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Abstract

In this paper, a tri-stable energy harvesting system with viscoelastic term is proposed, and the main
resonance response characteristics of the system are studied in depth. Firstly, the analytical solution
of the steady-state amplitude near the principal resonance is obtained by using the multi-scale method,
and the steady-state response moment of the system is obtained by the moment method. Secondly,
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the correctness of the proposed method is verified by Monte Carlo simulation. Further, the phenom-
ena of random jumps, random bifurcations and effective bandwidth expansion are investigated by
numerical analysis, and finally, the influence of system parameters on the second-order moment of
the amplitude and the average output power is analyzed, and it is found that there is an optimal feed-
back gain value for each time delay, so that the average output power of the energy harvesting system
is the largest and the energy harvesting effect is the best. These results provide theoretical support
for optimizing the performance of tri-stable energy harvesting systems.
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Figure 1. Model of a tri-stable energy harvesting system: (a) Equivalent schematic diagram of the
collector; (b) Piezoelectric mechanism with time delay
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Figure 2. Diagram of the first-order steady-state moment of amplitude and voltage as a function of detuning parameter o: (a)
First-order steady-state moment of amplitude; (b) First-order steady-state moment of the voltage. Solid line: Theoretical solu-
tion; Circle: Numerical solution
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Figure 3. Diagram of the first-order steady-state moment of amplitude and voltage as a function of detuning parameters: (a)
First-order steady-state moment of amplitude; (b) First-order steady-state moment of the voltage
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Figure 4. Three-dimensional plot of the second-order steady-state moment of the amplitude as a function of feedback gain and
time delay
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Figure 5. Diagram of the second-order steady-state moment of the amplitude and the average output power as a function of
feedback gain at different noise intensities

5. AR RE THRIBEY —MiR7SHE S T T =M R Rt s Y AL E

DOI: 10.12677/aam.2025.145233 69 I3RS


https://doi.org/10.12677/aam.2025.145233

FH W

AT A REW], HRBUIEIELIN 0.6 I, REREREMSIIVEREERIRAERS . Lok, @it LA

WE A SREE R A, AT BB BEH LI A5 /KT m] DAAE — EFEE LA RE R AR SR PR RE . X T]
REAE PRVIE 2 e S SR Zh RE IS UR R GTIIARLMERS I, T8 o HL e B R . RIL, AESEPR T A,

B R W PR 0 T U B R SR P B O
4. GERE

ARSCHEFL 77 BEALIUE T BA R S ) =R RE BR R R G M N . I 2 RE T, R
W7 —FORAE RGO RO . B, FIRZOTEES 7RG M R R iRk s,
ARG Gt i ot 7R AY . K, R P SL RO AT I0AE, &5 SRR W B R AT i S B A
AR =BG Bk PR A HER EA T SR D B, SR, R G ERENLBERR
g, XEMGIER T RGN ESHNEH W I R ALV 54T 8. TR, Wik T RGO IT5
P AT 24 Y T AR RS . S5 RRET, BRI AR e R EUNIE R, PN D AR . T AR
I T SEEAR A7 £ — A d A 10 S A5 ot B R AR R G P DD R oK, REEREERCR et . A,
X TR ARG 7 K7 R AR — € R b4 iy i R AR AR I R fE

SE

[1] Short, F.T. and Neckles, H.A. (1999) The Effects of Global Climate Change on Seagrasses. Aquatic Botany, 63, 169-196.
https://doi.org/10.1016/s0304-3770(98)00117-x

[2] Doddavenkatappa, M., Chan, M.C. and Ananda, A.L. (2012) Indriya: A Low-Cost, 3D Wireless Sensor Network Testbed.
In: Korakis, T., Li, H., Tran-Gia, P. and Park, H.S., Eds., Testbeds and Research Infrastructure. Development of Networks
and Communities, Springer, 302-316. https://doi.org/10.1007/978-3-642-29273-6_23

[31 Martin, P., Charbiwala, Z. and Srivastava, M. (2012) DoubleDip: Leveraging Thermoelectric Harvesting for Low Power
Monitoring of Sporadic Water Use. Proceedings of the 10th ACM Conference on Embedded Network Sensor Systems, To-
ronto, 6-9 November 2012, 225-238. https://doi.org/10.1145/2426656.2426679

[4] Reddy, G.N., Choudhari, S. and Mohiuddin, S. (2012) Estimation of Harvestable Green Energy from Vehicle Suspension.
2012 [EEE Vehicle Power and Propulsion Conference, Seoul, 9-12 October 2012, 1352-1356.
https://doi.org/10.1109/vppc.2012.6422684

[5] He, X. and Gao, J. (2013) Wind Energy Harvesting Based on Flow-Induced-Vibration and Impact. Microelectronic Engi-
neering, 111, 82-86. https://doi.org/10.1016/j.mee.2013.02.009

[6] WA, T8, W, & HERERESARNTTRIVK K REH]. Bl 2R (A SRR R), 2016,
36(4): 1-10.

(71 ¥k, FAEE, WIRA, 5 FEMEIRSIGEEAFRBORIHS TRERD]. J1%544), 2021, 53(11): 2894-2909.

