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Research on Electrical Output Response of

Piezoelectric Beam with Bluff Body *

HE Sipeng, LIU Wenguang * , CHENG Long, GAO Mingyang
(School of Aeronautical Manufacturing and Mechanical Engineering, Nanchang Hangkong University , Nanchang Jiangxi 330063, China)

Abstract: To address the output characteristics of a piezoelectric vibration energy harvesters, the influence of hybrid excitation on the
electrical response of piezoelectric vibration energy harvesters with bluff body is focus on. Based on the Euler-Bernoulli elastic beam vi-
bration theory,an electromechanical coupled dynamic model is formulated for the piezoelectric beam under the influence of both wind
and base excitations. The model considers the integral form relationship between the vibration displacement and the output voltage of the
piezoelectric beam, derived based on Gauss’s law. By utilizing the Galerkin method ,the coupled electromechanical dynamic model and
the output voltage equations are simplified to a single-degree-of-freedom electromechanical coupled dynamic equation group. The ap-
proximate expressions for the vibration response and the electrical output response of the piezoelectric beam are obtained through a
methodology that separates the mechanical and electrical coupling terms. The impact of base-excitation acceleration and wind speed on
the output response of the piezoelectric beam is examined. The results indicate that the electrical output response in the synchronous re-
gion is predominantly influenced by the acceleration resulting from base-excitation ,and the presence of wind speed also enhances the re-
sponse in the synchronous region. During vibration, the response contributed by galloping only manifests in the non-synchronous region,

owing to the "extinction" phenomenon. Galloping significantly amplifies the response in the non-synchronous region when it occurs. For
the base-excitation acceleration amplitude of 0.1 g, ,0.2 g, ,and 0.3 g, ,the average voltage amplitude relative to U=3 m/s increases by
113.92% ,61.55% ,and 25.01% ,respectively,,with a wind speed of U=8 m/s.

Key words: energy harvester;piezoelectric beam; hybrid excitation ; electrical output response

EEACC 2860 doi: 10.3969/].issn.1004-1699.2025.11.005

& S PSR ) R S I R

ATEM X SR R K, &4
(T B Ko as il 5P TR, TI0 55 B 330063)

W EAMERRGIEEFHBENQEELN, EEFAREAAMNGHEEREL RN B ZR BN EH, £T Eder-
Bernoulli # M Bk BT H R AFK A E H RS RA TEE RN EBL HFHEAE REGHEENRIHER
WS TERPEIRSIMA S U EN X REAR N Galerkin FEB e B ozh h ¥ EA BB EEFEFHLAI LT b
EaBehFF R, BEE I FE5RFRATLEN T ERM T ER R R M A S B F 8 ek R F R
T FE B A B A R KN A R R R o S e, AR L P X A R A e R B R R e R Y
e, E B R F SR AR P XAy Rk e BB RTAL SRR A FETER S K, LA iRE 2 8 F48R
FrAE B 25 X by oL, S Ak R i R B 0.1 g, 0.2 g,.03 g, B, RHEN U=8 m/s X T U=3 m/s 8974w EEH
KKK T 113.92% .61.55% .25.01%,

KB BRI AW ; B e

FE 4 2E.0321;0327;TM22+3 XHkFRIRED . A XEHES.1004-1699(2025)11-1955-08

Wt 1 IR 0 BE 1 AR AR B A AN W A R i g [l 58 e Fi 9 0 BB S0 A7 AR AR S T, BF 9 N

SRR R LRI FER 77 AR L I
W S5 9 ) R E R I IE 36 U K B 5
G UNE

GE T HLR B RE B (7 AR A8 1 3 ) i bRy s R
BT RTF T ) 2 BIBFSE . Erturk 5505 @57 T K
WL SRR 0 A S AR ) P 1 Y v A

B SkiE . FZE B ARRFFEA T H (51965042) ; VT E BFF8 4 B B 4 10 H (YC2023-S718)

