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Abstract: This study proposed a novel piezoelectric energy harvesting dynamic vibration absorber (DVA)
integrated into cylindrical structures subjected to fluid flow, and aimed to achieve simultaneous vortex-
induced vibration suppression and piezoelectric energy harvesting. Firstly, numerical simulations were

employed to investigate the passive vibration suppression effectiveness of the dynamic vibration absorber
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on the vortex-induced vibration system. Subsequently, the incremental harmonic balance (IHB) method
was adopted to derive semi-analytical periodic solutions for the vibration energy harvester, with the solu-
tion stability analyzed via Floquet theory. The study reveals that within the lock-in range of the vortex-
induced vibration system, nonlinear fluid-structure interaction (FSI) effects can induce coexisting multiple
solutions and complex nonlinear dynamic behaviors. Notably, when the system is equipped with a linear
vibration absorber, the system exhibits eliminated coexisting solutions and a dominant vibration frequency
that monotonically increases with wind speed, rather than remaining locked to the structural natural fre-
quency. Furthermore, a parametric study evaluates key design variables such as the tip mass of the bluff
body and beam dimensions on vibration mitigation performance. This work quantifies both the primary
structure’s amplitude attenuation and the DVA’s voltage output, and establishes optimal parameter ranges
for high-efficiency linear DVA design.

Key words: vortex-induced vibration; energy harvesting; incremental harmonic balance method; periodic

solutions; frequency lock-in

0 31 B

Wi YR 3l (Vortex Induced Vibration, VIV) J&
— PP AT A PR IR IR AR A BRSNS, T
AETF MU MR WA TR . R TR R4
1 P B S B AR A2 R AR T, R
SR LT (AT AT 175 & KRR shma ", #E—
F1%) Tt 3 91 L A, 08 T s A 5 5 3 A [ A A 3 [
A, GER S HERIUE s R IRAS T R 2B R
PRG iz s, (HR, IXFP AR R A iR SR Btk 3
25 5y | R W P RN 57 2440, NI RE M 45 /) 22 47
BRI, Xk et &, LS Blm ik it Kk
I S A AR A RS 8 Sl A ) 1 AR S A5
R, [ IF IA 7 A I SR B 2304 It 42 T 41 sl el 1
YR I SR 0 A A i 5k mT DAy SR Sl
Rk S G P AP . Zhang %5038 i BOE BT 58
T VIV BRG] QA 22 145D o Akhtar %0
FE— [ B A AT — X% 0 1 s, I
ZL Bk 2l 3 B A i A3 B O R B BN . ot
A, Dai 55 AR M B iy B 15 A 310 i) 51 2 2
AR B IR IR, TR BRI S I RS
4 M) 7 7 T 2 A R . Mehmood 25 FSY T 26
FAE L P 3 32 S 42 o) i 78 R I IR ST Bk
G RAE AR R VIV 7 0 B A 80 . X s il
R S ol ) e ) v W 41 B 1 E ' e =)
PO T3, w2 3T H R e AR el iR A AE A
ATEEMEANE R o R B . 9 s UE
FL R IR 4 T 5 A2 A A% It | 1l 4 S r L g T A
N, ATPAKIRFEARIE &I B | e 54 A s [H

ik PRI L TE 52 2% 1) H - T A TS Sl s e e ik
b ZAERE BN, R A aRR; 5
Ab, FE i ToReE L E M X | SR B G TR EAEE , BX
X 97 1) S B M RO i3 ) — i TR g 5, w8
J FAL T o WA AR DRI 1 T T A2 245 T B30 R RE U5
A, fetiese RIEARVE

CA P sh¥Edl o B, KEEARSHE = bk
RELJE BT #E 5, 0 S 5B K TU A% 1Y 41 3 fiE 1 AR R
K, WA DATE — S0 25 250 B AL AR JC I Fr 2k
g gt o [, AT SRS LA R &,
IRehfem AR &SRR E, WMk, BA
SR RE R OR . Ik, PR BRSO
T an a4 R R 5 b i 4R B RE TR AL HLRE
LS BRI AE L i 45 1 A kg . e iR
T e B R F R 0y R WL BB 5 AL R
fig, HLPRSEAE R, JF B 5 i R R AT
Mgl Ao AR, H T3S T i FIR 20 Y RE £ U AR
B HBWERS R, 2R R4 B A BRI
PRBNRAE , (HIX e F A5 02k

IR 21 3 0 0% — Pl s 4 o AR S Bk 3 R
gt , EHOR SRR, BOE 7 ik BOAR T B SR
o, AEXE LU 7 22 i 2L A | 5 sk BR A A 2 it R
G, A B AT SR R AT IR AR B i
7 v CE MR 3 &5 | Lindstedt-Poincaré ¥ . 1)
5 2 KRB TR A KBM VLS5 ) XE LK A G2 B o 39
fifo1 . Zhou SFOUd HIE T o BT R B, FE
WO, AR IR 3 R G A 2 AL 7
MG, BRI, A O A AT s A AT O VR AT iR
PR BN AW 1 S BE i WS 2R G Y SR A 1) T AR ARG
Lo



CEVEE 224 1)