[8] Curie, J. and Curie, P. (1880) Développement par compression de 1’¢électricité polaire dans les cristaux hémiedres a faces
inclinées. Bulletin de la Société minéralogique de France, 3, 90-93. https://doi.org/10.3406/bulmi.1880.1564

[9] Stanton, S.C., McGehee, C.C. and Mann, B.P. (2010) Nonlinear Dynamics for Broadband Energy Harvesting: Investigation
of a Bistable Piezoelectric Inertial Generator. Physica D: Nonlinear Phenomena, 239, 640-653.
https://doi.org/10.1016/j.physd.2010.01.019

[10] Maurya, D., Peddigari, M., Kang, M., Geng, L.D., Sharpes, N., Annapureddy, V., et al. (2018) Lead-Free Piezoelectric Ma-
terials and Composites for High Power Density Energy Harvesting. Journal of Materials Research, 33, 2235-2263.
https://doi.org/10.1557/jmr.2018.172

[11] Wei, C. and Jing, X. (2017) A Comprehensive Review on Vibration Energy Harvesting: Modelling and Realization. Renew-
able and Sustainable Energy Reviews, 74, 1-18. https://doi.org/10.1016/j.rser.2017.01.073

[12] Yildirim, T., Ghayesh, M.H., Li, W. and Alici, G. (2017) A Review on Performance Enhancement Techniques for Ambient
Vibration Energy Harvesters. Renewable and Sustainable Energy Reviews, 71, 435-449.
https://doi.org/10.1016/j.rser.2016.12.073

[13] XIAH, KRFE, Ffkom, & —FhARL k58 5T i e B UNCR RGERIB) AR R0 0], IR3h L2244k, 2021,
34(3): 567-576.
[14] Gafforelli, G., Corigliano, A., Xu, R. and Kim, S. (2014) Experimental Verification of a Bridge-Shaped, Nonlinear Vibration

DOI: 10.12677/aam.2025.145233 70 I3RS


https://doi.org/10.12677/aam.2025.145233
https://doi.org/10.1016/s0304-3770(98)00117-x
https://doi.org/10.1007/978-3-642-29273-6_23
https://doi.org/10.1145/2426656.2426679
https://doi.org/10.1109/vppc.2012.6422684
https://doi.org/10.1016/j.mee.2013.02.009
https://doi.org/10.3406/bulmi.1880.1564
https://doi.org/10.1016/j.physd.2010.01.019
https://doi.org/10.1557/jmr.2018.172
https://doi.org/10.1016/j.rser.2017.01.073
https://doi.org/10.1016/j.rser.2016.12.073

FHW

[15]
[16]

[17]

[18]

[19]

[20]

[21]
[22]

Energy Harvester. Applied Physics Letters, 105, Article ID: 203901. https://doi.org/10.1063/1.4902116

Erturk, A., Hoffmann, J. and Inman, D.J. (2009) A Piezomagnetoelastic Structure for Broadband Vibration Energy Harvest-
ing. Applied Physics Letters, 94, Article ID: 254102. https://doi.org/10.1063/1.3159815

Zhou, S., Cao, J., Inman, D.J., Lin, J., Liu, S. and Wang, Z. (2014) Broadband Tristable Energy Harvester: Modeling and
Experiment Verification. Applied Energy, 133, 33-39. https://doi.org/10.1016/j.apenergy.2014.07.077

Zhou, S., Cao, J., Lin, J. and Wang, Z. (2014) Exploitation of a Tristable Nonlinear Oscillator for Improving Broadband
Vibration Energy Harvesting. The European Physical Journal Applied Physics, 67, Article No. 30902.
https://doi.org/10.1051/epjap/2014140190

Cao, J., Zhou, S., Wang, W. and Lin, J. (2015) Influence of Potential Well Depth on Nonlinear Tristable Energy Harvesting.
Applied Physics Letters, 106, Article ID: 173903. https://doi.org/10.1063/1.4919532

Panyam, M. and Daqaq, M.F. (2017) Characterizing the Effective Bandwidth of Tri-Stable Energy Harvesters. Journal
of Sound and Vibration, 386, 336-358. https://doi.org/10.1016/1.jsv.2016.09.022

Yang, Y., He, L., Zeng, Y., Sun, Y. and Xu, W. (2022) Stochastic Analysis of a Time-Delayed Viscoelastic Energy Harvester
Subjected to Narrow-Band Noise. International Journal of Non-Linear Mechanics, 147, Article ID: 104230.
https://doi.org/10.1016/j.ijnonlinmec.2022.104230

Christensen, R.M. (2013) Theory of Viscoelasticity. Courier Corporation.

Xu, Y., Li, Y. and Liu, D. (2014) Response of Fractional Oscillators with Viscoelastic Term under Random Excitation.
Journal of Computational and Nonlinear Dynamics, 9, Article ID: 031015. https://doi.org/10.1115/1.4026068

DOI: 10.12677/aam.2025.145233 71 I3RS


https://doi.org/10.12677/aam.2025.145233
https://doi.org/10.1063/1.4902116
https://doi.org/10.1063/1.3159815
https://doi.org/10.1016/j.apenergy.2014.07.077
https://doi.org/10.1051/epjap/2014140190
https://doi.org/10.1063/1.4919532
https://doi.org/10.1016/j.jsv.2016.09.022
https://doi.org/10.1016/j.ijnonlinmec.2022.104230
https://doi.org/10.1115/1.4026068

	具有粘弹性的三稳态能量采集系统的动力学分析
	摘  要
	关键词
	Kinetics Analysis of a Tri-Stable Energy Harvesting System with Viscoelastic Properties
	Abstract
	Keywords
	1. 引言
	2. 三稳态能量采集系统的模型建立以及理论分析
	2.1. 用多尺度方法求解系统的稳态响应
	2.2. 用矩方法求解系统的稳态响应矩

	3. 数值分析
	3.1. 随机跳变现象
	3.2. 系统参数对能量采集系统的影响

	4. 结束语
	参考文献

