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MOLOENOBAHHA PEXXUMIB POBOTU KOHCOJIbHUX
ME3OENIEKTPUYHUX 3BIPHUKIB EHEPTII

HocnigXylTbCA KONMUBAHHA CTEPXHEBOro KOHCONbLHOro 36ipHuKa eHeprii
3 n’e30eNeKTPUYHOK HAaKMagKkow Ta MNPUEQHAHOK Macok MNpu rapMOHIYHUX
30ypeHHsAX 3a [OMOMOrok CKiHYeHHOeneMeHTHOro oGuucnBanbHOro nakeTy.
BusHayaroTbCca BnacHi 4actotTn Ta )OopMuU KOnvBaHb, PoOOYi pe30oHAHCHI YacToTu
ANA  pi3HMX MartepianiB KOHconi, 3HaxoAUTbCA Hanpyra Ha o6knagkax
n‘e3oenemeHTa. [lpoBoAuTbLCA aHania 4YacTOTHUX KPUBUX pAns  nepeMilleHb
Ta 3reHepoBaHOi Hampyru npu 30ypeHHAX 6a3n Ta CUNOBOMY HaBaHTaXeHHi,

BU3HA4Ya€ETbLCA iMNeAaHC N'e3oenieMeHTa Npy 3aAaHin pisHULi NnoTeHuianiB.

Knroyoei cnoea: koHcornbHul 36ipHuUK eHepeii; CAlNP-cumynsauyis; n'e3okepamidHa
Haknadka; pobouyi yacrmomu n’e30e/IeKMpUYHO20 repemaeoprosaya; 8UMYUEHI KONTUBAHHST,
2eHepauis ma 36ip eHepei.

BcTyn. EHepria HaBKONMULIHBOrO cepefoBulla (COHAYHa, Tenrnosa, BiT-
poBa, MexaHiyHa) Moxe OyTu 3ibpaHa Ta NepeTBOpPeHa B €NEKTPUYHY 3 Me-
TOI HAKOMUYEHHS Ansi NoganbLUIOro BUKOpMCTaHHA abo criyryBatu 6esnoce-
pedHiM mKepenomMm CTpyMmy Afsl eneKTpOHHUX npunagis. 36ip MexaHidHoi
eHeprii konueaHb (energy harvesting) 3Ha4HO PO3BMHYBCS NMPOTArOM OCTaH-
HiX KifTlbKOX POKIiB 3aBASIKW 3pOCTaHHIO NoTpebu noptatmBHMX Ta Ge3nposia-
HMX €NEeKTPOHHUX MPUCTPOIB 3 MOAOBXKEHUM TepMiHOM poboTu [5]. Cycninbe-
TBO 3aLjikaBneHe B HOBUX €NEKTPOHHMNX AeBaicax 3 HafiiHUMKN anbTepHaTu-
BHUMW DKepernamu CTpymy. Y BaXKOAOCTYMHWUX MOPTATUBHMX €MEKTPOHHUX
NPUCTPOSAX, TaKMX SIK KapBioOCTUMYNATOPWU, CEACMOOaTUUKN, NPUCTPOI MOHI-
TOPUWHIY CTaHy KOHCTPYKLi i T. iH., BiAMOBa Bif enekTpoxiMiyHmux baTtapew €
KPUTUYHOMO, i iX MiCcUue MOBWHHI 3alHATU eneMeHTu, 34aTHi 3abe3neunTtu ix
aBTOHOMHY poboTy. Ha cyyacHomy eTani po3BUTKY MIKPOENEKTPOHiKM CTBO-
peHo BaraTo NpUcTpoiB, NOTPeOM B XKMBMEHHI SKUX CKMNagdae Kinbka MminisarT,
LLIO BiAMOBIAAE MOXINMBOCTAM M’€30KEpaMiuYHMX 30ipHUKIB eHeprii.

MpucTpin 36opy eHeprii 3a3Bunyan cknagaeTbca 3 NpuriMada eHeprii, 3aa-
THOrO NEepPeTBOPIOBaTU EHEPril0 30BHILLIHLOrO cepefoBULLa (COHSYHY, Tensno-
BY, BITPOBY, MeXaHi4Hy) B €neKTPpUYHy, LIyHTyBanbHOro naduora (shunts),
BUNpsiMIISiYa Ta HakonuyyBada (baTtapei abo akymynsTopa). 3aranbHa cxe-
Ma cucteMu 360py eHeprii 300paxkeHa Ha puc. 1.