TG B BT B ) e R Sl AT 1) 2R G 4 SR ik B HE Bl T 2 G R R A7 4D 829

14 1 i I SF 7 25 (Incremental Harmonic Bal-
ance Method, IHBM) H Lau %578 1981 4F 1 ¥ 42
OB AR Ltk v 3R G R Y 02 3l i) i 1 e
57 IR B 5 Rayleigh-Ritz iE M 45 6, TE K T 3 218
Wik . BEJG, Lau 28 HE 16010 R i 7
i A 8] | 23 ()R A PR AR AR 4 A i 1 1 A
) -2 [ BRITE , IF i — g il ik 5
A FRIEARSS A, T o3 A sk iR 4 A Ze Ik 3
[A) R, HG SIS A S A T IRk S
TSP 1 T R e, G SR B AL SBOR R 4 Tl e g Al
FCREh H AR i AR 2 vk I N 3R T2 1T
hZ—
Zr bk, B E iR 3 A GE R AR B A5
ML TR —IRE, XF T [A] i 58 3R s 4 i LA
MRE A ST /D . BB, X T2 B i AR
IR MIREIRSIN G R G, W AR TR £
it FNBk BR A AR LM B 1 2= AT R Wb AR, O T
PRSI EI L S Re i RO 2 G, B XL
AR, AT ATET M TTER IS < B2 R F R IR
LR I TR S R Ge, J1K S BB sh i
PR s AL e 1 A AL D RE 5 1 H] THB J5 65K fif
TR RGN IR, AT BAA LR
IR IR S R G AR T T AR R 3 ) THB
il A 5 IR TR R 2% SO0 S5 R B R RIOCR
FISZIR, 7R T 7 L B S0 W A i 00 36 P
I NTERLE

1 HERRGRTE

ARSCHIEFE Y F S8 h 2 e 3 A s ) (5
AR B FG N TR AR B A s v B i SO IR 2R 4
PR AR e oAy A5 9 AR A A LR R, LA
S S T B i B, g o T SO R LR REFE 1K
HLAE. M BRREFERL 45 M R shfig it , nT sk
BLRERE [, P& 1 BT 7R s R e e ORI AR 7
WA, AT 2 B A R . B 1)
wy (&, )RR LA B LERILRL , 0w, (2, 2)FoR
WPk 5 ELA B RIXTALRS o 18 1(h) BT o T
LS RO o L, AL, 53 03 27 T )2 A
SNRIE, b, FRIRHZ MG, A A A, 53901378
MR R MEE . ERXGER ST, 2
RO Bk S RE i 2 B A b TR, L —Bi
285 DAL [ A 491 23 5 Rl A e B DL IR T o 4 5
M A, T s B A 25 0 7 ) 4R Bl 25 SRR B AR

JEHRS FASCHAT S A R XA R S5E  1) B i 2 Ufik
AR, e RS 51K R Bl e N R A
AN, AT Z WSTR[, 85 255 TN
SCPE TR 5 IR A P L 2R B h S e A
P B — B S B AR L DA Al B AR R I 5%
H EZIRBIRFE

E T
N A
”%L‘m
N
L,
AT — W s
~ [ B35
(a) &it7n B (b) [ L BRI ]

1 R AR AR AR R TR I8
Fig. 1 Schematic diagram of a piezoelectric energy harvesting

vibration absorber

R £ W, Van der Pol B fil Rayleigh %
H R T 1T LR ORI s B AT N e Sk
W58 N8 B R i e BSR4 1 T JLARME 17
Facchinetti %% 56 F 07 8% . 1 Uk B 45 &
AR B B G B R HEAT T 430, & B0 2% 1o 3okt
A ISR RE % 5 MR A o b A TR PR % IR AR (1)
FREL e o, BRI, AR SCRE(E AT b 3 Jon it i
G W R IRAR G e BT oA . AR, X
R BB A (G IR TR T B (Re) X (300<<Re<<
1.5X107 . ASCHFERIIRIE TN A

o CLOPODUOZLO Cd(OoDUoLo
Fyw= 4 q— 2 °

[¢1(L/,)+IZJ¢1’(L,,)}], (D

Kb CoOoNM RE BN 1,25 Cu 4 LT
HERE, WiE R O0.3; Uy WIS ; 0 WA
I Lo AR s ¢ () i RS R — B
BSHRAEL; 9(2) A — SRS AL R
WF5E R B, =5 HEhN 3 J3E A 5 ) A 8 o 1 A

AR TR R S RS BUE XL, AR S
F ] B3 n 3 A B 1Y R IR Uk 7 A BB R AT 03
Pro RIRIR TR LIS

j+Aw (¢ — 1)+ wiqg=

P

D, .
D|:(¢1(L/,)+2¢1 (L/,)}?, (2

b P A R SR B A R R, 0 0n) D 12 A




830 b K2 2 MCARRREND 2025 4E45 6 1
_ 2xSU 26536, L, s N
0. 245 w, NP IR, i S o, =0, S g o S AR 5 0=
P

SRR 55 e ZK RS, i A ORI [ A A AR T ) R
B, TR EUIE R 0. 20 Ik, REGMiZ 3N

] LLRIR R
7'7' + Zgllwll"? + Wy 277 + /11,/,/11‘/,715’._'_ 777/11,/,27'7' = A F o,

i,:+ 2§2lu'21’;+ w212r+ /11,/111/11,/77.7' 7 0V: O,
» 2 . , P
CIJFwa(q“*1)q+w\.“q25,1,4,,77,
.V

