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Tab.1 System parameters of the vortex - induced

piezoelectric vibration energy harvester
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Fig.2 Finite element model of vortex-induced PVEH
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Fig.4 Total deformation cloud of vortex-induced PVEH
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Fig.6  Analysis of vibration and energy harvest characteristics

of vortex-induced PVEH at different flow velocities
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Fig.7 Schematic diagram of the experimental platform

W GRIE R AR R AR R SR B g R AK T
Je 38 35 7R I A UL LG Y | R AR S 6 B

&1 8 2 J LT RE 4 50 56 51 15 R i 3 B i 2 L 5
R . SR KA B KA K BE R 0.8 m, & A
200 mm, 5 B K 150 mm, 7K BE (4 44 R 38 B A HL
BEIARE . S T AR SISO B AR B Ui A O S B
R LR SNy BIX S T iy
TR E , BN LRI W, e 4 FEE 2 9%
BB R . o 238 1R MBI 1 B AR K T4 2
FRHJE WA I LA . A i K AT 1 i
T8 7K A T T 8 U2 )2 T A, % E S K A B
M SRt M L TR iR

& 9 0 {7 RE A B RL SRR BIL . K B A S8 A 1)

(a) EHFRSEERTE
(a) Physical diagram of experimental platform

(b) TIATTREEE K

(b) Flow-stabilizing device
8 T HL AR RE & 50 461 15 AR 2 R i 2 B LA
Fig.8 Physical diagram of experimental platform and flow -

stabilizing device

9 fFREAS B S REHL
Fig.9 Prototype of the vortex-induced PVEH



034 w3, W

w5 2 W

W42 %

e W S5 W A A 1) 8 0, % e A DN T 9 ) s 1) B R
NN RSy o R T N T VLR BE A A [ e X i
T3 W5 W R TR H A7 E 2% 09 81 58 e B BT Rl BEAE
AL O T ORIE R L {7 BE A% 10 48 SRR T 2
it s L SR TR BT K Ak B

3.2 #RHEAXIBMRMSN

B 1 =X 168 U R B0 R LR BE AR AE AR Bl AR b AR
s 58 I 1A T A2 0 B 1) VN 18] G 3 0, T G ol A Rl
WA B 7 3K R ) A R R 1) R R 3 (TR M
W ) A 1) R W R 7 R0 G ) AH U G S (R W AW ) A
i) A T 1% 37 RGN 1) AR RS W S (R e 90 ) A 1) A i
T S A 1) AR e 1 5 (RS RN ) o

T A 0.55 m/s B, AN [ B A 2T Y B
s =00 IR 3l T PR 1R B R 1 4R 20 1% BE A 1 40 /] 10
B o R HEAF e 4 i i e s IR HE 7 o -
JF AW > 0z W > To B > B LR > R
J¥ o i B4 2 AR B e HE T o - B DA < B L
W < B 7 O\ F < Jo B RE < BT

1 B 10(b) mJ R0« 75 7K Uit Ui 2 44 24 0.55 m/s B,
B G\ BEE R =X 17 BB A Y B H R E E
25.5V, JC Mt #E {7 68 A% 00 i R R IR (H N
17.2 V1 45 ¥ 5 3 0 th v R IR (R 42 T 1 48.2005

40

LA
— TCHEBk

— BRI —
BERA

HHEE/V
s 8

|
[\
(=)

— HEFHPF
20 80 120
t/s
(a) i B EERE

(a) Output waveform of voltage

160 200

— B
s — BRI
& — AR
& 20 — AT
= — Tk
Iﬁ
210}
&
>,
1.5 20 25 3.0 35 40

f/Hz

(b) Fin H H A P
(b) Output frequency response

BI10 3L 24 0.55 m/s ik AN [a] i 4 A 5 77 2T Bl =08
IR 20 1T LA E A% B9 4R 3 1 BB R 1k

Fig.10  Analysis of vibration and energy harvest characteris-

tics of vortex-induced PVEH with different magnets

when flow velocity U=0.55m/s

190 P 2 0% o s P A7 RE 2 B FR SBT3 O 2.225 Hz,
TG B 1 s HiL 17 BE A A IR Sl 04 Oy 2,775 Hz, 1 5 05
AR SR EAR T 19.920, A BTl L A AT R
W 2 45 P, A e 20 R B A 2T R £ RE i A 7 7 1
I BIPE FITT B AT SRR A4 ik S A5 0 B s vl
Fis i o AN [ A T 0 s rL R BE A A S IR
ARANNR], FEIR S BT 5 K A [A] PR i B A B AIR
SRR A0 45 K A B AR IR 8T S o K A iR IR