s HHE.2023-11-10 &24 BHH8.2024-01-05



R

#HOA F R

1956 chinatransducers.seu.edu.cn

% 38 %

TN e e RN R 5 AR MR ]
P SRS, Chen 251 B4 1R HL 2 P RE 1 (R 4R
A et SRR S I AR S AR O [R) 2D DU S g
(PR, MES% 2R TR R, Yu T 4R T
— P I vE R L B S AR A% LA R AR A 4R 2
RETRFN4E S RE R (PR RO, S UL B T LTI AR
FIRPEES L, Chen %1 BT 17— FloBURE & 2 A 0UER
ARSI RE R AT IR a8 S5 18 LU = e A7 AR A0
FHE T SR () A 35 FH A VRl i Bt e B R K
VIR T AR Z 0 ) R 3h R AR R
PRz I kshnem ., £ £ EHEZ AR5, Hu
AUV T — Rl oRER I 0t 4R R F R BN AR IR A
DASE St D) B TR ST R T AR e
JEHL F B R A8 5045 , Zhang 251 48 T — R0 TR
RSN AE AR AR LI PE M BE e e . BTl IK
JEAD A AR (3% 3 R B Lim 2602 R T —Fil
3 0 Bl A e FL BB R AR AR A, 5 1 TS A L e
R R A m A R DI 1AM L B,
Zhao 2V T —Fh v 7 KSR A R LR B B A
(7S IV =Y A N YN O &I VAL A E |57
PR, Mei 2504 3R T —Fh DU RS R L IR B fE R
FRPAS LI T8 TAEMAY . b 1 4 m BB i AR AR R,
TR S A U AL T — b O B A R R R AR A
P AR Y R = A 3 R A Lia S5
BT e HL 4R 30 BE it 17 4R 2% A TR i ik
JE, RT3 E I Sun &0 HE S T MR 1K o R
e AR AR LR B T R A B AL IR
TR LT A

AR WE5E AT R IR B fig A7 AR
AR I T 0 H A A i 10 S5 7 TR TS D T
1 B2 R 2400 H iR 20 8 1 17 0 2 1Y H 2 i 14
FE AR Z4 0 [ N 3R B W6 A PR RE, FLRR 17 Ak
BRI PRI, A 2 3 B 10 5 LA KUl L 4
o R IR DI RE R AR AR AN B s 2R R Y AR SOk R
FLAR SN BE AR AT AL R 7 Bl s F 2 R S AL
HAR S s J1 22 B A Al I SR Galerkin 24
BUHL B 27 R AR Ak R B 1 PR FEASE A 3 ok BB
TSI ST T BB A0 X T o~ o)
VA=A

1 BB NFERER

ARSCBA T —Fh & = AR R TR R S e i
FRARas UPE 3R XUBE , 150 I H BB 17 3 4% 1T 1L A
P17 B4 Bl AR T v SRR R AT ey R R R
JEHZ S = AR A, AR A2 A

HER GG, 000 LM b BRI IR ZE R
P )2 b, AR — 00 O 30° 1S5 IE = e,
RKIER L, IR b, WA T JZ AL T7 10 45 B,
H5—MndmpE R BEREE,
g Euler-Bernoulli 3 52 BRE | & i A 1 Hy,
BRI E RS TN
82Me(x,t)L azw(x,t)L ow(x,1)
ot e
dé(x-L) GZQ(t)+
dx or’
. Exdﬁ(x—L)XazQ(t) . *Q(t) (1
"2 dw o’ o’
T w0 Ay s HLGRARE X 1 7 S (4 6 1) R B 1275, S
AEFR ¢ IR m R BN B R L R A, e, H
Rtz S JE BB M, (v ,0) AVERITE R Ly
FELF, M, 530 A R Fe SR TR s Y S PR <3 ) F T
JE,m, MELIKE R, 8 4 Dirac BREL, Q (1) K FEEREL
il R

Fé6(x-L)-M, m,6(x-L)

E1 &fkERPRER
k1 R R AL AR — M i X U B
IR, Y AR R H 92 T s 1) Bt B 25 80 o A g
AT,
F - pa;rUzb,,féal[aJ(L,t) +sw'(L,t) + ()(t)} N

2 U

. [u}(L,t) +sw' (L,t) + ()(t)TdS
} U

WUb, ot o'(L,t) +sw(L,t) +(
u =" fsa[w( ) +sw'(Lyt) Q(t)} .
2 U

o {w(L,z) +sw' (L) + Q(t)TdS
’ U

(2)
o LAR® - RIS a] ¢ 5R &, bR Fon R Ak
b ow SR p, NS UL s HBEIA R ARBR, a,
5 a; NERFRE M o) BEVIER, FR8 & B s