CoV 5+ 07=0, (3)

s A=¢ ( JF ¢1 ); Am=M. ¢ (L, )+

B <bn
EMfS/H/(Lm)JszJ ¢ldx; m=M,+m;L,,; C
0
1+mAL® Audu, 0 O] 7
AL ALpn 1 0 Oy #
8, 0 1 0|g|"
0 0 0 OJlo
AL/JZCW O O O 77
0 0 0 Ol r
0 0 —p ofglY"
0 0 0 0]l o
Wy 0O 0 0
0 W 0 —¢
0 0O 0 0
1
0 0 0 R
. P
it l:ij : IBKZZKSIAD 19 IB‘IZTCS[D l’ /8171:59
1
CJNZEC(/(OOI‘ODO

51 AR REE AR AL © == Qe (0 J2& I N 53D DA
LR AE
Y:b’l Y2 V3 y4]T:[’7 roq v]"
SR (DEH
QMY+ QCY'+QCUY'+ KY +

K, U2Y+QUN1(Y Y')=0, (5
Ab: OFm -0 G TS REOE AR
é;%‘fié%if&rﬁlii%mja
1 + 771/1]‘/, z /114/,/1,‘/,,, O O
| AwAm 1 0 0
M_ 7ﬂ,”/114/7 O 1 O ’
0 0 0 0

Epdyb,(h,+h)¢g,'(L,,) ﬁfﬁﬁ%%A s i (x)H
W R A 1) — MBS IR A 5 - (0) BB — MRS RIS
AT 5 clﬁnwuﬁj\ﬁJﬁVI\/%éﬁ%iﬁE{?“ B
RHJE L FN— B A0 2 [ A B3 5 &) w0, 4330 R PR
JEHL A HLARBEE HL A — B ) 2 A 5% s 25 ik
BB — B AR 2SR w =24 4441 rad/s.

2 BN RETRE S
2.1 B TE®

N TR VIV ZGEARLNE S T 247, R
MTHB I a7 mprin e s . B, &
SO HEFE ORI

Zé’uwu 0 0 0 7]
0 2Lqws 0 0 || 7 +
0 0 0 0 |¢
0 0 0 Cpllo
0 0 —CiA 7
0 0 0 O rl,
00 pr olgY "
0 0 0 0llv
] 0
Tl 9 Uqg*g=0 (4
q| |Be ’
v 0
2?1171/'11 0 0 0
C 0 28nwy 0 0 ,
0 0 0 0
0 Vi 0 C,
[A,2C, 0 0 0
0 O 0 0
“= 0o 0 —p of
L O 0O 0 0
ZU]]Z 0 0 0
O u7212 O _(9
K=| 0 O 0 0 |
1
0 0O 0 —
L R
0 0 CA, O
K — 0 0 0 0
72 O O 18.\»2 O l
0 0 0 0



CEVEE 224 1)

TG B BT B ) e R Sl AT 1) 2R G 4 SR ik B HE Bl T 2 G R R A7 4D 831

0

N (Y, V)= 2 Y3 Jso

0

IHB J7 ¥ 9 55 — 20 J2& 8 B 72, B0
Newton-Raphson 2 5 4 1 73 Jr FRZe 4k o ik

,Ofva,o+2 a;jcos(jr)+b,sin(jr))=

Ay,wAa,o—l-z Aa; cos (T

K i=1,234, ﬁ%rﬁﬂﬂﬂ;ﬁﬁﬁﬂﬁﬂﬁn
578

C.=[ 1 cos(z) sin(z) «+- cos(nz) sin(nr) |,

a=lay, ay by - a, b, ]l

DY)

Aa,=[ Aay, Aay Dby - Da, Db, Lo
c, 0 0 O

. 0O ¢ 0 0

570 0 ¢ oof
0O 0 0 C

M )3 E’J%i‘?&ﬁi/‘l_[al a, a; a,]', /h

EI’J?\@ULJEAA*[Aal Aa, Aa; Aay ]’I‘o

fifi 1 Galerkin 7 ¥ 1 5 fif 75 F2 (5) o (1) i
201

aAA’I‘{j'Ks’f [0, MS"+ C.S'+ K,.S ] dz'}AA —
0
2n 2n
—a‘AATj S"Rdr — aAATj ST, A —
0 0

2m
aAATJ S'UAUdr, )
0

Hrfr,
C.=n,C+U.C,+ Q2U,N,,
K,=K-+U,*KK,+Q.U,N,,,
R=0:!MY, +0,CY,+0,U,CY,+KY,+
U’K.Y o+ 2,U; Ny,
U,=0,C.Y, + 2U,K,Y,+ QyN1,
Q,=20,MY, +CY,'+U,C)Y, + U,Ny,

0
0
Nu= ﬂw(yazy%’)o ’
0
0 O 0 0
o o 0 0
Ne=lo 0 28003y O
0 O 0 0

I SRR 18 e DL A2 ARG R Q) FN U, AHABARZS
AT TR 0 AE R /N R E SO Q= 0, + AQ
MU=U,+ AU,

IHB J5 ¥ 19 55 — 20 20l i 7 iy o /&, 1D
Galerkin 3 F2 o T U AR Y, FIAH S 0 G /N1
AY FHRT 2 508 G RR hy