BibpauiviHi nm’e3okepaMiyHi 30ipHMKN eHeprii 30aTHi KOHBEpPTYBaTU Mexa-
HiYHY EeHepril0 30BHILLHIX KONMMBaHb B €NEKTPUYHUIA CTPyM. 3a3Bu4alt eHepris
30BHILUHLOrO CepefoBULLa XapaKTEPU3YETbCSA BiAHOCHO HU3bKAM PiBHEM
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NPUCKOpPeHHs (8o 1 r) i HM3bKoK YacToTo KonuBaHb (4o 1 klu) [10]. Mpw
rapMOHIYHMX 30ypeHHAX N'€30eneMeHTN BUPOONSOTb 3MiHHUI eNEeKTPUYHWUIA
CTPYM, BUSBMASAOYMN HanbinbLly eeKTUBHICTb Ha PE30HaHCHMX YacToTax.

BxiaHa BuxiaHa
MexaHiuHa Hanpyxenna/ Eneipiting enekTpuUHa
enepris MexaHiuHa fAedpopmalii | MMesoenektpu- | euepris Enextpuununin S
:> cuctema . : YHUIA enemeHT : iHTepeiic

[xepeno Cxema Hakonudysay Perynatop

eHeprii = > | sunpamnenna [ >>| eweprii C— > | wanpyrm

Puc. 1 — Cxema cucrtemm 360py eHeprii

OpHuMK 3 HambinbLL NOLUMPEHUX € KOHCOMbHI NMepeTBoproBadi eHeprii,
IO CKragawTbCs 3i CTarneBoro KOHCOMbLHOMO CTEMKHSA MPAMOKYTHOrO none-
peYyHoro nepepisy 3 Me€30€NeKTPUYHUMKN Haknagkamu Ta 30CepemKeHOo
Macolo Ha KiHui. IX BUKOPUCTOBYIOTh ANs NEpPeTBOPeHHs 3ainsnx abo Heba-
XaHUX KonvBaHb KOHCTPYKLI B eNeKTPUYHY 3 NoAanslunmM i BAKOPUCTAHHAM
ONs aBTOHOMHOT poBOTU NMPUCTPOKD MOHITOPUHTY abo HaKOMWYEHHSIM B aky-
mynaTtopax (batapesx) [7]. MakcumanbHO edeKkTUBHOK € poboTa enemeHTa
Ha pe30oHaHCHMX YacToTax, TOMY BaX/MBOK XapakKTepUCTUKOK M’'e3oere-
MEHTa € LIMpoTa Aiana3oHy pobounx (BMacHUX) 4acToT.

[daHa poboTa npucBsveHa AOCHIAXKEHHI0 BUMYLLUEHWX KONUBaHb KOHCO-
NbHUX 36ipHUKIB eHeprii 3 N'e3okepamiyHUMN Haknagkamu. PyHoameHTanbHi
NpUHUMNK pobOoTK M'€30KEPaMiYHNX CEHCOPIB Ta aKTyaTopiB 3 BpaxyBaHHSIM
30BHILLHLOrO cepegosuwa onvcaHo B [9]. PaHiwe B [1] BuB4anucsa peso-
HaHCHI KONMBaHHA M'e30KepaMivyHMX UMMiHAPIB 3 gucunadieto eHeprii. bara-
TOLIapOoBi M'e30KepaMiyHi enemeHTn posrnsagatoTbes B [8]. Hanbinbw cyyac-
HWI ornsag pobiT 3 Me30eneKkTpuYHOro 36opy eHeprii 3HangeHo B [11]. B [12]
PO3rNsiHYTO 3acTOCyBaHHS KOHCONbHMX 30ipHMKIB eHeprii B TpoTyapax,
B [6] — onsa 36opy eHeprii 3ByKy. B [4] onucyeTbcst ekcnepMMeHTansHe Aoc-
NigpKeHHs peakLii KOHCOMbHUX 30ipHMKIB eHepril Ha AMHaMiYHe HaBaHTaXEeH-
HS1 MOCTY.

