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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this study, a galloping-based energy harvesting system is designed using a nonlinear energy
Received 01 August 2017 harvesting sink (NES). In doing so, electromechanical equations of motion for the energy harvesting
Accepted 16 September 2017 system are derived and the theoretical results are validated with experimental results. Then, three steps

Available Online 2 2017 o y . .
vailable Online 20 October 20 are presented to make the system work efficiently. In the first step, several cross-section geometries for

the bluff body are investigated and the results are verified by the Harmonic Balance Method. These

Keywords:

Energy harvesting results indicate that isosceles triangular section can harvest more energy than the other ones. In the
Experimental study second step, effect of changing the electrical load resistance on electromechanical behavior of the
Galloping system is investigated and it is demonstrated that the maximum energy is harvested for load resistance

Piezoelectric material values of more than 1 MQ. In the third step, influence of changing the tip mass on the system is studied

and it is shown that increasing the tip mass leads to increase in the output voltage while the bluff body
amplitudes remain constant. Consequently, the system is designed to work with the maximum possible
tip mass which is about 35.3 gr. Finally, this system with a bluff body of isosceles triangular section can
generate 700 mV using the load resistance value of 10 MQ in the wind speed of 2.5 m/s. This system
with the total mass of less than 500 gr and low-amplitude oscillations is designed to work properly in
low wind speeds and presents an efficient application for low-power energy harvesting systems.

AL Wlg oo Jlow S5 2 Sges Suz 0 @S 0 )18 Sl Ol doudo -1
aw olyie a [8] T Sayls o [21 7 0 1] Vel 3 51 sl ool ST 1 51 Jlasiul slo s, sy 4 Sl 516 ke e sl o
g oo g 0l 5l (AU L] el p3ilie L GleS —iney (Sl (Sl 5y e wile piyolnr wle

alin 5l colatwl sasoly mlie olee I laslsy 0 g g0l >

! Vortex Induced Vibration (VIV) ol bl wlis 51 (S g Sl Fpwpiws 0 g9 Folel (SGle wlils )
2 Flutter ol | ol ens - .. O al elnles |-
3Ga||oping J,,|)_, o as’ (S s_JLwLu)‘ )| 69.) LJ‘" BN o | k)b)'> )| ‘5...)[) &_JLNLLJ)‘ U‘
Please cite this article using: 2 Lod o3l Jod oyl 1 Ao ol s gla ) (gl

S. Sobhanirad, A. Afsharfard, Experimental study of galloping-based energy harvesting system using piezoelectric materials, Modares Mechanical Engineering, Vol. 17, No. 10, pp.
207-216, 2017 (in Persian)


http://mjmec.ir/
https://dorl.net/dor/20.1001.1.10275940.1396.17.10.54.2
https://mme.modares.ac.ir/article-15-11203-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.54.2 ]

3,5 ,Lidl S)le 9 Sy Hilrw Lo

S i8lg juy Slgo SoS Ay FinglS Sl HhU bl j (5 3l 0358 Juostiaml (2 375 (w22

ul&a‘ 9 ML?LA |) el; ) oolawl Sy94 w‘ra Sy90 B ‘_g‘)a 9 m‘.)).)
oS gy ) O 51 s sl

LTy B a5l 53, Jlasial oSl [21] o) San o iSlase
Oz 5 @ ahiie sl [19] Sen 5 LS5,k Ghsly s 5l eolic
b S Gl g 3,5 (o) 2 200 51 a8 jalgnn; slael b Jlow
ol 500 amil 0] cawoay 1) LBW sudgs olg iSTas 15m/s
boomb s, slael o po @580 Jlasiul Bl Glgios 1) Aegh
oils (SO Sl Coglan jlade (g5l

08,5 oolitusl [18] )] )Kan 5 Slgi iagh b 51 [22] ol Kes 4 LS
boolyon yo5 @y bate mpe ghate b OO ez 51 (o35l cutloyy Gl
ohll @b L) s Jo @l gl oS cw)p 1) SeSllsse
ol ceyw lp 1) 8AMW S, oSUl )l iSTas g ws )5 awslin (o)20
33y Cwody BM/S