P 11 DA A [ e A A 5 T 2 i =i i 3l I
FL 7 RE e 7E AN [R) 0 I ) R s A e ek . i 11(a)
e, AN () B D =X 4 1 FL 7 RE 48 AR Uk s AR A2 1k
FUERAEAE — A L [R)ARAIE - Fifi 3 0 A 16 o, s v £ R
AR SR B H G . AEAR R R, B AR
il 3 FL A BB o A IR S TR B AR B IR T A 4 A A
Blo AT UL B A AR T 0 1 T LA 5 AR s P 7
B AR R T R A RE A A (A AR A,
S A TR IO IR I 2 B4 i A A B, B 2 2 e I
R P 5 2214 7K I R AT, AR e P\ B s L A7

BEAL 7 A TR IR T B A I R

K R A B A a1 R A AR O ARE 22 5, 15 2
B 11(h) , 85 20 0% B = ri £ B 45 16 370 3 IR T
0.3 m/s i 5525 Jj i i , & 30 Ho a1 v T 2 7 AR

3.5

R~ BB
S0l T HIBAR - BRHR

2.0
—— TohkEk
1.5 ! L L
0.2 0.4 0.6
IE / (m-s™)
(a) s

(a) Vibration frequency

[N
(=
T

—
W
T

W
T

RS TRE /v
S

O = 1 1 1 1

01 02 03 04 05 06 07
WRIE / (ms ')
(b) R

(b) Output voltage

I 1) i A A1 B 5 5T B e i 3 B AR BE AR A
A [a] 3L S R ) 41R 3 17 B e

Fig.11 Analysis of vibration and energy harvest characteris-

Al11

tics of vortex-induced PVEH with different magnets

at different flow velocities



ARG, B T 0 DR s TOIR B T L R R e U L S 935

= = N L TV B =B R DB [
W BfF 2 =X F £ B i 1) 1 P R X T AR B A T e
T A 4 A B, X U8 BH FE HEL A R AR A A 1) 1 R
S AN TE 8w HEFe 3 e R IR B AR B 25
AR FEVE Y A 0.5 m/s IF R R 0 B R =X RN
T B W% Fe H f7 BE & 09 B ik R R B O AR AE 43 i
18.7VHI14.4V WA EHERIA T 29.8% .

2 b AR R R A B % =X L P R A A AL 1Y
[P A 0 A A, L R i P i 1 i R AT, i
0 S IAE R AR 5 E B 1) L 5] ) AV ) e HE SR
TIWPERTS  HAR 3 AR T A K 40 181 11(b) /] LU E
R OUT R 1 nT DL A CH R R 3l
) B X A

33 EM#MEERMIRERFREFINVER

PR TEAR U T IR 3l 7 RE 4k foe 10 14 1 FL 7 fE
A A, RIVRR e D\ R g 2T IR 3 T L PR BE A L 1
A GMZ LB BT R AR AT 12 0 i K
TG X T AR B T L 7 BB AR Y & R ASCR XS EE o Wl
UL, BEE S B BH A 3G O, T L £ RE A% 1 L TR
B2 3G, ARG TR E o TR HL A7 RE &% 10 Hh 2 %
W S BB B3 R, e s KR o AR AE—
D H BELBEL R=0.51 MQ, fifi i it {7 BB 25 19 % 1 2

—
[\

— MR IR RSN R T Re A
> | TCMTREIR BRI AR R A
= g T
=
ﬂ:
el
&
0 j ; ; ; ;
0 02 04 06 08 1.0
LB / MQ
(a) %t s R
(a) Output voltage
150 o R IR R A
% i %Mﬂ‘ﬁm%;%ﬁﬂ?z;tli FZRERS
= 100 \
=
= sof
H é
&
0 1 1 X 1 {1
0 02 04 06 08 10
FLRH / MQ
(b) FhyE

(b) Output power
P12 i 0 T = iR 2l T H 17 RE 2 i i S8R X L
Fig.12 Comparison of power generation effect of vortex-in-

duced PVEH with magnets and without magnets

FIR B KAE, e R #2120 pW o

) Bt P 12 % BE 7 B X R G = B IR 3
TR L7 BE 25 0 2 BRSO o 45 SR & TR, R R A0 B
I PR B e H {7 BB 28 1 1 F e 2 O A0 R i
Ty 5 18 7 KR A 45 TG B R 1) 104 49 30 1R L (7 RE RS 29
B AR FEAME ELBH S O 0.51 MQEF, & B9 %
Ty 23R A0 B fe KAH, AT #4120 pW L5 & R 76 W,
ARG HE R T 57.8% .

