Jiajia

(School of Mechanical and Instrumental Engineering, Xi’an University of Technology, Xi’an 710048, China)
Abstract:

Objective Due to the development of clean and renewable energy, the harvesting of ocean current energy, particularly vortex-induced vibration
energy suitable for low flow rates, continues to emerge as a research hotspot for powering microwireless underwater sensors. However, linear sys-
tems face limitations such as low power output and a narrow energy harvesting range, which prevent them from meeting the required electrical de-
mand. In contrast, nonlinear systems possess a lower energy barrier, allowing them to produce significant motion under weaker excitation and to
operate effectively across a broader flow velocity range. Therefore, this study proposes a nonlinear vortex-induced vibration energy harvesting
system designed to generate and supply greater power for underwater devices. The dynamic characteristics and power generation performance of
the proposed system are investigated.

Methods The Van der Pol equation was utilized to describe the coupling effect between the fluid and the blunt body, and a nonlinear restoring
force was generated by the geometric nonlinearity caused by the oblique arrangement of linear springs. An underwater vortex-induced vibration
power generation system incorporating a nonlinear restoring force was proposed. The system converted the lateral reciprocating motion of the
blunt body into the unidirectional rotational motion of the generator through unidirectional bearings, gear rack mechanisms, speed-increasing
boxes, and rotor generators. The fluid-solid-electrical coupling dynamic equation of the system was established, and the static equilibrium point
bifurcation and different steady-state motion intervals of the blunt body’s nonlinear vibration were obtained using nonlinear vibration theory.
First, stability analysis was conducted on the system, and the parameter ranges under mono-stable, bi-stable, and tri-stable conditions were deter-
mined. The amplitude ratios of the system under the three steady states were compared, and it was found that the system has a strong power gen-
eration advantage in tri-stable motion. Then, using numerical simulation and the fourth-order Runge-Kutta method, the effects of fluid parameters
(water flow velocity ) and structural parameters (mass ratio m*, damping ratio J) on the bifurcation characteristics of the system were studied in
detail through time-domain diagrams, phase diagrams, bifurcation diagrams, and Poincaré cross-sections of blunt body vibration. Then, the influ-
ence of unidirectional bearings on system speed was analyzed, followed by the analysis of the effects of mass ratio and damping ratio on power
generation.

Results and Discussions The variation in the stable motion characteristics of the bluff body with parameters @ and b was obtained based on the
potential energy function of the system. The barrier heights of the potential energy function differed under various stable motion conditions. In
comparison, the potential well depths of the potential energy function under tri-stable motion were lower, making cross-well motion more likely

to occur. Based on the amplitude response analysis, the tri-stable energy harvesting system exhibited a wider operating range and better dynamic
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output performance than the bi-stable and mono-stable systems. It was found that the motion state of the system changed with different flow ve-
locities by analyzing the influence of ocean current velocity on the vibration characteristics of the blunt body. Minor periodic motion occurred
within wells, while large-scale chaotic motion appeared between wells, and periodic motions of 8, 4, 2, and 1 were observed within the wells. It
was found that the bluff body underwent large-scale inter-well motion in the resonance intervals of 0.540 m/s<u<0.876 m/s and 0.935 m/s<u<1.290 m/s,
respectively. Through the analysis of the influence of the damping ratio on the vibration characteristics of the blunt body, it was observed that
with the continuous increase in damping ratio, the vibration amplitude of the blunt body decreased. When the damping ratio was less than 0.387,
the system alternated between chaotic and periodic motions. When the damping ratio exceeded 0.387, the bluff body converted into a periodic mo-
tion of 1. The influence of the mass ratio on the vibration characteristics of the blunt body was similar to that of the damping ratio, also exhibiting
nonlinear behavior as the mass ratio changed. When the mass ratio was greater than 1.730, the bluff body exhibited a periodic motion of 1 within
the well. The use of one-way clutches allowed the bidirectional vibration of the bluff body to be transmitted as unidirectional rotation to the trans-
mission shaft, ensuring that the generator speed was equal to or greater than the gear speed. The increase in damping ratio led to a reduction in
power generation, with the maximum generated power reaching 59.5 W. The increase in mass ratio narrowed the locking interval of vortex-
induced vibration, resulting in decreased power generation. The maximum generated power reached 57 W.

Conclusions This study proposes a novel nonlinear vortex-induced vibration energy harvester operating underwater. The installation parameters
of the linear spring influence the nonlinear restoring forces acting on the bluff body as well as the vibration mode of the blunt body. Variations in
ocean flow velocity, mass ratio, and damping ratio significantly affect the bifurcation characteristics and vibration amplitudes. The effects of the
damping ratio and mass ratio on power generation performance are analyzed, indicating that increasing the damping ratio and mass ratio reduces
the power output.

Key words: vortex-induced vibration; energy capture; Van der Pol equation; tri-stable; fluid-structure coupling
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