FT ok g @l 5l ollSes 5 (iSllae 55 K0s gl 90 5
Jaie MW g 5 (23] o GO > gaiie mhaw 36 5 ool [20]
59 5 50 W0 oz |y g Ol 2 [24] S Sl Lol 5 4,
clio alaio b OB e 1) glg cpyiin a5 0b atie Glagh
ot o sl 5 4 0l 5 425930 ol gl L dludlisglacie
S (o0 adg ok (Vb g b

e 8, L S gla e o Shee [25] KL gl
e Dl s (omyp ) Sinsls oy 5 (LA (6550 eansS Jlastal
g w08 Sl G e Slleg asls 5 (295 Olg Gl ln
G las 5l eoliiul plfin 4 KigelS onuay g9, ey o] g
el oads &l alizes (SO SU

ciloy p fse slaially Wb yp @ 5 6% Sl
5Ag5'°)"> G L)‘?"QSA d.Le_‘> L)" )l aS sl 00 4.._‘>L)).a uL\):> )l G)J.J
al Sops o920 21 Jlw ey [27] 5 Jsb ol d26] Ll
Pagls e 31 bl Wl g S sl cud b ([30] Les [29,28]
2,8 o Ll [34] Vaslgral g0 ooy oz il 4 (33,32

Sl et 6,95 g 4 [35] o) Ken g sl S haghy 4
P8 Sy g SoySllony alog b oS S 5 Sy Slileg )
50 o] 50,5 w1 el 0l el Jlow b, 50 B e S0
ey g (SN Cunglie g S5y Jlade p3b anlllas 4 gl ol
oyl by ond &l i Aoy (295 Oly 9 SimslS £9,0
S S 55 1y B e L3S 5 0 (555 Slejen Wil e

S S S olals)l 5 s cals,y ol allie o
Oz 5 B ez B 50 S5 e g SupSllyny alog LMLl
oz o s cwain JS 3T Liuly cpl 5o ool o anlllas Jlow
=9 My » S ez e s g (Sl Cuglie s (M
55 ol sl Jlasial i Gl iagh 5wl alss o)
3590 (abl oo Al M e 15 50 j0 aS Laialy oSG - 5 0 LSS
a4 oadol g bbb as cule Has e Wb andlceol ad S5 13 o)y
21y oot Slss 0j5l 0 939 A i clisul &5 Lol Luln o
o algs o)Ll T 4y a8 0,57 ales 843y a4 piaes (SilKog STl LS,

(ol ol ly gl Sepe GRIBIL alsS 5l Bl clals)] s
Gl ' (Fas S oasay 5 05dise plp e (SR L Jlw (52
ot 5 48l s B il wies Lol ) el o3l ol o bl s
Ol lior e e 4 Slal )l aals Jlow Ce e GRIEL Gl
DBl oy dw b g (g 93 (gamy G Wl o0 ol

4 g SLELS,I 5l Jae «SislS ey ) (G20 Lol o
aels (Jlw bz S RIBIL 5 S9den plxl o S O)j5e
P eyl o)l SLSL il pols Ce g sl pienn Lol )|
olr Seyw Gl L Slals ) ansls )l ol T SilS g9, e e
by oS dgame |y ol phens (@liee &5 Sloj b sl oo (1381 Sl
9p O )l s

e O 5o a5 098 g0 Sl Gamgs lony Olsre 4 5o MW
)l 58 Slhed Sux 5o Jlw bz S5 sgee SLilS )| pogdle
5 W5 (euilig; S8, KigelS 5 O saliol oy aw (lee 5l aiS e
Sgaze GuilS 3 5l pols o3l 4 gl 5l (g5l Jlasiol wig; amis o
4] 59 o

Jolo 550 cdloyy gy 4w lie cnl 5l eslitl (sl (IS y9bo 4
S yiSUlg5m g (6] Ssliwly xS 5] SiSag iSUl sla oo 31 enlicil
SoiSlg s sl Jowe oadal sla by, ol 5l el 0ad 3 ,me [11-7]
4 E3S el Glgioe g Sl oolinul BB 53 5 (amg 03k 10
dghoo wgmine SLal)l glie 51 (6551 Jlaztal ln (omlie 43S
033l Wl oo Sy Sllgy alog b 5 4TS5 oy Jlasl rizmen (12
el Sl BB 55 a5 ol 13] amo vgupe 1) aolie ool 5l (550 et
olabs ) bl oSSl Slge 5l oslitul b g5 cudlop slp a5
P 5 d5zge Sige o3l 4z s gz el N Sl el S Sagsls
J14] s solial B 65,50 cesls p g9 onl sl

b Sl 51 (A6 Slabs,l 5l 6550 cuslop Vb Gl @ 4z g b
Jlazinl slahg; onre 5 (2 olye 4 S Slgre slge 5l ool
4 aolol jo .l Ghg) onl )b g (nl S5 g 09 (Brre 55
2 0l 2 55 Syl 5 e 3, gy lainghy jl Aised Wiz
Sgdge 4oy Sl 515U ol 5l g3l el