% 11 25

AT M | 3 SRS AR R R 8, S Mk e R AT R 1957

HUR S B AR AR SNE R B oy BN SUE, XTI
2 30° Y IR = MBI, 28 R 8 0, =2.9,a, =
-6.21%0

% I F i HL R R A A TR B 1Y
BRARLN

M,(x,t)=EI

(9210(9;,1)+c[(9310(296,t)+
0x dx~ 0t
[H(x)-H(x-L) ]9,V(1) (3)
A B I G RY SE AR AR R 1 O e R A 45
RO PR ¢, S A2 R B JE 2R 8L, 9, MR
FERHHLEE S 250, H(x) N Heaviside B iR pR%Y,
V(e ) 2 s Hi 2 7 260 EL 7P i ) R TR
TR () ARA TR (1) AT HE S 2 i A e e 22
AIBLH AR & 3h T
84w(x,t)+6185w(x,t)+m azw(ac,t)+
ax’ oo at?
ow(x,t) [dé(x) dé(x—L)
o ot +[ dx dx }9“/“):
d8(x—L)_m GZQ(Zt)_I_
x ot
mwgywufmx#0u>,nyou> (4)
27 dx o’ at?
FRAE T v B4R B9 A A J7 2, IR SR B s Lt
BH AL RIB AR
Dy=dyY,S, +eykE, (5)
KDy WA, dy W BZE Y, R
PR SAPERC R S, W AE | &5, S fE A8 T s H A
B L E S HL R
AR v 0 A BB 2K i e R S L A
Z ) RIBAN
V()

d
— | pD.dA=—"2
de L 3d R (6)

ArpA NEHZERME, R Ry gAML,
X (5)RAL(6) AT B R IR
i th LR G R R A R
L otw(x,t) . €unbL dV(e) V(i)
0], woe o Ca -k 7
A (4) FX(7) , PSR E HL R ML AR &
M p;, TARSEERN I B o LR Bl e i 1R AR A
— B T A AR BRI > BT LA 343 #T e HL A
BRE 1R A A0 H 2 o o7 A2 AR S 2
F, 27 4 7 ) BTRIR

2 HEBEEINFEE R
Ji FRL GRS i IR sl i 14— ek ik 0

EI

Fé(x—L)-M, O(x=L)

w(x,0)= 3, W,(x)xN,(1) (8)

W, () L AR B R IV, (o) R R Y
B AR
5 s i 2 A0 I 2 pR KT AL R R =R
W.(x)=A,sinB,x+B,cosBx+
C sinhB,x+D,coshB;x (9)
A, B, .C, 1 D, JFfE ZEL, B, X I T
PRFIE(E, BN

4 2
mw;

B,= El
A0, EEBEPIEE | AR,
I TR 1 RS R RS e (R A He 2
e v g Tk (RPEL ;= 1) , 3@ 33 Galerkin J7 %%
JEH R AL A B H RS, BB AL RS 3
J12E R (R (4) ) FE 2= R (SR(7) ) Fediehy
N, (1) +20,N,(1)+0'N,(1)+0 V(1) =
ko N, (1) +h, N (1) +h,Q(2)
VE;)+CPV(t)—0SN1(t)=O
K& ARSI, 0, A5 1 TS NEE, 0,
AP 25, C, WERBE, & Z A

(10)

(11)

clw, ¢,
£="