Ca;/,
6)
)+ Abysin( jr))=C.Aa/,
0 0 0 0
0 0 0 0
Na=1o o Bulys®)y Of
0 0 0 0
W52 DR LIE
JAA=—R —J, A0 — J,AU,

JL,:J_ ST [QiMS"+ C.S'+K,S 1dr, (8
0
_ o ~ 2n n
R:j S™ Rz, Jn:j S" Q. dr,
0 0

2n
JU:j S'U,dr.
0

T3 (8) B R BB R T 07 BRI, 5 2
EE —DMAZ SRR S A, TFE6)
b0, =0, Aby =0, SiF% IS AR LB U
HEARRL. R4, JIRR (S ATLICE

JAA =R — J,AU, (9
/E\:Efj?ju:[ Joiy ooy Ja T : Ju.(8n+4):|7
AA:[AA(H AA<z> AD AAM) © DA 15

AR LA ZR GEAR AR MR 0, vh 2 oy TE L I B4k & A
SARBRER , T A A, 0 R I8 O A T AR AE
XS S AMEAEXE LIS . Sy TR HO T RROR K
HARIEE A AW S, AR SR R ZE 417 1%

A IRAMERAR , X T — kA i 1T

T o B, a1, 2, Fs N ESRAFRYME, W 2
B I AT Aoy
6n+1
Si:|xi71‘i*1 |:/z [I,(])il'],](]):F ’
(i=1,2,3,4,-+) W F A 2, WK IS &
M As, T — RS LR T R
Z@ Hoz‘ _; o
]1?51
;H\:EF', fo:O I()JFS], l,— l‘1+\2, [3— l‘g+$3,



832

b R A s CASRBREROD

2025 45 6 )]

ty=1;+ Aso WK IEFHIESS G =R IM , 1E5E
UGSV AT BT &5 o SR IR g e, I
B HAE A Newton-Raphson & CHURI IR, 7T LAOREF
PIRIEY 2 RERORvS Aveo b U W IR E Y SR e AW e G LET]S

2.2 PBEHMHEEN

A S H Floquet #8852 Ji W1 i i) £
EMEL IEZ=[Ay, Ay, Ays Ay,' Ay, Ay Ay, ]
R 75 A8 5 JR A BN A (R R Bl ) o, 8% 25 ) i R 4F
TE . E ke R A B T R R T, A5
BT OT R RN, 28NS ARk, a]
DIREIDCR A

7'=Q(r)Z, (10)
Hrp,
Q(r)=
[ 055 I 051 i
1 1 1
(_ZMOIKO) (_ZMQICO) _72M071BO
2 3%3 05 3%3 0%
1
_ 014 0 —6/C, 0 aRC, |
1+ ma 1,/;2 AvAr, O 0
M,= ALsALpn 1 O, Bi=|—41,
7/8177AL/) O 1
wh 0 0 0 0 Craw
Ki=| 0 wj 0|+U)0 O 0
0 0 0 00 B
0 O 0
2,U,| 0 0 0 .
0 0 Z,Bu-(yays )o
_2§11w11 0 0
Co=1 0 280wy O +
0 0 0
_AL/)ZCJH O O
Q.U 0 0o 0 |+
L O O 7ﬂm
0 0 0

Qulo 0 0 |
0 0 By
WRITELO, 2r ] EXS RO AT IE LI
LR RS R SUAE w0 i R3S, v DRI e 8 00
Wi BRSO MR RRIE (R FR A Floquet 6+ 4T
A 1) Floquet e F#RAE B B N F, ARASF e Ji] 4
it , RRZAFBNATRE %

3 REBHFEHHAR

A B LN e A B SO W A A A 4 R
VAR S 5 TR A R, DA KRR IR R A% B9 S HO
RS RE R A

#1 RESH

Tab. 1 System parameters

ZH HfE
NREWMERZRKEL,,/m 0.18
SRR EL,/m 0.40
PN I L2 P8 6,/m 0.02
SNRGERE b/m 0.02
AN h/m 0.0005
JEHL R A,/m 0.000 2
i 5 i M,/ kg 0.04
R AR K BE B/m 0.04
FEHL AR Ry /(CNT) —3.20x 101
JEHA LB eqy/ (Fem ™) 2.73 X107
N ZEHLAREELIE L &0 0.08
AMNEHURBHE H ¢y 0.008
F 454 BT iE M/ kg 1.2
FELMEED/m 0.25
MK E Ly/m 1.5

3.1 ZMERIRSFIEH N RENERE

h T SRR, B SRS A
(3D, ffi H Runge-Kutta Coded5) FU{E J7 153 52K
WA TR AR T VIV RS EUE R, 28 5 AR 4
1B IRSHATO R, SR WK 2 PR, hIE 2 0]
DA, JCWRARAS B, 2548 [ 4005 i 1 7 40
DX I (4~6. 2 m/s) B RUTH T -5 3 16 It 7 A0 % [+
A, B A T KIEIRG - R 17 FE 306 254 R
P2 0[] B WS B — SE AR RO BB 1, A SC T 1 —
it e H BB f U R AR A5 S T R4 N,
Kl 225 AT LA Y, WS hn e e ge s AR e IR A )
F G5 PR B 2 R

0.05

— AR &
— AR

0.04}
= 0.03f
3

E .02t

0.01t

2 A WARAR FTC AR d IS R KT SR S5 RS
Fig.2 Displacement of primary structure under varying wind

speeds with and without vibration absorber



CEVEE 224 1)