MocTtaHoBka 3apadi. [1nsa cymicHoi po6oTn NoTpibHO y3rogkyBaTu Bnac-
Hi YacTtoTn 36ipHMKa eHeprii 3 poboyoto YacToTo KOHCTpykUii [9]. Lle po-
OUTbCS LUNSXOM BapiloBaHHS PO3MIpiB i MaTepiany OCHOBHOIO CTEPXHS, a
TaKoX Macy Ta ii NONOXEHHS Ha KiHUi cTepxHs. [ns makcumanbHoO edekTu-
BHOi po60TK NepeTBOpIOBaYa BUKOPUCTOBYETLCS M'E€30ENEKTPUYHUIA MaTepi-
an, Wo Mae BUCOKUN KoeilieHT enekTpoMexaHiyHoro nepetBopeHHs. KoH-
CONnb CKMagaeTbCs 3 MeTaneBoro abo MnacTMKOBOrO CTEPXHs (CTanb, na-
TYHb, anoMiHii) NPSIMOKYTHOrO MOMEpPEeYHOro nepepisy 3 AOCUTb Marnoko
XKOPCTKICTIO B HanpsiMKy KomuBaHb (puc. 2). IMe3oeneKkTpuyHi NpsMOKYyTHI
NonsApu3oBaHi 3a TOBLUMHOK eNeMeHTWU MPUKPINMIITLCA AK Haknagky Ha
YaCTUHY CTEPXHS, O 3a3Hae MakcMmManbHUx gedopmauivi. Ha KiHui npukpi-
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NnoeTbCcs AoAaTKoBa Maca y BUIMAdi cTanesoro umniHgpa abo napaneneni-
nena, Lo 3HWXKYe poboYy 4acToTy enemMeHTa.

3alemneHHs

= KoHCoNbHWMIM cTep)KeHb , Maca

Ha KiHUj

M'esoenemeHT

Puc. 2 — Po3paxyHkoBa mogernb 36ipHMKa eHepril

Po3paxyHOK NpoBOAMTLCA B Kinlbka eTaniB: BU3HAaYEHHSA BNACHUX 4acToT
ONSA Pi3HUX KOHCTPYKTMBHWX BapiaHTiB; aHania oopMm KonvBaHb ANS BU3HA-
YeHHA pobounx 4YacToT; OOCHIAXEHHS FapMOHIYHMX KOMMBaHb KOHCOMI Ha
pobo4Mx YacToTax; BM3HAYEHHS Pi3HMLI MOTeHLUianiB, WO reHepyeTbCca Ha
enekTpogax n'e3oenemMeHTa; BU3Ha4YeHHs NOTYXHOCTi 36ipHMKa eHeprii.

BniacHi KosiueaHHs1 KOHCOJ/IbHO20 cmep)xHs. [udepeHuianbHe pis-
HSIHHS NOMEePEeYHMX KOMMBaHb CTEPXKHA Mae BUMSAA

2d4w d%w
- —t—=

=0, )
dx*  dt?
e a2 = E .
Ap
3acTocoByemo npouenypy po3aineHHs 3amMiHHUX [3]
w(x,t) = X(X)T(t) . 2

Otpumyemo gBa andepeHLianbHi piBHAHHA 3 BigNOBIgHNMMN
pO3B’A3Kamu:

o2
x'V=—2X=k4X, A3)

a
X =C; sinkx+C, coskx +Cssh kx+Cych kx, 4)
T"+0’T=0, T=Asinot+Bcosot. (5)

KoediuieHtn B (4), (5) BU3HA4YaOTbCA 3 rPAHNUYHUX Ta NOYATKOBMX YMOB.
Mpw BigCYyTHOCTI NpMegHaHOT Mac MaemMo rpaHuyHi yMOBHM

X(0)=0, X'(0)=¢(0)=0, (6)
M()=X"()=0, Q()=X (/)=0. @)
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Mpwn NpuegHaHHi MacKn Ha KiHUi 6anku Maemo rpaHuyHy ymoBy [3]

3 2 3
Q(l):E]d_W:mld_W’ abo d_x+ﬂmzx :0’
dx® dt? dx®  EI
abo
3
d—;(:—ocBZX npn X=1 . (8)
X
2 2
TyT O(,=ﬂ; B2=r4=0)_=(0
pAl a2 El

OonosHioemo (6), (7) ymoBoto (8) i OTPMMYEMO XapakTEPUCTUYHE PIBHAHHS

1+ cosklch kl —akl(sinklch kl —sh kl coskl) =0 . (9)

Lykaemo kopeHi k; piBHAHHSA (9) Ta OTPMMYEMO BRacHi Kpyrosi 4actoTu
: o ;

o = kiza. BianosigHi YyacTtotu KonmBaHb =2—'. Ons koxHoro k; 6yayeTb-
T

ca amnniTyaHa yHKUis X 3a (4). 3aranbHuii po3B'a3oK piBHAHHA (1) Mae
BUIMAS

w(x,t) = i X (X)(A sin ot + By cosayt) . (10)
i=1

Ons npuknagy po3rnsHEMO KOHCOSbHI 30ipHUKN eHepril, L0 BUKOPUCTO-
BYtOTbCA Anst 300py eHeprii KonMBaHb MOCTOBOT KOHCTPYKLUiT B [4]. Po3mipu
OCHOBHOro cTepxHs 220x26x1,5 mMm, maTepian — naTyHb, 3alleMNeHHs —
6nokun 20x30x10 mm, maca Ha KiHUi uiningpy giametpom 20 MM Ta BUCOTOHO
10 MM, maTepian — KOHCTpyKuinHa cTanb. [TesoenemeHT 85x20x0,3 mm,
mMaTepian — kepamika PZT-4.