b lals )] sl Joe [15] 1934 Jls jo Sgvjlage b sy
ool Gy Kol £9,5 Jloas Joo cnl bl 355 25kae Sl
s 3l 055 ML s S8 5 00d ke s (e oS
e Joe a8 w2l om cnl iludoe @ ol o Rong3
T ez 2 0l Slagys Joo nl 50wl Gl op ], Szl
2 Sgese ghie pgal (D per S (Jlw Sepw 5l (ol S50
&b onl jleslital b ogd oo Sl Jlow (JBo 9 M puar Job 0l
Wy i 5 g ghie gl ln [16] STy by ol o
o5k b Jhw 0l 0 @ ghaite gl sl 1171 Sen 5 (9L
ol o g Jubris abolie sl [18] S5 66000 b 33000 j0lgi, sae
ghis slp [19] (e 5 LS5,k A0° 5adsny; s0e b Jbws by 5o
el o0 51,1200 51 1eS jalen; slael b Jlw b,> 5 @pe

@) ahiie gl aiz Sl 55085 4 [20] e 5 55,0

5 Mass ratio

6 Dual mass

7 Tandem arrangement
8 Clamped-guided

10 o)laids 17 095 1396 (53 (e Silse wise

1 Lock-in

2 Onset speed of galloping
3 Tip mass

4 Bluff body

234


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.54.2
https://mme.modares.ac.ir/article-15-11203-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.54.2 ]

3,5 ,Lidl S)le 9 Sy Hilrw Lo

S i8lg juy Slgo SoS Ay FinglS Sl HhU bl j (5 3l 0358 Juostiaml (2 375 (w22

ailie 5 SoSlgsn Fhe 5 Sl 5w €33 9831 O] )0 45 Sediee

D9l g0 0dpeli 13,8 ol s Sl

aZWZ

Le V2 (L
w; =f0 EpdsiwpV (—z 92 )dx—e33wpgf0 dx ®)

o1 5 45 ool () dlal, S50 4 3 s Ll s (55lme S olas
a8 csl (23 (So S LS g jms (ale curd S 4 Q 5 G
2 b @o9ee oy 8 F gy o0 Jled 4 S pSlyng 4 ol

oo o LS 1) B e

L
Wy = Féw, — Cwy 6wy — 2] CaWodxéw, — Q8V @)
0

é’L’ 9 d)l(x) R c)..JLnJ.a Sge JS...: @L )| oolaw! L )....: B G>l>¢l> é—’lJ

Dgdh oo 4y (5) alaly &9 4 phi 050 ,0 i (8) Sloj by
n

war €)= )" i) () 3
i=1

SALSE 4 azgi b g pol> gl 50 Sl g5 5l oolitul 4 4z g b

(S s 390l e 35 (S0 Sy Slse ) aes Gl og
@5l & (Sl 531 it 59 O Il 5 s & aslal 5 40 e
s ol 03Y anlis3 U Slag; cul 5T ola sln g (S Sl
WY b ol (ormb S 5l a8 (oS3 50 (6551 ouiS Jlail
1y G) akbly o ylgse gyonl 5l 08 8 eoliiul )90 Sl jugin
Slales )l ol 050 sl q(t) 5 () QT 50 &S 3505 ool (6) alayl, & g0

ol 00l aLdgs 45

wo(x,t) = ¢p(x) q(t) ®)

Bgdige dtbg (O7) Loy, ©)90 4 Vb a1y H1Y Ly,

d(aT) 6T+67t 6Wie_F y

dt awl an an an - W1 (7)
d (6T> 6T+ om W 2 J‘L 24

at\aq) "agTag " Tag 24 cadix ®
d <6T) aT 4 on W,

dt\ov) “av v~ av &Y

aelss Lol 5l eolinul 5 515V S¥olee Lo @-1) Laly, o iSsl> L

12,10) Lals, &g a4 a5 > ales SYobee o 3l )) slasge

Dyl g0 ALyl

Mqu1 + CWl + KW1 =F — m*q. (10)

Meql + Ceqd + keqq — OV = —m* Wy A1)
v

0 NVoleo oyl 5o el (19-13) Luly, &jge 4 YU OVoles slaculs
ol S Sl Y S5l cd b Cp g (SilSlog 2SIl oS ey

Meq = 2(powotp + ppWptp )L + My + My 13)
L
m* = z(pbwbtb + ppwptp)fo ¢dx + Mtiqulx:L 14)
L
Meq = Z(PbWbtb + pprtp)fo ¢2dx + Mtip¢2|x=L a5)
L
Ceq = 2C f ¢%dx = 20 |kegm
eq a o eq/Meq (16)
L
keq = Z{Eblb + Eplp}f (d)”)zdx (17)
0

