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Fig. 1. Energy harvesting system of nonlinear piezoelectric cantilever beam: (a) Diagram of force analysis;

(b) equivalent model of energy harvesting system.
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Fig. 2. Circuit diagram of piezoelectric energy har-

vesting system.
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Fig. 3. Schematic diagram of magnet A’s sizes and
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Fig. 4. Dependence of the system potential function

U(X) on magnet spacing d and displacement X.
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Fig. 5. Linear stiffness K7, and nonlinear stiffness b of

system varying with magnet spacings d.
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Table 1. Main material parameters of cantilever beam.
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spacing d and the center frequency f. while D = 0.2
and v = 10 Hz. Panel (b) is the top view of Panel (a).
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Fig. 10. Output voltage Vims varying with magnet spacing d when fo = 10 Hz: (a) d = 0.10 mm; (b) d = 0.01 mm.
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Fig. 11. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 10 Hz
and d = 11.2 mm.
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Fig. 12. Output voltage Vims varying with magnet spacing d when f. = 25 Hz: (a) d = 0.10 mm;
(b) d = 0.01 mm.
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Fig. 13. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when

fe=25Hz and d = 11.1 mm.
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Fig. 14. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when

fe=25Hz and d = 12.1 mm.
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Fig. 15. Output voltage Vims varying with magnet

spacing d when fc = 40 Hz.
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Fig. 16. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 40 Hz

and d = 11.4 mm.
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Fig. 17. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 40 Hz

and d = 14.9 mm.
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Fig. 18. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 40 Hz

and d = 10.2 mm.
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Fig. 19. Output voltage Vims varying with magnet
spacing d when f. = 50 Hz.
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Fig. 20. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 50 Hz

and d = 9.6 mm.
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Fig. 21. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 50 Hz

and d = 11.4 mm.
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Fig. 22. Output voltage Vims varying with magnet
spacing d when f. = 70 Hz.
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Fig. 23. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 70 Hz

and d = 11.4 mm.
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Fig. 24. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when fc = 70 Hz

and d = 7.9 mm.
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Fig. 25. Output voltage Vims varying with magnet spacing d when fc = 120 Hz.
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Fig. 26. (a) Displacement response, (b) phase diagram, (c) spectrum diagram of output voltage when f. = 120 Hz

and d = 11.5 mm.
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Fig. 27. Experimental structure of piezoelectric vibra-

tion energy harvesting system.
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Fig. 28. Experimental test system of piezoelectric vi-

bration energy harvesting system.
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Fig. 29. Dependence of output voltage Vims on magnet spacing d and the center frequencies fc while D = 0.2

and v = 5 Hz. Panel (b) is the top view of panel (a).
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Fig. 30. Excitation state of the vibrator when fc = 13 Hz: (a) Acceleration response; (b) acceleration spectrum.
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Fig. 31. Displacement response under different magnet spacings when f. = 13 Hz: (a) dp = 18 mm;

(b) di, = 16 mm; (¢) dg = 24 mm.
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Abstract

While wireless sensors, data transmission devices and medical implant devices tend to miniaturization and low
consumption, energy supply modes such as batteries, solar energy and wind energy are limited due to their defects.
Instead, vibration energy harvesting can open up new possibilities for self-supplying the low-consumption devices. The
narrow-band random vibration with center frequency is a typical vibration in the environment, and its characteristics
are closely related to the environment.

This paper takes the energy harvesting system with bi-stable piezoelectric cantilever beam as a research object,
and the characteristics of system’s equivalent linear natural frequency, linear and nonlinear stiffness under different
intervals between magnets are analyzed. By using the narrow-band random excitation with a certain bandwidth output
of the bandpass filter to simulate environment vibration and using Runge-Kutta method to solve the system equation
numerically, the response of system and the characteristics of energy harvesting are studied.

It is observed that the variation of the magnet spacings at peak output voltage, which possesses a central frequency,
is related to the variation of the equivalent linear natural frequency of the system with the interval between magnets.
When the variation of magnet spacing is triggered by the narrow-band random excitation with a certain bandwidth,
there is always a constant interval between magnets, making the system produce a peak output, which is like a bi-stable
system that produces the peak output at optimal spacing under broad-band excitation. On the other hand, there are
also more than one or two different magnet spacings making the system produce peak outputs while excitation’s center
frequency changes in a certain range, and the peak outputs are formed by bi-stable or single-stable “resonance” of the
system, induced at the equivalent linear natural frequency. And the demarcation point spacing of the single-stable and
bi-stable vibration of the system are the magnet spacing when linear stiffness is zero.

Therefore, for the narrow-band random excitation in the actual environment, the magnet spacing of the energy
harvesting system can be reasonably arranged according to the specific working conditions to achieve better electrome-
chanical energy conversion. The findings in this paper can provide some theoretical and technical support for the study

of harvesting the vibration energy with characteristics of narrow-band random excitation.

Keywords: narrow-band random excitation, bistable piezoelectric cantilever beam, equivalent linear

natural frequency, energy harvesting
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