TG B BT B ) e R Sl AT 1) 2R G 4 SR ik B HE Bl T 2 G R R A7 4D 833

K 3Ca) BT AR AT 5. 5 m/s KU T 32451 1Y
KA 7 B B A T8 3(b) A IR AR 5.5 m/s K
T S S5 H6 R He H RE £ AU AR 25 1 57 % i iz B
R, BRI T S AR IR B, (B AR
WSS W AR A E0 A A R I iR R, [R) Bs e FL B
AR R A 0 23 PR E S FL SO T 7 A —E HLRE, DA
TS T #0090 sh i 4 fi 1 i WU D

0.10

0.05p

0 20 40 60 80 100 120
I} 8] /s
(a) JeUs IR = 45 44 [ sk ds g o7

R g
| JEsrin]

40 60 80 100 120
s} [E]/s
(b)) A7 Vel J A5 = 45 ) R A1 25 A1 FRF s e b7
3 KGES. 5 m/s T RN R b7 B dak K]

Fig.3 Time-domain displacement response at 5. 5 m/s wind speed
3.2 . ZBMImEHEAR

3 ek >R FH 3 St 1 T 7 (THBD X 1 3R 20
(VIV) RGEHY 3l 124 BtbA 7oK A, REAS A 2B R
HZ M ILAPRE . 45T, 7R8I (Lock-in) X
H, RGAFAED E W ZMILAE IS, X SE i AEAH [F]
SHCF I AE o MR AL T 3. 89~4. 02 m/s Fl
6. 13~6. 32 m/s i1l DX (I, ] — 3 i T o] X6
ISP [RI R R RS, Al 4(a) s, B
INAFENR, SLRFIRRE M. MR EE
H R GEAYAEZE S DAY, JR R AR s (4 A8 Ak 2>
FRRG KL, R R 5 2
fift, FIFH THB R i o] UE 2 LAEE ol . 24

WA KA T I | NI, LR A0 1] X 7 P
517, HAHZS[R] AR 0 5 |1 AR E OB IR il 51 4
NG, R T ARG S IR L RS | D) R
ARG EAWNEINTEAS

0.05
——oded5
— FE S
0.04 | - - NRUESM
£ 0.03 1
®
4\)_‘

JXLE/(m's’I)
(a) EL5HAIFEIRE

3F —IHB
—ode45

3 4 5 6 7 8 9
G/ (m - s7")
(b) F=45 G MR R AT A
P&l 4 TSR S B (R R THB 1 1 25 F (i A i A0
W L7 525 i XLt 9 221
Fig.4 Variation of displacement amplitude and response frequency
of the primary structure with wind speed for numerical and IHB

solutions (without vibration absorber)

& 5 25 7 RN 3. 96 Fl1 6. 2 m/s I A2 i
PRG0S . 5 A% R Ao B (B 0 Sl 7
[—0.04,0.04], [ —2,2]FP 3k H, A %) {H
FE RO, B ST 1026 B[] B iy o 1o > ] 0 2 245 A
AR

)
004  -0.02 0 0.02 0.04
i /m

(a) X# 3. 96 m/s



834 b R A s CASRBREROD

2025 45 6 )]

-1

ooa —om 0 0.02 0.04
i Fs/m
(b) KH 6.2 m/s
B 5 Kk 3. 96 m/s Fil6. 2 m/s B JGAR T 105 | 4%
Fig.5 Basins of attraction for the system without a vibration
absorber at 3. 96 m/s and 6. 2 m/s

Pl 5 i, 7 A €8 DI PR SR s R AR it )
O, T L5 DX P R AT SIC3R A/ N it el A0 e

FHBE BT A 7 oK A IR 2% I VIV &
SEp R, S5 RIE 6Ca) s, X e BUE 5 %
FTHB 7k B vl DUA Y, P45 il 28 3454 Al
oL, &8 5 AW R M, PR e KM iR 25N T
10%. K6 W T Xk 5. 5 m/s B AL
Mk, aT LU A it 2 3h 2 R

P/ (m - s7")
() USRI Y 32 500 6 7% IR R

0.02
—ode45
TTTITTTITTI e
0.01 {
£
S
,\;_1
ST
-0.02
15 16 17 18 19 20

ffIil/s
(b) 5. 5 m/s I A4 E45H (5 B I 26
6 AIBIRAS I 2454 A LR R
Fig. 6 Displacement of the primary structure with vibration absorber
B 7Ca) s i T i (D7 vk A THB 33k
THROIAARIE , AT LU B E W5 B . KRB
W IR A 6, IR B & AR BB R, M2 4K

PEW IR AR5, H T DR 254 5 LA 235 4 1] f) A
VEFR o R 50 38 A 2 i B e ™ 81 [ AR, T LA
AT3ER 12 LTS I XL T 1 238 494 T 14 1) 2 Al 3,
El 7(b) s o

7

6}

W

~

i) A7 2R / Hz,

3t —ode45
—IHB

3 4 5 6 71 8 9
G/ (m s
() 75 VIR o 5030 0 THB 325 1) 174 i) o 431 2%
7

6 b
N
=
3 5h
X
E‘
2 41
— R
3t — TR

JXLE/(m +s7)

(b) A TR i I THB J7 1245 21 A v 1oy 45145
P 7 TR B 2 R R
Fig. 7 The response frequencies of the main structure under

different wind speeds
3.3 FAESHTHIBIRBIRRT

AT LIRS A Fh S5, BIJQm Bl 4
i . NS BRI BE | B B RRE FE A S e LA
TF2 LA S L) ) MBI R 45 1) LR 7 TR LBt
WARSCRBISZ . CA PSRN, TR 28 A b in
JoT i AE SCIR S A AR A A g,
AR R IR R T R T R R, A Y
I T it 5 N R I S5 A S EHVE BC R, 7 gk 2 R
U A ARAICR .