261 2mo,
0, =W (L)d,

pairUbv 2 ’ 2
kl :TGI[WI(L)Lz/ + WI(L)WI(L)Lw +

Wi(L)L/3]

pairbl; L ’ 3
b = W) [ TWAL) + 5w (L) ] ds +

pairbv ’ b , 3
3ﬁﬂgvxmff[wug+swa)]&

. 1
h:—LmWKMdX—MW&D'LEMAWKL)

c, = &5,bL
2h,

(12)
KA (1) W7 B2, T AL o3 s R 4R 3 g
PR 14 R S i H R

3 EEFHH R 5 AT

F T B0 0 55 R R R S o 7 5 R 22 ] A
ME A SCH R 0 07 185 71 24 5 2l B 000



BB OHK R ¥ R
1958 chinatransducers.seu.edu.cn % 38 &
B LSRIARBIMRE N, (¢) SHEMR V() L IR RIEAR
2, B g, () F gy () 5350 R LR ARG ah 51 ) ey Wp?
TR SE TV, () 1V, (1) 4350 B sl i 3N
XIS 7 | e e PR R, 7539 J (w;-12) 2+w§[2§w1 +c,~k, —Mj
Nl(t):(h(t)""h(t) 3 2
V(1)=V,(0) +V,(1) () qff(kl 25&113;;)2+6k2wbq’ e
BB 6 S P 322 T B BRI XSl £ e
EBZRh , VUL 300 57 0, 0 374k, TE 3% B 2t Vi=w,q,/Re,y
LR R 1 3% 3550 H V,=w,q,/Re,
Q(1)=W,sin(w,t) (14) IR A WA T e - 3tk D) R P AF

A W, ISR IRAE , 0, N BERIERIR
JERGERZEBE L VRS TN AR A S W
ql(t):quin(wbt)
3:(t) = q,sin(w,t) (15)
Vi(1)=Vsin(w,t+e,,)
Vy(8)=V sin(w,t+@,)
Sl g, q, V, V. SR A5 B o0, B2
JEHL BRI IE [ A 43030 oo KU 5 | B A 1) 41
BT 10 oo 73 A T, R e 1 A7 25
B (15) B AU A S (1) ;I 24,
CIEES
Vi) :
g HeVi(1)=0,4,(1)=0

V(1) . .
T"'vaz(t) —0,q,(1)=0

i, (1) + (26w, +c, =k, ) 4,(1) ~kyg} (1) + (16)
Q?‘]l(t)z k30(t)
i, (1) +( 26w, +e,—k, ) 4,(1) + P, (1) -

ka3(0) =3kyq,(£) 43(1) =3kyq7 (1) ¢,(1)= 0

NG PTG o I WSEE B2 i b O AR - U ERG VA N
RHJE 02, 02, 35 S 5 Sl il R0 XU Jal A X )
BIEE AR, H Q, =0,, % &80 EIKEE

HH .
C R°0’w;
Q]: w?+7p - bz
1+(RC,w,)

5 CPRZwaj
&= o i (RC @)
i +( pa)d) (17)
R&’
_1+R2C§wi
RO®
1+R2C}2,a)3

KA (16) TrRE 2, 45 4R Bl e 107 0 L w17

Cel

Ce

T RERI R TR - 2 i DR Py RUR STk
AP 2435 H Zh 2 P, 2R R P D AR R AT 1

Pl =?celw§q_?
(19)

2¢,(k,—c,—2¢w,)
=— 1 ce2w§‘Zf2’U>Uo

: -3k,

o Uy Sy BiR Fir i AUE
SRR, 2 KGE U R I Bl R B0 46 X U,
W, RGE R A A AR SD , IREITE e AL R A1 1 [#]
AR 0, REWINFIET , SRR ™ A B3R
BNIRME g, B — BRI, i B4R 7 A i 3 R 30
B I 1] 2 7 e ik, LT A el 5 | iy s 4R 3,
BRpeork” M2 o, ~ o, B, q, BEHEGEHHAT
R o, WG T 2K FHE , KB [ 1 5t
I O 2 W VU A B R R 51 e r s aa PR 3l B )
V7 F) 5 A OB DAl A AR R Sy < B T R X Us> U, B
q,=0 I, RGEo P K LG, T q, >0 IFAN &

AR B 55 AR

%<K/2(k] 2éw,—c,y) (20)

-3k,w;

4 SLIGTEIE

R 1 BT R AL, HIVEE 2 BRI 5
S R 25 AR A ) LR RUSH R RS 4
mFE 1 PR, e 3 PR RS0 TR R Bk GE
MR, I E 2235 AR MS—20 JPRAS b, ik 8 4% Jak
PRAEREAE S A b f ] 150FLI5 B0 KL I % 7