Mpw 3rnHi B HANPSAMKY MEHLLOT )XKOPCTKOCTI MaemMo 4acToTu

f; ={13,4 112 336,4 6857 11613 1763,2 2491,7 3346,8..} Iy .

CKiHYeHHOeneMeHTHUIA NporpamMHUin KoMnneke [2] BuAaB HacTyMHi BrACHI
YacToTu:

f, ={13,5 113,8 196,7 286,8 346 704 8961191 1577,7 1767 1807 2496,8..}1y .

3 HVX 3rMHanbHUMK € neplia, Aapyra, M'ATa, WocTa, BOCbMa, oAvMHagusTa
(puc. 3). TpeTqa, yeTBepTa, CbOMa, OEB'SATA, AecATa € KpyTHUMK (puc. 4).
KpyTHi 4acToTh He € nepcnekTMBHUMM Ans 300py eHeprii, TOMy ix 6axaHo
BMKNoYaTn abo racutu.
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Pi3Hnua mixx 3HangeHMMmn aHaniTM4HO Ta OTPMMaHMMKU NPOrpamMHoO Bnac-
HAMW YacTOTaMM Ha 3rMH 3HAaXOAUTbCA B Mexax 5%. bauMmo, Wo CKiHYeH-
HoenemeHTHa Mogenb Aa€ 6inbl NOBHY KapTUHY 4edOpMOBaHOro CTaHy Ta,
Ha BigMiHy Big aHaniTM4Horo cnocoby, BpaxoBye bopMy NnornepeyHoro nepe-
pi3y, YMOBW 3aKkpinfieHHs Ta NpueaHaHy Macy sik gecpopmoBaHe Tifno, To6To
€ GinblWw TOYHOW. AHanITMYHMIN MeTon Oinblu 3pyyYHWMIA TUM, WO Oae 3Mory
BapitoBaTW napameTpu CTEPXHS Ta HaBaHTaXKeHHsi i ByayBaTu dpyHKLUiOHa-
NbHi 3aNeXHOCTI YacToT BiA po3MmipiB i Macu.

L 13,5ry Q 196,71y .
286,81y
113,81y
\y-\_. -

704ry,

M =

Puc. 3 — ®opmu 3ruHanbHUX mon Puc. 4 — ®opmu KpyTHUX MoA,

1577,7Ty,

-l

MpoaHanisyemo 3anexHicTb BNacHWX 4acToT Bi4 maTtepiany koHconi. Ans
CTaneBoro CTePXXHA TUX XKe POo3MipiB (KOHCTPYKUINHA CTanb) MaeMo pe3oHa-
HCu:

19,1 156,5 277,5 408,8 474,7 964,6 1251,7 1629,7 2234,6 2474,4 ...l'u.

3 HUX 3rvHanbHUMK €
19,1 156,5 474,7 964,6 1629,7... l'y.

[nsa antomiHieBoro cnnaey
13,1 147,2 186,7 335,4 462,3 927,8 1219,9 1558,6 2177,6 2284,3... .

3 HUX Ha 3rMH NpaLoTb
13,1 147,2 462,3 927,8 1558,6 ... ['u.

Ona nnactuky (nonisiHinxnopua)
2,9 41,7 46,3 83,7 156,3 298 427,3 517,8 706 719 757,6... Iy.

3rnHanbHi
2,9 46,3 156,3 298 517,8 ... ['u.

Omxe, onsa y3romxeHHs poboumx yacToT 30ipHMKa eHeprii 3 Yactotamm

30ypeHHs KOHCTPYKLii MOXHa BapiloBaTU po3mipamy KOHCOMi, maTtepianom,
Baroto npuvegHaHoi macu i 1.4. [na 6inbLu XXOPCTKMX MaTepianis Maemo BuLL
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BMNacHi 4acToTW i MeHLUi NporvHK, ane ix nepesarolo € Ginblua MexaHi4yHa
MILLHICTb KOHCTPYKLi.