F 8(a) 45 T HEHEFEK 0. 18 m, $50.02m, J&
0. 000 5 m B[RS B I AL T B4 PRI . H
T & & Z B 25 50 A+ 2, MELMUGE
ELULURZE BB U L IR IR L AR SR TR A
R, 7 Al B HAR BT 0T FBOR I, A
SCHIASEEAL RO F] M T r gt 1Ak
AR, T B AR T R Pk 45 1t 42 BT AR 3R () Dl i
o BARMT, %LU T 286 RPN RS ikt 1T



CEVEE 224 1)

TR DT 035 (0 e AR S 00 ) R G R R S LB 2 e O T 47 46D

835

O3WT: B, e KGR AT ], Pl e XU LRy
3.4~9.0m/s, FrAFEAGE—m T XSRS, AREX
25 IR AEIZ DX [) PR AN [R] XU 60 7 (8 (57 B B L I
FIRSFII0IRS o 18 M, O RIER X g il 26 5 B8 5L
AT Viis Vors Vary + =+ (G IRGHSS P, X FHE

— MR, SOPRR =y

DX [ AXGER S D) o PRI ER )N, RWTTEI%
M BUETS , e XU X ) 9 Y s AR IR sh 4%
M IO /|, 50 T AR X 7 AR DR SR

0.03
—M=0.023 183
— M=0.038 887
M=0.049 036
— M=0.060 902
0.02 —— M=0.078 000
£
o]
=
0.01

‘ K/ (m s
(a) EL5HIRIR

—M=0.023 183

80 ——M=0.038 887
M=0.049 036
—M,=0.060 902
60 ——M=0.078 000
<
e
= 40
20
% 6 7 ® 9
R/ (m + 57
(h) WedRe e R
E 8 AR 0. 18 m, F50.02 m, J50. 000 5 m I [l i
P 52 M R 7

Fig. 8 Inner beam configurations with length 0. 18 m, width
0.02 m, and thickness 0. 000 5 m under varying qualities

E 8(b) 5 THHLEK 0. 18 m, %20. 02 m, J&
0. 000 5 m EsA [l i BT 1d 00 T WA i i PR Hs 1Y
Ko RHFRER I EFIBrRE IR IRCR , 1
R AE RO, AR M UE R, S5H 78 24 X
DX ) PN ) AR P S ARG, -, 358 T AR T 7 1) e
SRR YT . AHIGT LA SR sham il .0 B AR,
BLAESBUT T =5 IRIE 0 S/ METRTE . FERR ORI
ARSI TRISCR B AT T, S PRE R Ik
W7, DISEI R R e b r R i e KAk, TR
4ERFH, M,—=0. 0388 87 kg I ISR AL F, [
B A —E W R, o THHR 8, 7EdE—20
(RIS 25 8 M =0. 04 kg

s L g SR IR AR A O SR | B
X B M AE 2l ) A A5 R AN 9 BT o

0.03

0.02¢

fi#%/m

0.01f

K/ (m s
(a) HeHL A - T S5 PR i

100
80
= 60
4
# 40
20
0
3
JRE/ (m - s7")
(b) e L R - I 245 L
0.03
— ,=0.02
— 5,=0.03
5,=0.04
0.02 — 5,=0.05
E
2
i}_‘
0.01
0
3 4 5 6 7 8 9
JXLE/(m 5
(o) ML GERE - T 25k PR g
— b,=0.02
801 — 5,=0.03
5,=0.04
60l — b,=0.05
E
m 40}
20+
0

P/ (m s
(d) T H B2 500 - e 2 v

&



836 b R A s CASRBREROD

2025 45 6 )]

—h,=0.000 4
—h,=0.000 5
$h,=0.000 6
,=0.000 7

3 4 5 6 7 8 9
JXLE/(m's’I)

(&) Ferg IR - A5 AR IR

30l — h=0.000 4
— h,=0.000 5
h,=0.000 6
60 L — h,=0.000 7
-
|
<)
pee
20}

K/ (m =+ s71)
(D) J L 8 JRE L - W i3 L
B9 PR K | ERE AR RO
Fig.9 Parametric influence on length, width, thickness of