2 KR HE



%11 3

AT M | 3 SRS AR R R 8, S Mk e R AT R 1959

G AN i 7 A X3l a3 YL —3000 JRUE 3 5 5 0k
JE B K, HOATS16 XU S B XL, SR H
DHI301 {55 &4 %55 SG-01 IR e fa hli R
iro ] DH5922D Bk SR A& #3545 2% B i) 80l fin ik
FEAR 5 i L R A5 5 R 1AL,

S0k AR v AR B At Kl s AR XL XL
BRI RN 3 255 53 A A S 70 48 P BEL 799 3 114 P,
JH ] 7 A R, 5 SR B, s H 2 7 A Bt I o 75 A 4]
UHXE U, =5.80 m/s,

F1 RBHLART RS

SR 5 BfE
JRHL %5 B p, 7 500 kg/m’
ARGV VR dy, -2.74x107"° C/N
JE LA HL R A &y 30.1x107° F/m
JEHLZ PR hE Y, 60.6x10° Pa
JEHL 2R h, 0.2x107 m
JEH 2 T b 20%107° m
R E L 60x107° m
FEJR SRR Y, 90x10° Pa

LR P, 8 540 kg/m’
FLR R L 60x107° m
FEJRCJEL B h, 0.2x107° m
B L, 60x107° m
NSNS b, 25%107° m
i A o £ m, 16.5x107 kg

LVFEEHL; 2. s B AL Jakeds: 3. 1901 4 KA
5. VIR 6. B RWMIL; 7. RMLIHAS, 8. i RAE A,
9. 15 5 KR8 10, WA

B3 ZBRSE
5 ZERgMEITE

RAMEHRFL R=1 000 QO X% U=8 m/s H:fil
PRHINEE BE R AEN 0.1 g, o 2K (16) B RELAS 5]
TR A T TR R A Ayt Fl TR IR N R AEL V=V, 4V,
BEFERR AR o, ZEfCRLAEE, INE 4 PR, 455
LW, BB IE A R w, =47.21 rad/s 53—
PR 45.90 rad/s 55 "R HIHHI%E 448,68 rad/s
ARSCH w, INTHE— B AR A D g i 55— R[]
B W o, KT PR X FR R 55 — 3k

1D IX7 PASRL A0 22 6] A DR A R AP X

70 "
—— V... U=8m/si}
ol S
2 50
E} 40
%‘ 30
Z 0k BdERLIK AR
10F I 25 X
0 1 1 1 1 J
25 35 45 55 65 75
w,/(rad/s)

4 v, BEEMEBEHNE o, HEL
&5 3 BIESE TR ORI H XGEOh A i
FEWRAE vV, 0 rh AR 7™ Az i o TR R AR V, P2 X
PN XS b S DRk, 45 SRR T A ek ek A
AR AT A [R5 DX Bt i i 157 149 52 i ] 220, HG S g [XC
5 B R A0 DX H H o] 3 5 3 K I 4% 5 05t 4 v

70

V.. U=3 m/siips
60 - V,. U=8 m/sHii
5ok Veo U=3 nv/sHig
Z V.. U=8 m/sEiip
o 40
&
= 30
~ 20}
10
O T Il L il 1
25 35 45 55 65 75
w,/(rad/s)
(a) 0.1 g FERH A ER BE R Al vy i i &
180
V,. U=3m/s#ig
150 - V.. U=8 m/sHlig
Voo U=3 m/sHig
E 120 |- Voo U=8 m/sHig
S 90
S 60t
30+
0 1 1 1 1 ]
25 35 45 55 65 75
w,/(rad/s)
(b) 0.2 g SERM N FE Tl 7 A et £k
2501 V.. U=3m/s#it
V,. U=8 m/s¥iit
200 V. U=3 m/sHiE
> = i
Z 150l V,. U=8 m/sHlig
[
&
§ 100 -
50
1 1 1 1 ]