BumyweHi kosiueaHHs. [poBefeMo aHari3 BUMYLLEHUX KONMBaHb PO3r-
NSHYTOrO KOHCOMbHOIO efnemMeHTa 3a [OMOMOroK rapMOHIYHOrO aHaniay.
MogentoeMo pearnbHi yMOBM pobOTU enieMeHTa, 3agato4m konueaHHA 6asu 3
aMnniTygolo 1 MM B HAaNPSAMKY MEHLLOT XXOPCTKOCTI efleMeHTa.

Ha puc. 5 HaBegeHO nepemilleHHs KiHUS CTEepXHS Ta 3reHepoBaHol Ha
obkragkax Hanpyrv B 3anexHocTi Big YactoTu 36ypeHHsi. baummo, o peso-
HaHCHi 30ypeHHs1 BMHUKaKOTb NULLE HA YacToTax 3ruHanbHuMX mog (puc. 3).
Ha po3srnsHyToMy iHTepBani NPUCYTHI LWICTb pe30HaHCHUX YacToT i3 BigNOBi-
OHOK 3MiHOK ha30BOro KyTa.

B ceHci reHepauii Hanpyrv nepLi TpM YacToTh € HanbinbLw cunbHMMK. Ha
yactotax 875 'y Tta 1475 Iy pisHuUs noTeHuianiB nagae Ao Hyns Ta Bioby-
BaeTbCs 3MiHa pa3oBOro Kyta, TOOTO 3MiHIOETBCS 3HAK 3reHepoBaHO| Hanpy-
rm. Ha gpyrin i TpeTin MiXpe3oHaHCHIW OinsHui reHepyeTbCca Hanpyra nopsa-
Ky 1,8 V. B pe3oHaHcax Hanpyra gocsrae 324 V, ane B 4aHOMy pO3paxyHKy
He BpaxOBYETbCA Aucunauis eHeprii, TOMy B pearnbHOMY Tifli MaTMMemo
3HAYHO HWXYi 3HAYEHHS.

44516e-3

= 1,2501e-3

= 351044

c

© 9,8578e-5

% 2,7682¢-5

o 7.7737e-6

o

B 2183¢6
6,1302e-7
1,7214e-7

10, 250, 500. 750, 1000, 1250, 1500, 1750, 2000,

324,13
88,61
24,224

6,6222
1,8104
0,49491

0,1353

Voltage(V)

3,6986e-2
101112

10, 250, 500, 750, 1000, 1250, 1500, 1750, 2000,
)

=

2

<

o

8o - = £ i 3 L
£ 1 250, 500, 750, 1000, 1250, 1500, 1750, 2000,

Frequency (Hz)

Puc. 5 — YacToTHa 3anexHicTb NepeMillleHb Ta 3reHepoBaHOI Hanpyru
npu 36ypeHHAX 6a3u

PosrnsiHeMo peakujto KOHCOni Ha MexaHiuHe 30ypeHHst Tuckom 1 [Ta no
NOBEpPXHi Tina, WO 3MIHIETBCHA MO FAPMOHIYHOMY 3aKOHY. TakMM YMHOM,
MOXHa mopentoBaTtu 36ip BiTpoBOi Ta BoasHOI eHeprii. Ha puc. 6, oe HaBe-
OEeHO 3anexHiCTb NepeMilLleHHs KiIHUSA CTEePXKHSA Bif 4acTOTW, BCi WICTb pe3o-
HaHCIB NPOABMANCS Nikamu KpuBux. lNepemileHHs MakcMManbHi Ha nepLuo-
My pe3oHaHci i gocdaratotb 0,5 mm. MNpu vactotax 1310 My ta 1575 Iy mae
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MiCLle MEXaHi4YHUM aHTUpe3oHaHC. B uux Todkax cnocTepiraeTbca 3MmiHa
¢as3oBoro Kyta, TO6TO HaNPSAMOK KONMBaHb 3MIHIOETLCA Ha NPOTUNEXHUNA.