piezoelectric beam dimensions

A B M, R 0. 04 kg, INRESE 0.02 m, J&
0.000 5 m i, AS[a] Py 3R BE R A9 057 % I (R
23 9Ca) FE 9(b) fras, nJLIE H, FE
EREKEWH, WHRSIR SR & —E 52
Fb, AE W PR 25 L 2 R AR . X R KR
R 3 B0 R A 1 0 25 1) i IR Bl A — By
[ AT A3, R B PRl P 7 A A v I 3 A i 5%
o HBRREIFARBRBL, KERKMYRS
SES U S PN Y EPO VA AN NI 2 I s )
INEERYRTRE , DTS2 M 2548 2 22 )i o FE 54T
P s SEORPE R, N YA BB AR 25 0 K
B, AEI0 I bR 2h S A dR iR ) R B, A PR
B IR S T HLR 4, I8 B R s i
(VNGO = o S [ I UID Q= B 7/ o R S
Bl 9 & TR KEOLIS m, FJE
0.000 5 m, M,=0. 04 kg i A [a] P 32 56 & T A £
RRME, FTLUE ), AR R B Ja R RO 5 2%, =
DAL B DR AR SR A 32 R A JI e 1 23 55 ok
AT Z (R TEAE DG OG FR AR XU Hsf 14 I i 43 2%
AR, /N PN 2 5 B2 0, SO A 4 0 {1 ey [
AR, W Z AR R R 20 0 55 . M,
BRI PN 2 T A R B IR 4 25 1R 1) [T A A

HERTEB R B K T A 2377 A a1 fig fe I B2 A%
o [FIRE, YR A% By R RGO, 2y Y
KA A 23, A5 22 G0 7 AV XU Fsf ) o 4 A8 R A
2, M e R B ) DR R ASCR A Ay, sl 9 Ced P
o B g5 TN 0. 18 m, JE0.0005 m,
M, 7 0. 04 kg B A [\ P 52 5 B ) HL R IR, AT DA
i, FEAKGE T, 8N T8 B S BOR R /% 1w [
e s 7R KGR, R A 9 R T EORE R Y i
Frdh o 9D gt T ASTR] N 25 B8 (1) R R L
AFLR i i PN R JEE R A 1 T R . IR Bl
il AN g S WU B AR R R, 8 3G I iR R
PR R, AR T AR E K T AR Sh iR 1A,
[ BE A 42 o L i 111

4 &

ARSCHR T — Mo o T AR R AR IR S
BRI PR S ] B g sh P O %, IR BRI THB
VSRR T BAT SRR % B4 i TR 3 B4 g A
Wi, BE— 22 T R SRS R (EL L PR R {EL A
Wi AR R 2o IR R W - A 108 R 3 B AR
BUE XD, REFERENZHILFNS; 5
RS is T AIR B ANR] , BATE 1 4R 25 1) T AR 3
FR G R W) LA A AN 2 Bl B B T AR, T
PN PR AR AL AR i 2 o A A B ek
PRAF SR R BB | MR | 985 AR
JEEOXF T A5 A iR i B i R R B2, ARSI T
IR A ) IR LS R ), S TR B4t 1 g
WA o LA, AR SCOH 6 3 - ik 15 T 09 TR
PR Bh BRI, A7 B T 5 b B A 3 IR B ) 2
fige AR B E T o SR o — S R AR LAk
s ) 8 PR Sl 4 A [

S

(1] EHesie, SRakA, BT . JE T RE AR I AR IRV

SFAE I IR S RIS (T]. )24, 2022, 54
(4): 901-911.
MA Yexuan, SONG Zhiyou, XU Wanhai. Study on
vortex-induced vibration suppression of marine riser
based on energy transfer[J]. Chinese Journal of Theo-
retical and Applied Mechanics, 2022, 54 (4) : 901-
911. (in Chinese)

(2] 250, ZR0E B, TV . BT M 4% 1t el S A9 4
P8 R S IR T vk [ T]. TARE )%, 2024, 41
(1): 64-75.



CEVEE 224 1)

TG B BT B ) e R Sl AT 1) 2R G 4 SR ik B HE Bl T 2 G R R A7 4D 837

LI Jiahong, LI Zhengliang, WANG Tao. Prediction
method for vortex-induced vibration amplitude of steel
tubes in transmission towers based on neural network
[J]. Engineering Mechanics, 2024, 41 (1) : 64-75.
(in Chinese)

[ 3] HEM, hER, F&. Eabhp ST E

e gE A it [J]. TR F%, 2019, 36(9):
213-220.
XIAO Zhipeng, QIU Hechen , ZHOU Lei. Integrated
optimization design of strut location and structure for
composite strut-braced wing[J]. Engineering Mechan-
ics, 2019, 36(9): 213-220. (in Chinese)

[4]QIN G F, ZHANG H X, LI D. Numerical study on
vortex induced vibration of hydrofoils with trailing-
edge truncation [J]. Ocean Engineering, 2023, 275:
114083.

[ 5 ]ZHANG J K, HUANG B, ZHANG M J, et al. Inves-
tigation of vortex-induced vibration characteristics
around the NACAO009 hydrofoil with a focus on the
lock-in phenomenon [J]. Ocean Engineering, 2024,
312: 119082.

[ 6 IBEARMAN P W. Circular cylinder wakes and vortex-
induced vibrations [J]. Journal of Fluids and Struc-
tures, 2011, 27(5/6) : 648-658.

(7 JFESE, B3CH, B In A v B XL B R

AN TALI]. TR A%, 2019, 36(SD) :
306-310.
ZHOU Jiahao, MA Wenyong, HUANG Bocheng.
Study on vibration and aerodynamic forces of a smooth
cylinder in the critical Reynolds number range [J].
Engineering Mechanics, 2019, 36(S1): 306-310. (in
Chinese)

[ 8 JLAI Z H, WANG S B, ZHU L K, et al. A hybrid
piezo-dielectric wind energy harvester for high-
performance vortex-induced vibration energy harvesting
[J]. Mechanical Systems and Signal Processing, 2021
150(1): 107212.