025 35 45 55 65 75
w,/(rad/s)
(c) 0.3 g ZERIBRMNEE FE T 37 L s il 2%

5V, 5V, MEMBRHEE o, NBL



R

#HOA F R

1960 chinatransducers.seu.edu.cn

% 38 %

BT [A)AD DI 2R (B KGRI AR IHAEAESE I, 22 AU
N U=3 m/s i, AR EA SR, JAELEJERE R 5T ik
(R HL R L X R U=8 m/s, RT3t fir
T IR X U, JE R T R[] 25 X B4R Tk % i s
(L V, 3 kT R TR 60 T WA, 0
T, PR, 3 )25 X5 B R AH O Y R e 7 o 9 32
S5 KR 5 AR]85 B e R[] 20 DX A s v, s e
N, B w, W8 T R JE W] 25 X g R
DURR 4 HL R R S RAE V, SRS /N B2 R ] K I
I PR JA6 2K G T A 0t i i 7 9 2K B L
A Ly H AR ARl B LA B, 3 B X
(18) "I, IR BhMa N 5 R EL k) ey AHOC, T ey ke, 52
WG U 52 RIS 5t 4 o 107 VAR KT RGO s 2%
S [7) 20 DXCHE R ) 5wk %) P, S e

6 s & Bl L 224 0.1 g, FERE s
U WRAE T A9 Comsol {5 HL  FHR IR 5 5255 1 H He 1 )i
Mk, = F XS L EEA W) &, 7800 B0iE 1 % A I i 22
BORIRERRPE . 7 WE9E 1 IR -G U0 s i B4
HURBRE V,, B9, 25K, U=3 m/s B},
FE L GEOR S A B i, {HL[R] 25 X PN %) H T I (B R T
U=0 m/s WAL SERI ) L 0 107 6 BRIV R 3%
) B P ()40 s AU, DRGSR el ] 25 X 1Y) H e
BIEAR, 2H U=8 m/s I, R HL I AE A2 FEA ) 4 [F)
AR A IR , 530 (25 rad/s ~ 75 rad/s) AN 1A
SR P A H e S RG4S BR T R A
R N AFEBR I B 2

60 -
50 it
A PR
go 301
S 20}
10k
1 1 1 1 J

0
25 35 45 55 65 75
w,/(rad/s)

B 6 12 0.1g, HAlS0HMNEEE T o ENRE i 2

& 2 JRAEANIR] AT 5 AN [R) SR8l o 3t B8 45
T, SEES ARSI A X H R R A, AR X R
AN R B (25 rad/s ~75 rad/s) . HTSCER
TR KR e S R B AR A L, S80S
(H ST B A — e W2, S5, LAl B ik
JErI 0.1 g, .02 g,.03 g, B, XM U=3 m/s 1
JNE U=8 m/s , FEA RT3 BBl PN 1197357 i i
Ay E e T 113.92% 61.55% 25.01% , {HASTE
TR, B S Tt ol 8 1 348 i i /N,

[Fi) 25 DX ol 17 A2 5t B A2 A g s, A ) 25 X T
AEAE, FEILRUA, WK G S 20T Bt e 1 T
[ AP DX K T EL A3 R R R ) A0 DX P I 30 o o 444
Ko BRI, U=8 m/s 1 XU 5Tk 25 3 [7] 22 X 1) i 3l
Wi )3 HEAS AN SZ I BE AR AL 2

®2 FHRBEEE

IR TN/ g FSE/ mV JLIRAH/ mV
0.1 16.81 19.61
U=3 m/s 0.2 23.37 28.56
0.3 34.83 40.91
0.1 40.64 41.95
U=8 m/s 0.2 44.99 46.14
0.3 48.33 51.14
— Hip

80

o 60

£ 40

820

0 b
25 gt

3

65 @
Y 750 Ul
(a) 0.1 g FEREFRH L T IR A H R 2R
— Mg
80
. 60
£ 40
aF 20
0 8
35 >
45 A
@, 55 o°
(1‘.3%) 65 \j\\
75 0
(b) 0.2 g SERHA N R IR A i e 2k
------ Sai)
— g
250
200
Z 150
2 100 -
N 50T A X
S
25 R 3