5,055e4
— 5,6407e-5

(i
8
3

7,0236e-7
7,8374e-8
8,7456e-9
9,7589%-10
1,089¢-10
1,2157e-11
180,

Phase Angle () Displacements (m

Frequency (Hz)
Puc. 6 — YacToTHa 3anexHicTb nepeMilieHb NPy HaBaHTaXXeHHi TUCKOM

AHanisyloum 3reHepoBaHUN BOmMbTaxX (pUC. 7) MiXX nepwmm i gpyrum pe-
30HaHCcOM, oTpumMmyeMmo BinbLue 2,68 V, mixx gpyrum i TpeTim Ginbwe 1 V, gani
Hanpyra 3Ha4yHo Hwx4a. [JaHui pesynbTaT € NO3NTUBHUMU, OCKINbKM BITPOBE
i BOASIHE HaBaHTaXXeHHS He MOXe 3MiHIBaTMCSA 3 BUCOKOK YacToToto. Cno-
CTEpIraeTbCA He3HayHe 3MIileHHS HyNbOBMX TOYOK 3reHepoBaHOl Hanpyru
MopiBHAHO 3 NnonepegHiM Bunagkom. Linm Toukam Bignosigae amiHa ¢a3oBo-
ro kyta Hanpyru. LlikaBo, Wwo nagiHHs nepemiwerb npu 1310 [y He Bigobpa-
3unocs Ha Hanpysi (puc. 7) i mn otpumyemo 0,037 V. Mpwn 1575 [y Hanpyra
cknapae 0,0043 V, To6T0 BoHa AOCWTE Mana, o6 Heto 3HexTyBaTw.

Baxnuemm nNyHKTOM B JOCHIOKEHHI N'€30KkepamiyHMX NepeTBOpOBaYiB €
aHani3 enexkTpu4Horo iMmnegaHcy. Ha puc. 8 HaBeeHO AINCHY YaCcTUHY enek-
TPUYHOIO IMMNefaHcy M'€30KepamMiyHOro enemMeHTa BULLEONMCaHOi KOHCONI
Npu HaBaHTaXEHHi pisHuUelo noTteHuianis B 1 V. IMnegaHc siBnsie coboro
BiJHOLUEHHS pi3HMLi NnoTeHUianiB 4o CTpymy i Npu NpsMoMy n’'e3oedekTi He
BM3HAYaETbCS, OCKINbKM Pi3HMUA NoTeHUianiB LWyKaeTbCs Yyepe3 CTpyM npu
KOHKpEeTHOMY 3HayeHHi onopy.

14040
1650,5
194,03
22,809
26814
031521

Voltage (V)

3,7055e-2
43561e-3
51209¢4

180, ] T ’ U ‘ T ’
o,

10, 250, 500, 750, 1000, 1250, 1500, 1750, 2000,

()

Phase Angle

Frequency (Hz)

Puc. 7 — 3reHepOBaHa Hanpyra npu HaBaHTaXeHHi TUCKOM
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1,7843e-6
3,0587¢+5 4
52434

8988,4

Amplitude (Ohm)

1540,8
10, 250, 500, 750, 1000, 1250, 1500, 1750, 2000,

Frequency (Hz)

Puc. 8 — [lincHa yacTuHa enekTPUYHOro iMnegaHcy nepeTBoproBaya
npw 3agaHin pisHMUi noTeHUianiB

[ns nepwmnx TpbOX pe30oHaHCIB 6a4YMMO YiTKO BUPaXKEHi TOUKN pe3oHaHCy
(nokanbHW MiHIMYM iMNedaHCcy) Ta eNeKTPUYHOIro aHTUPE30HAaHCY (NoKarnb-
HUIA Makcumym). Moganblli pe3oHaHcK Manke He BigobpaxatTbes, i iMne-
AaHc noctynoBo nagae ao 1540 Om. 3Hatoum imnegaHc, MoXHa obuncnmTu
NOTYXHICTb MepeTBOploBaya AK KBagpaT Pi3HULi NoTeHuianis noaineHo Ha
iMneaaHc.