235

Ll b5yl oS Jlastul slapiue L3, (IS sk 4 5,000
48,55 L5 adlae 090 005S Djgo 4 250 Sy 5l Dglite (555
S i S 4 4z b Bpaes ol 45 el o o ol
ke algs (655 Jlastil  aBly Cliess jo g i sles )8
s (2l 0255l (laigas Wil oo gl cal 5o axlllas 3,90 piass
Sy 3 el mls b gdae S Sy ooy Gl 50 Geizres il

el 0 szmins 75 haloj] 5 Szl LVl ol

Pl p o> o5 o DYSlro -2
ol e el oad el plas 1SS yo (6580 sanS ey Soleds Juw
5 Srolpm SySlgrn abog b 550 puSo )9S Sy S g0 JSS
AL powe'S J.>|¢ 3O S o)‘ el 00l ool uL..q Ja.wg 5 Mﬁp Jy g
e b 598y Slime abowg @ 5 )0 513 by (oyme ;0 M o> L
W IS ool 53 ool o o 0 K (5 b 358 5 C lyn
@b gP b mgin) b sVl g cl Jsb g (550 wCulis s 4L
ez alals o)l o Lol G e 5 S iSlgs Aoy o 4 ool
o gl JS8 ol 00l ools LS Wo b 5 gloals s Wy L DL
A.ul.\ o)"l‘)[V""jgs"L‘"q‘gS”}‘ u)}.odambjg;a).ud)’b

59 g g0 adel (1) alaly & jg0 4y YU et oy (6550 dlolas
41,05 9 ),u WYI Jsd.n ‘)LJS w)a aQ Le 9 d31 ‘Ep Ep V dJa;‘) \.)"l
kS wrd p Fhe ok g SoSlyn S Sl (Sl
s e oL |, (SeilSeg 2SI

L 62W2 2 L aZWZ 2
™= J;) Epwpty _ZW dx +f0 Eprtp _ZW dx
+fLeEd v (<2222 g + Lz
A T e e @

P g d5hen iy (2) abul) Djpe @ G e (LAt (5551 ol
s e plas |y J&s

L L
T= f PoWpty (W, + Wy)? dx + f PpWptp Wy +Wwy)? dx
0 0

1M . 1M . ow, 2
+o MopWi + 5 Meip (Wﬁwm) @

iy @) Ay Syg0 4 ol 05l azg L (sl (Sl 5

e
U—p
E——
Woa . -
Piezoelectic 1, ' | Piezoelectric Lot
¥l ¥l
o + M ) +
A
Beam t Beam t
L L L
Wi
K C My, I

Fig. 1 Schematic model of the energy harvester
G5 eaS el Soleds Jow 1 JSC%

10 o plouts 17 0,93 1396 s ()3 SHlse Sw e


https://dorl.net/dor/20.1001.1.10275940.1396.17.10.54.2
https://mme.modares.ac.ir/article-15-11203-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1396.17.10.54.2 ]

3,5 ,Lidl S)le 9 Sy Hilrw Lo

S i8lg juy Slgo SoS Ay FinglS Sl HhU bl j (5 3l 0358 Juostiaml (2 375 (w22

S S8 L Sl g £33 5 o3linal 390 S iSllyy Y |
el abas 1 0.6mm alols |5 Sy xSy aY s odbiend g 2SIl s
ol Sl 7SN S o 1 i3 o e 45 5 13 ]
arlons 128.93UN/V oleo SilSlog 2501 S gy 03] bl )
Jobes fa e o3l b S, Sl 43 (5 oo oline 355050
el 00 g S5l 184nF

@ s a5 0nl 4 Az 8 b et 2l o po drule sl 4
4 s L1 LS| Gy ol (g 9550 (L3l 090 ST 290
5 ol ST liles ) el Jloges sl oo gl Sl o2 O jo
b s st Ol altd 5 ol oa asls oL 3 S
500 5 e pl el ot dplee oz 8] alS Lafy, 5l solizul
ol ool G111 Jga 50 i Olaseic

o5 @l 5 2 Glesl jl Jole b anslio 5,4 slo S 5
Oaled 4 oad Jlasdial sy Jlade 5 S'oi pyar Sl Hlade sl s S 4
Jo 5l Jeol gl 095 o ealie IS (ol 10 a5 jeboled ol sl o
ol o g5 rlin g od 5l 5 gl 5 S EYolas goae

Fig. 2 Experimental used to validate equations of motion and energy
harvester
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Fig. 3 Free vibration response of the system
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* Megatek-MFG2205 signal generator
2 YMC- LA200 amplifier

3 YMC-504F01 impedance head

4 GT-AP2037 accelerometer

5 ABP-Vibrorack1000 analyzer
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