3
N
@®
750 ul
() 0.3 g LAt IR A R 2
7 V. BRESLEEMNILE



%11 3

AT M | 3 SRS AR R R 8, S Mk e R AT R 1961

P 8 Ffr 75 TR Al St Sl 0 XUl ) ~F- 247
R, n=0,/0,, SPREY]FL
DX PN - R4t D S B XL T g 49 T3 i {ELTR] 251X
(D) R MR T 28 52 3 R/ 2 i, AR B X
LRl A P 4 72 A o S 24 i 1 D) AR A N
2 RGH AT B 5 | Bt I T 8 400 s IR I B 13 )
AREEARFE AL (B — B T 008 KU e i DR
M 37 ¢ B TR A Gt i TR B e B T TR
AR [RLE DA 2 o 223 BT S 20T DL S R A
AR R

—=— 0.1 g 38— 0.1 g i
—— 02 g5~ — 0.2 g it

50
0.3 g, 35— 0.3 g i
40
% 30 ,
" - e
20 .-z ’r/‘/ s
oot é”
0F o= 7"
0 1 1 1 1 1 J
o 1 2 3 4 5 6 17
U/(m/s)
(a) [F120 DX = LA AT 250 1 D 23 i R A bt 2
201 . ,
L6F 025 /
0.3 g, 355
z l2r —01 g Hig
§ - - 02 g it
0.8 0.3 g it
0.4
0';777T7 Tiiiilii J
o 1 2 3 4 5 6 17

U/(m/s)
(b) AEIRIAE Xy = 0.6 1 A1 2oyt DT3Bt XU s fe th 2

B8 T REERER L
6 %t

ST IR R & Sl A L SRR RO ML R 5 3 )
07 e e 3 i A fRL AR (BT B N S B I K 5
ERERCIR O s s VA & o s TR S T D I
L2 R R DXL DA/ X i Y b, s R 247 B
DRI, BRI .

OTEIR A BT T A 32 00 v~ Y o
AR S HERE X, AR & AR R, X
SR S (R AR ] A8 DX i S 9 K SR ] 255 X8 i i 3
A2 B IR Ind S

QBB IR, Fh K LG AFTE , 3 49 o i
TR XA A%, 5 2500t % o mik A4 e 1 = 2 R 2 T
AR [R5 DA B R 07, A (] 45 X5 Bl 41 A 56 4 R T
M 7 4 T Al i T R I TR BT
7 25 XA Fe P e 7, 3k 72 A %o A ] 2 1X e 4 5

FR A M 2 ML/ N

N 3G A CRESLTT T )22 XN 9P 27
AR HAE 0.3 g, MGEEET , P35 Hh D3R BX
G ARA 30% , ARSARES, AR 25 X A9 F
Ay 3 2R 52 A Dl i 3 E R A N (H — e A
B IR, A [ 25 DX AP35 i 2 RoRe U AR AL, HLRE

i
SE 3k

[1] Zhou H,Zhang Y, Qiu Y,et al. Stretchable Piezoelectric
Energy Harvesters and Self-Powered Sensors for Wearable
and Implantable Devices[ J]. Biosensors and Bioelectron-
ics,2020,168:112569.

[2] Zhang L.,Zhang F,Qin Z,et al. Piezoelectric Energy Har-
vester for Rolling Bearings with Capability of Self-Powered
Condition Monitoring[ J]. Energy,2022,238.121770.

[3] Sharma S, Kiran R, Azad P, et al. A Review of
Piezoelectric Energy Harvesting Tiles: Available Designs
and Future Perspective[ J]. Energy Conversion and Man-
agement,2022,254.115272.

(4] Bt XUt BRAEA. T 1) He o 4R 3 R 17 4R 10 L B
PP BKEER ], J1%24 4%, 2021,53(11) :2928-2940.

[5] Ertuk A, Inman D J. An Experimentally Validated
Bimorph Cantilever Model for Piezoelectric Energy Harves-
ting from Base Excitations[ J]. Smart Materials and Struc-
tures ,2009,18(2) :025009.

[6] Chen S,Eager D,Zhao L. Enhanced Frequency Synchro-
nization for Concurrent Aeroelastic and Base Vibratory
Energy Harvesting Using a Softening Nonlinear Galloping
Energy Harvester[ J |. Journal of Intelligent Material Sys-
tems and Structures,2022,33(5) :687-702.

[7] Yu H,Zhang X,Shan X, et al. A Novel Bird-Shape Broad-
band Piezoelectric Energy Harvester for Low Frequency
Vibrations[ J |. Micromachines,2023,14(2) :421.