BucHoBku. Yncnose moaentoBaHHA € HEOOXIAHMM eTanom MPOEKTyBaH-
HS NpUCTPOiB 360py eHeprii. HanbinbL 3py4yHMK Ta 3 MaKCMMaIbHO KiMb-
KICTIO MOXIMBOCTEN € CKIHYEHHOENEMEHTHI NakeTu, B SKi BKIIOYEHO MOXIN-
BICTb OOYMCNEHHS CNPsSPKEHMX MOMiB, 30KpeMa €NeKTPUYHOro Ta MexaHiuyHo-
ro. CyyacHi nakeTn JO3BONSAOTb MOOENOBATM €EeMEHTU KOHCTPYKLIA AOBi-
NbHOT hOpMKU 3 MalXKe AOBINIbHUM HaBaHTaXEHHAM, aHanisysaTu BRNacHI,
BMMYLLEHI, HecTauioHapHi KonmBaHHS, 6yayBaT NOBHY KapTUHY eneKkTpome-
XaHiyHoro ctaHy. lMepeBarolo CKiHYEHHOEeNeMeHTHUX NigXodiB € Te, WO €
MOXIMBICTb BpaxyBaHHS YCKNagHEHUX YMOB HaBaHTaXXeHHS: BpaxyBaHHS
Aucunadii eHeprii, BNNnB TemMnepaTypu, AMCUNaTUBHUI PO3irpiB, HasBHICTb
30BHILIHLOrO KOPNyCy Ta Y3rofXyBarnbHUX LWapiB, BpaxyBaHHS aKyCTUYHOMO
cepepoBuLLa. Ane KOXeH pesynbTaT NOBMHEH NepeBipATUCS Ha NpaBuiib-
HiCTb abo xo4a 6 Ha iIMOBIPHICTb 3a 4OMOMOro AOCTYMHMX METOAiB Naparne-
NbHUX 064YMCNEHD.

Ona pocnigxeHoro m'esoenemeHtTa poboumMMu € nepLli Tpu pPe30HaHCU:
13,5; 113,8 i 346 Iy. MNMpwn kKonNMBaHHSX 6a3n MAaeMO 3HAYHO BULL MOKA3HMKN
3reHepoBaHOI HaNpyru, HiXXK MpU CUITOBOMY HaBaHTaXeHHi. TakoXx npu Komnu-
BaHHsIX 6asn 3reHepoBaHa pi3HULS MOTEHLUianiB 3pocTae 3i 3pOCTaHHSAM
4acToTW, ToAi K NPU CUNOBOMY HaBaHTaXXeHHi Nagae.

OTpumaHi B poboTi pe3ynbTaTy ifNCTPYyTb MEXaHI3MX reHepauii Hanpy-
M B M'e3okepamiyHux 30ipHUKaxX eHeprii Npy BMMYLUEHUX KOJNMBAHHAX Ta
MOXYyTb OYTWM BUKOPWUCTaHI AN po3paxyHKy iX poboTu B pe3oHaHCHOMY Ta
Hepe3oHaHCHOMY pexuMi. OnucaHi 3anexHOCTi Ta BM3HA4YeHi pe3oHaHCU
HeoOXigHi Mpy NPOEKTYBaHHI peanbHUX NepeTBOPIOBaYIB.

Ha peanbHy reHepauito eHeprii TakoX BNnMBae SKiCTb CUrHany, Wo Hag-
XOAWTb Ha M’e3oeneMeHT. HacnpaBai 36ypeHHsa ayxe pigko BiabyBaeTbcs B
MOHOrapMOHI4YHOMY PEXMMi, YacTile B XaoTU4HOMY abo iMnynbCHOMY, i Mpu
LUbOMY 30YIKYETLCA BECb CMEKTp BriacHWX vacTtoT. [docnigxeHHsa reHepauii
eHeprii N'e30enekTpUYHMM 30ipHUKOM eHeprii Npu BUMNAAKOBUX KONMBaHHSIX
CTaHe NPOAOBXEHHSIM PO3rMNAHYTOI 3aaaui.
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MODELING OF OPERATING MODES
OF CONSOLE PIEZOELECTRIC ENERGY HARVESTER

The oscillations of a rod cantilever energy harvester are investigated using
a finite element computing package. The natural frequencies and forms
of oscillations, the resonant frequencies for different materials are determined, and
voltage on the electrodes of the piezoelectric element is investigated. The frequency
curves for displacements and generated voltage at base oscillations and force
loading are analyzed, the piezoelectric impedance at a given potential difference
is determined.

Keywords: cantilever energy harvester; CAD simulation; piezoceramic overlay;
operating frequencies of the piezoelectric converter; forced oscillations; energy generation;
energy harvesting.
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Introduction. The collection of mechanical energy of oscillations and its
conversion into electrical (energy harvesting) has developed significantly over
the past few years due to the growing demand for portable and wireless elec-
tronic devices with extended life [5]. Vibrating piezoceramic energy harvesters
are able to convert the mechanical energy of external vibrations into electric
power. Under harmonic loading, piezoelectric elements produce alternating
electric current, showing the greatest efficiency at resonant frequencies. Usu-
ally, the energy of the external environment is characterized by a relatively low
level of acceleration (up to 1 g) and low oscillation frequency (up to 1 kHz)
[10]. That means, that we work with low frequency devices with materials,
what have high electromechanical coupling coefficient.