(9 JWAERE, S, 3k, . 550100 R IR 3 X 52

BT, AL THU, 2018, 45(6): 675-679.
HU Zhikang, LU Li, WANG Lin, et al. Wind tunnel
experiment on vortex-induced vibrationof staggered
double circular tube [J]. Chemical Machinery, 2018,
45(6): 675-679. (in Chinese)

[10] ZHANG H, FAN B C, CHEN Z H, et al. Numerical
study of the suppression mechanism of vortex-induced
vibration by symmetric Lorentz forces [J]. Journal of
Fluids and Structures, 2014, 48: 62-80.

[11] AKHTAR I, NAYFEH A. On controlling the bluff

body wake using a reduced-order model [C]//4th
Flow Control Conference, 2008: 4189.

[12] DAT H L., ABDELKEFI A, WANG L, et al. Time-
delay feedback controller for amplitude reduction in
vortex-induced vibrations [J].
2015, 80(1): 59-70.

[13] MEHMOOD A, ABDELKEFI A, AKHTAR I,

et al. Linear and nonlinear active feedback controls for

Nonlinear Dynamics,

vortex-induced vibrations of circular cylinders [J].
Journal of Vibration and Control, 2014, 20(8): 1137-
1147.

[14]ZHOU S, CAO J, WANG W, et al. Modeling and
experimental verification of doubly nonlinear magnet-
coupled piezoelectric energy harvesting from ambient
vibration [J]. Smart Materials and Structures, 2015,
24(5) : 055008.

(15] L9, Wi, B/, 5. JRHRIFREEORBETE SR

Zik[J]. HRsh 5 kit , 2009, 28(10): 36-42.
YUAN Jiangbo, XIE Tao, SHAN Xiaobiao, et al. A
review of current situation for piezoelectric energy har-
vesting[ J]. Journal of Vibration and Shock, 2009, 28
(10): 36-42. (in Chinese)

[16]LIU G, LUZR, LI W, et al. A new semi-analytical
technique for nonlinear systems based on response sen-
sitivity analysis [J]. Nonlinear Dynamics, 2021, 103
(2): 1529-1551.

[17]LOGHMAN E, KAMALI A, BAKHTIARI-
NEJAD F, et al. On the combined shooting-pseudo-
arclength method for finding frequency response of non-
linear fractional-order differential equations [J]. Jour-
nal of Sound and Vibration, 2022, 516: 116521.

[18] PANYAM M, DAQAQ M F. Characterizing the
effective bandwidth of tri-stable energy harvesters[J].
Journal of Sound and Vibration, 2017, 386: 336-358.

[19]NIU J C, LI X F, XING H J. Superharmonic reso-
nance of fractional-order mathieu-duffing oscillator
[J]. Journal of Computational and Nonlinear Dynam-
ics, 2019, 14(7): 071005.

[20]ZHOU S X, CAO J Y, LIN J. Theoretical analysis
and experimental verification for improving energy har-
vesting performance of nonlinear monostable energy
harvesters [J]. Nonlinear Dynamics, 2016, 86 (3) :
1599-1611.

[21]LAU S L, CHEUNG Y K. Amplitude incremental
variational principle for nonlinear vibration of elastic
systems [J]. Journal of Applied Mechanics, 1981, 48
(4): 959-964.

[22] LAU S L, CHEUNG Y K, WU S Y. Incremental



838 b K2 2 MCARRREND 2025 4E45 6 1

harmonic balance method with multiple time scales for 2018, 98: 209-230.
aperiodic vibration of nonlinear systems[J]. Journal of [27]HUYNH B H, TJAHJOWIDODO T, ZHONG Z
Applied Mechanics, 1983, 50(4a): 871-876. W, et al. Design and experiment of controlled bistable
[23]SKOP R A, GRIFFIN O M. A model for the vortex- vortex induced vibration energy harvesting systems
excited resonant response of bluff cylinders[J]. Journal operating in chaotic regions [J]. Mechanical Systems
of Sound and Vibration, 1973, 27(2): 225-233. &. Signal Processing, 2018, 98(1): 1097-1115.
[24]TWAN W D, BLEVINS R D. A model for vortex- [28] FACCHINETTI M L, DE LANGRE E, BIOLLEY
induced oscillation of structures[J]. Journal of Applied F. Coupling of structure and wake oscillators in vortex-
Mechanics, 1974, 41(3): 581-586. induced vibrations [J]. Journal of Fluids and Struc-
[25]HARTLEN R T, CURRIE I G. Lift-oscillator model tures, 2004, 19(2): 123-140.
of vortex-induced vibration [J]. Journal of the Engi- [29]LIU G, LUZR, LIU J K, et al. Quasi-periodic aero-
neering Mechanics Division, 1970, 96(5): 577-591. elastic response analysis of an airfoil with external store
[26] DECUYPER J, DE TROYER T, RUNACRES M by incremental harmonic balance method [J]. Interna-
C, et al. Nonlinear state-space modelling of the kine- tional Journal of Non-Linear Mechanics, 2018, 100:
matics of an oscillating circular cylinder in a fluid flow 10-19.

[J]. Mechanical Systems and Signal Processing,