[8] Chen K,Zhang X, Xiang X, et al. High Performance Pie-
zoelectric Energy Harvester with Dual-Coupling Beams
and Bistable Configurations[ J]. Journal of Sound and Vi-
bration,2023,561:117822.

[9] BRI, RIA, kA, 55 MR L Iy m R H ksl
fREas AU BT TS [ ], b BLA T 82, 2023, 34 (4)
440-445.

[10] Hu G,Wang J,Tang L. A Comb-Like Beam Based Piezoe-
lectric System for Galloping Energy Harvesting[ J]. Me-
chanical Systems and Signal Processing, 2021, 150:
107301.

[11] Zhang Z, Lin S, Gu Y, et al. Design and Characteristic
Analysis of a Novel Deformation-Controllable Piezoelectric

Vibration Energy Harvester for Low Frequency [ J].



% B #H R F R
1962 chinatransducers.seu.edu.cn % 38 &

Energy Conversion and Management,2023,286:117016.

[12] Lim Y Y, Padilla R V, Unger A, et al. A Self-Tunable
Wind Energy Harvester Utilising a Piezoelectric
Cantilever Beam with Bluff Body Under Transverse Gallo-
ping for Field Deployment [ J]. Energy Conversion and
Management,2021,245.114559.

[13] Zhao L,Yang Y. An Impact-Based Broadband Aeroelastic
Energy Harvester for Concurrent Wind and Base Vibration
Energy Harvesting [ J ]. Applied Energy, 2018, 212.
233-243.

[14] Mei X, Zhou S, Yang Z, et al. Enhancing Energy
Harvesting in Low-Frequency Rotational Motion by a
Quad-Stable  Energy
Potential Wells[ J]. Mechanical Systems and Signal Pro-
cessing,2021,148:107167.

[15] s XSO, R4, 5. 5T H 1%k p R k3
fRfiEds NP A [T]. 1R BREAR 0, 2023, 36 (4) -
543-548.

[16] Liu F R,Zou H X,Zhang W M, et al. Y-Type Three-Blade
Bluff Body for Wind Energy Harvesting [ J]. Applied
Physics Letters,2018,112(23) :233903.

[17] Sun W, Seok J. Novel Galloping-Based Piezoelectric
Energy Harvester Adaptable to External Wind Velocity

Harvester ~with  Time-Varying

fal RRME (2000—) , 55, WA 502k, &
BERESE 7 18] S e HL R 3 RE R AR 4
A& ,2505831804@ qq.com;

[J]. Mechanical Systems and Signal Processing, 2021,
152.107477.

[18] Yang K, Wang J, Yurchenko D. A Double-Beam Piezo-
Magneto -Elastic Wind Energy Harvester for Improving
the Galloping-Based Energy Harvesting [ J ]. Applied
Physics Letters,2019,115(19) :193901.

[19] Tan T,Zuo L, Yan Z. Environment Coupled Piezoelectric
Galloping Wind Energy Harvesting[ J]. Sensors and Actu-
ators A ;Physical ,2021,323.112641.

[20] Barrero-Gil A, Alonso G, Sanz-Andres A. Energy
Harvesting from Transverse Galloping [ J]. Journal of
Sound and Vibration,2010,329(14) ;2873-2883.

[21] Tan T,Yan Z M,Huang W H. Broadband Design of Hybrid
Piezoelectric Energy Harvester[ J . International Journal of
Mechanical Sciences,2017,131-132:516—-526.

[22] Abdelkefi A,Yan Z,Hajj M R. Performance Analysis of
Galloping-Based Piezoaeroelastic Energy Harvesters with
Different Cross-Section Geometries| J]. Journal of Intelli-
gent Material Systems and Structures, 2014, 25 (2):
246-256.

[23] Yan Z, Abdelkefi A. Nonlinear Characterization of
Concurrent Energy Harvesting from Galloping and Base Ex-
citations[ J ]. Nonlinear Dynamics,2014,77(4) :1171-1189.

XZH(1978—) , 5 it Hpz, =%
F5E 7 0] R WL S A6 3h 1 2 o 57 5
AT, liuwg14@ nchu.edu.cn,,