One of the most common is cantilever energy harvester, which consist of
a metal or plastic cantilever rod of rectangular cross-section with piezoelec-
tric pads and concentrated mass at the end. They are used to convert un-
necessary or unwanted vibrations of the structure into electrical and then
use it for autonomous operation of the monitoring device or accumulation in
accumulators (batteries) [7]. The operation of the element at resonant fre-
quencies is the most efficient, so an important characteristic of the piezoe-
lectric element is the width of the range of operating (natural) frequencies.

Formulation of the problem. The console consists of a metal or plastic
rod (steel, brass, aluminum, PVC) of rectangular cross-section with relatively
low rigidity in the direction of oscillation. Piezoelectric rectangular thickness-
polarized element is attached as overlays to the part of the rod that under-
goes maximum deformations. At the tip, an additional mass is attached in
the form of a steel cylinder or parallelepiped, which reduces the operating
frequency of the element. The oscillations occur due to the oscillations of the
base or from the uniformly distributed pressure on the surface, which chang-
es according to the harmonic law.

Natural oscillations of the rod. The characteristic equation of oscilla-
tions of the cantilever rod with tip mass has the form

1+ cosklch kI —akl(sinklch kI —sh kl coskl) =0 .

We look for the roots of this equation and get natural circular frequencies
o; =ki2a. Appropriate oscillation frequencies is f; =w; /2. The amplitude
function X; for each k; is

X =C; sinkx+C, coskx +Czsh kx+Cych kx .

For example, consider the cantilever energy harvester used to harvest
the vibration energy of the bridge structure in [4]. Dimensions of the main rod
220x26x1.5 mm, material is brass, clamping blocks 20x30x10 mm, tip mass
is the cylinder with a diameter of 20 mm and a height of 10 mm, material is
structural steel. Piezoelement 85x20x0.3 mm, material is ceramics PZT-4.
Analytically obtained natural frequencies at bending in the direction of lower
rigidity are
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fo ={13,4 112 336,4 685,7 1161,3 1763,2..} Hz .

By the finite element method, the following natural frequencies at which
bending oscillations occur were obtained:

fr ={13,5 1138 346 704 1191 1807..} Hz.

Forms of bending and torsional oscillations are built.

The difference between the found analytically and program obtained nat-
ural bending frequencies is within 5%. We see that the finite-element model
gives a more complete picture of the deformed state and, in contrast to the
analytical method, takes into account the cross-sectional shape, fixing condi-
tions and attached mass as a deformed body, i.e., is more accurate.

Forced oscillations. We analyze the forced oscillations of the consid-
ered cantilever element with the help of harmonic response analysis. We
model the real operating conditions of the element, setting the oscillations of
the base with an amplitude of 1 mm in the direction of lower rigidity of the
element.

The displacements of the rod end and the voltage generated on the
plates depending on the frequency of perturbation are illustrated. We see
that resonant perturbations occur only at the frequencies of natural bending
modes. In the considered interval there are six resonant frequencies with the
corresponding change of the phase angle.

An important point in the study of piezoceramic transducers is the analy-
sis of electrical impedance. The electric impedance of the piezoceramic
element of the above-described console under a potential difference load of
1V is plotted. Impedance is the ratio of the potential difference to the current
and cannot be determined at the direct piezoelectric effect. For the first three
resonances we see clearly expressed points of resonance (local impedance
minimum) and electrical antiresonance (local maximum). Further resonances
are almost not reflected, and the impedance gradually drops to 1540 Ohm.
Knowing the impedance, you can calculate the power of the converter as the
square of the potential difference divided by the impedance.

Conclusion. Modern finite element packages allow to model structures
elements of voluntary shape with almost arbitrary load taking into account
conjugate fields, to analyze natural, forced, non-stationary oscillations, to
build a complete picture of the electro-mechanical state.

For the investigated piezoelectric element, the first three resonances are
operating: 13.5; 113.8 and 346 Hz. At base oscillations we have much higher
generated voltage than at force loading. Also, when the base oscillates, the
generated potential difference increases with increasing frequency, while at
force loading it decreases.

The results obtained in this paper illustrate the mechanisms of voltage
generation in piezoceramic energy harvesters at forced oscillations and can
be used to calculate their operation in resonant and non-resonant mode. The
described dependences and the defined resonances are necessary at real
converters designing.
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In fact, perturbations very rarely occur in a monoharmonic mode, more
often in a chaotic or pulsed mode, and the whole spectrum of natural fre-
guencies is excited. The study of energy generation by a piezoelectric ener-
gy collector at random oscillations will be a continuation of the considered
problem.
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