4 4 g

1) Frise it i 16 PR 30 1 Fi 1 RE i ) 31 5 5 B
A KU U T I 38 R, 2 A AL T X T R BE 4 ) £
REAF A TR DR SE PERZ R, ¢ F SR T 45 s A D3k

2) A7) B 2 XA T B0HR 3l T L £ BE A 9 4R
S REAEPE AT AR RO DO o HE A e 00 o A X
e v 7 BE i 45 A4 14 [T A 00 R A, A B AR 3 T
R oy AR, 18 B T IR T A 0 T Y PR A

3) AR e N /s 3 T AT TR B A7 fiE
e R BRI B i L R T LR RE AR B4R 30
W L TE , RIV I OIR B B B E DX

4) e AR 7K U L T A e 2 0% R 1 e AR
2y e L {7 8 A 19 i HH A T 2 07 AR(ELIR 31 120 p W, 85
TG B 0 s L PR RE AR B R T 57.8040 6

z % X #

[1] ZOU H X, ZHAO L C, GAO Q H, et al. Mechanical
modulations for enhancing energy harvesting: principles,
methods and applications [J]. Applied Energy, 2019,
255: 113871.

(2] fxdRde, S/, W . SR AR Sl 1% RE 4% /Y 0T 5%

BURZERLT]. PR3l 5 v, 2018, 37(8): 190-199.
XU Zhenlong, SHAN Xiaobiao, XIE Tao. A review of
broadband piezoelectric vibration energy harvester [J].
Journal of Vibration and Shock, 2018, 37(8):190-199.
(in Chinese)

(3] ZRowifl, ABWE A, K SCH . kT R T A8 28 Uk 3l 7 58

FE SR T] R M5 2 W, 2016,
36(5): 897-901.
WEI Kexiang, ZOU Hongxiang, ZHANG Wenming.
Design and analysis of vibration energy harvester for self-
powered vehicle suspension based on rolling -press [J].
Journal of Vibration, Measurement &. Diagnosis, 2016,
36(5): 897-901. (in Chinese)

[4] SUN S, CAO S Q. Analysis of chaos behaviors of a
bistable piezoelectric cantilever power generation system
by the second - order Melnikov function [J]. Acta
Mechanica Sinica, 2017, 33(1): 200-207.

[5] ZHOU S, ZUO L. Nonlinear dynamic analysis of



536

/) I

w5 2

W %42 5

[6]

[7]

[8]

[10]

[11]

[13]

[14]

[15]

asymmetric tristable energy harvesters for enhanced
energy harvesting [J]. Communications in Nonlinear
Science and Numerical Simulation, 2018, 61: 271-284.
ZHAO L C, ZOU H X, YAN G, et al. Arbitrary -
directional broadband vibration energy harvesting using
[J].
Smart Materials and Structures, 2018, 27(9): 095010.
BEEM, FORIR, £, & ZRESILREERE
WA SIS T]. SR R 52 W, 2020,
40(4): 668-672.

ZHAO Zexiang, WANG Guangqing, WANG Xuebao,

et al. Dynamic characteristics and experimental analysis

magnetically coupled flextensional transducers

of tri-stable piezoelectric energy harvester [J]. Journal of
Vibration, Measurement &. Diagnosis, 2020, 40 (4) .
668-672. (in Chinese)

CAO D X, LEADENHAM S, ERTURK A. Internal
resonance for nonlinear vibration energy harvesting
[J]. European Physical Journal-Special Topics, 2015,
224(14/15) : 2867-2880.

LU Z Q, DING H, CHEN L Q. Resonance response
interaction without internal resonance in vibratory energy
harvesting [J]. Mechanical Systems and Signal Processing,
2019, 121: 767-776.

CHEN L Q, JIANG W A. Internal resonance energy
harvesting [J]. of Applied Mechanics -
Transactions of the Asme, 2015, 82(3): 031004.

LIU D, XU Y, LIJ L. Probabilistic response analysis

of nonlinear vibration energy harvesting system driven

Journal

by Gaussian colored noise [J]. Chaos Solitons &.
Fractals, 2017, 104. 806-812.

ZHAO S, ERTURK A. Deterministic and band-limited
stochastic energy harvesting from uniaxial excitation of a
multilayer piezoelectric stack [J]. Sensors and Actuators
A': Physical, 2014, 214: 58-65.

WANG J, GENG L, DING L, etal. The state-of-the-art
review on energy harvesting from flow-induced vibrations
[J]. Applied Energy, 2020, 267: 114902.

R, N, b, 45 B TIERRRE AR A A BE
EAFREARB IR [T]. k35 vhik, 2019, 38(17)
244-250.

SONG Rujun, SHAN Xiaobiao, YANG Xianhai, et
al. A review of fluid energy capture technology based on
piezoelectric energy harvesters [J]. Journal of Vibration
and Shock, 2019, 38(17): 244-250. (in Chinese)
BARDG, S, SRR BN R SR B B 1
REARPESI AT [T]. J12f24 4, 2019, 51(4): 1148-1155.
CAO Dongxing, MA Hongbo, ZHANG Wei. Energy
harvesting analysis of a piezoelectric cantilever beam
with magnets for flow -induced vibration [J]. Chinese
Journal of Theoretical and Applied Mechanics, 2019,
51(4):1148-1155. (in Chinese)

B, WA, T, SR 2 RO
fEREAR IO BE ST B SR B [T ] O~/ hg T/, 2017,

[18]

[21]

[22]

[24]

25(6): 1502-1512.
KAN Junwu, FU Jiawei, WANG Shuyun, et al. Re-
search status and prospect of vortex -induced vibration
micro - fluid energy harvester [J]. Optics and Precision
Engineering, 2017, 25(6): 1502-1512. (in Chinese)
SONG R J, SHAN X B, LV F, et al. A study of
vortex-induced energy harvesting from water using PZT
piezoelectric cantilever with cylindrical extension [J].
Ceramics International, 2015, 41: S768-S773.

KU, BN, 68 e, 5 RMR S B K ) K
JE 0 A7 BE % B9 O B 5 L AT T (T R3S bk,
2017, 36(19): 78-83.

SONG Rujun, SHAN Xiaobiao, FAN Menglong, et
al. Simulations and experiments on a hydrodynamic com-
pound pendulum piezoelectric energy harvester accompa-
nied with vortex-induced vibration[J]. Journal of Vibra-
tion and Shock, 2017, 36(19):78-83. (in Chinese)
SHAN X, JIE D, SONG R J, et al. A piezoelectric
energy harvester with bendin -torsion vibration in low -
speed water [J]. Applied Sciences, 2017, 7(2): 116.
SONG R, SHAN X, LV F,

piezoelectric energy harvester using the macro fiber

et al. A novel
composite cantilever with a bicylinder in water [J].
Applied Sciences, 2015, 5(4): 1942-1954.

SHAN X, SONG R, LIU B, et al. Novel energy
harvesting: a macro fiber composite piezoelectric energy
harvester in the water vortex [J]. Ceramics International,
2015, 41: S763-S767.

SUN W, ZHAO D, TAN T, et al. Low velocity water
flow energy harvesting using vortex induced vibration
and galloping [J]. Applied Energy, 2019, 251: 113392.
WANG J, HU G, SU Z, et al. A cross-coupled dual-
beam for multi-directional energy harvesting from vortex
induced vibrations [J]. Smart Materials and Structures,
2019, 28(12): 12 TO2.

BCE A, BT, VARG, A5 LT Oh AR 09 R A RE
REGAR G LRI K WL 52 W,
2020, 40(3): 437-442.

ZHAO Daoli, HU Xinyu, SUN Weipeng, et al. Model~

ing and experimental study of galloping-based piezoelec-

tric energy harvester [J]. Journal of Vibration, Mea-
surement &. Diagnosis, 2020, 40(3):437-442. (in Chi-

nese)

FE—IEEB A WA, T 19784 9 /]
ALt R E AR, EER
T3 ) 2 41 2y R ek R A I R 41 45
% %% {Design and performance enhance-
ment of a force-amplified piezoelectric
stack energy harvester under pressure
fluctuations in hydraulic pipeline systems)
( {Sensors and Actuators A: Physical)
2020, Vol.309) %518 3,

E-mail: caostar@bjut.edu.cn



