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BMHUKAIOTh y BUIJISI IIKiAJIMBUX MEXaHIYHUX KOJIMBaHb, & TAKOX MIOTPE60I0 CTBOPEHHSI aBTOHOMHHUX CUCTEM
SKMBJIEHHS [1711 MJIONIOTY>KHUX €JIEKTPOHHUX NPUCTPOIB TPAHCIIOPTHHUX 3aCO0iB Ta pOOOTU30BAHNX KOMILJIEKCIB.
Po6oTa BukoHaHa 3a crenjanbHicTo 141 — EnexkTpoeHepreTyka, eJIeKTPOTexHiKa Ta eJIleKTpoMexaHika. MeToro
IyicepTaLifiHOi poOOTH € po3po0bJIeHHS HeJliHiITHOI MoZeJli €/1eKTPOTEXHIYHOI CUCTEMHU PEKYIIEPaTUBHOTO
aMOpPTHU3aTOopa 3 II'€30€JIEKTPUYHNM F€HEPATOPOM, BU3HAYEHHS €(EeKTUBHUX IIapaMeTPiB €JIEKTPOMEXaHIYHOTO
IIEPETBOPEHHS Ta OL[iHKa €HepreTUYHoi e(PeKTUBHOCTI CUCTEMU peKyIepallii MexaHi4Hoi eHeprii Biopauiil. Jns

IOCSATHEHHS [IOCTAaBJIE€HOI METU BUKOHAHO aHaJli3 Cy4YaCHUX METOJIiB PeKyIepalii eHeprii, ToCIigkeHo



XapaKTePUCTUKY IT'€30KepaMidHUX MaTepiasiB, MOOYLOBAaHO MaTeMATHU4Hi Ta CTATUCTUYHI MO/IeJli IPOLeciB
[IepeTBOPEHHS eHeprii, a TaKoK po3po06JIeHO CTPYKTYPHI Ta iMiTalliliHi Moesli peKyrepaTUuBHOrO amopTusaropa. ¥
po6OTi MpoBeIeHO aHali3 (pi3UYHMX OCHOB IIPSIMOTO Ta 3BOPOTHOL'O I'€30€JIEKTPUYHOT0 e(EKTY, JOCTiIKEHO
XapaKTEPUCTUKHU cyyacHUx 'e3omarepianis BaTiOn, PZT ta PbNboOn, 3okpeMa koedillieHTH eJ1eKTPOMEXaHIYHOTO
3B'93Ky, MoayJli KOHra, AiesleKTpu4Hy NPOHUKHICTb Ta Temneparypu Kiopi. BctaHoBeHo, 1m0 Haii6inbim
[IePCIEKTUBHUMU JJ151 PEKyIlepallii eHeprii € TpaHCIIOPTHI CUCTEMMU Ta yIAPHI IPUCTPOI, SIKi IPaLIOIOTh Y
IianazoHax yactot 1-15 I'y Ta 30-70 I'y BinnosigHo. [IpoBeeHO NOPiBH/IBHUN aHali3 Pi3HUX CUCTEM PeKyIepalii
€Heprii, IKuil NigTBepANUB IIepeBaru I1'e30€JIeKTPUYHUX [1€PETBOPIOBAYIB 32 [IOKa3HMKAMU I'YCTUHU [TOTY>KHOCTI. ¥
IPYroMy po37isi AOCTiIKEeHO eHEPreTUYHUI TOTeHIiasl Pi3HUX TEXHIYHUX CUCTEM i pO3pO0JI€HO CTaTUCTUYHI
MoOJeJI [J11 BpaxyBaHHS BUIIAIKOBOIO XapaKTePy KOJIMBAJIbHUX MIPOLECiB. ]I MOJE€/II0OBAaHHS BUKOPUCTAHO METO],
MoHnTe-KapJio, mo 103B0JIMJI0 BpaxyBaTU BUINALKOBI 3MiHM aMIUIITYyI4, YaCTOTH, IPUCKOPEHHS Ta [IapaMETPiB
[THEBMATUYHUX aKyMYJIITOPIB. BcTaHOB/IEHO, 1O 11718 aBTOMOOGIBHUX MiTIBiCOK XapaKTepHU MUTOMUMN
eHepretnyHuil norenuian 0,02-0,1 [k /xr, a s 6ypuibHUX ycTaHoBOK — 0,3-1,0 Ik /Kr. [171s1 MOJie/I0BaHHS
IIPOLIECIB Y riIpONTHEBMATUYHUX CUCTEMAX BUKOPHUCTAHO IOJIITPOINiYHE PiBHSIHHS CTUCKAaHHS Tasy, IIPU LIbOMY
[IOKa3HMK MOJIITPONHU 3MiHIOBaBCs B MexXax 1,3-1,6, a cuia ypapy npuiiManacs Ha piBHi 6m3bko 2380 H. ¥V TpeTbomy
PO31iai po3p06seHO IUCKPETHO-KOHTUHYAJIbHY MOZIEJIb CUCTEMHU «O0MOK—iHCTPYMEHT—00pO00JII0BaIbHE
cepenoBulle» 3 I'€30reHePaTOPOM Ta NPOBELLEHO ii JocimkeHHs B cepenosulli Ansys Explicit Dynamics.
BcTraHOBII€HO, 1[0 TPUBAJIICT cHiByAapy craHoBUuTh 0,1-0,5 Mc, a 4acTtoTa KoauBaHb gocsirae 3000-6000 I'.
KoediuienTt nepenadi eHeprii Bix 60¥ika 1o iHCTpyMeHTa 3HaXoAuThes B Mexax 0,75-0,8, a 1o 06po6i0BaIbHOTO
cepenosuma - 0,55-0,65. [I7151 TpaHCIIOPTHOI MifBiCKY MTOOYIOBAHO MaTEMaTUYHY MOJIeJb 3 YpaxyBaHHIM
€JIEKTPOMEXaHIYHOr 0 3Bs13Ky I'€30€JIeMEHTIB. PO3paxyHKu BUKOHAHO B cepenosuiax Mathcad Ta Wolfram
Mathematica metomom Pynre-Kyrra. ITokasaHo, mo npu eHeprii yaapy 360 [Ix Ta maci rigpomosiora 65 Kr cepeiHe
3HAYEHHS €Heprii KOJMBaJIbHOTO MPoLecy CTaHOBUTH 6;113bK0 170 1K, mo npu 9acTorTi 5 I'1 BinoBigae MexaHiyHiil
IOTY>KHOCTI 6;113bK0 850 BT. JlocifskeHo peKynepaTuBHUI aMOPTU3aTOP TPAHCIIOPTHOTO 3aC00Y 3 II'€30M1aKETOM
Ha PUKJIaZi Ha3eEMHOTO pOOOTHU30BAaHOTO KOMILJIEKCY. BCTaHOBJIEHO, 10 CepellHS KOPHCHA €JIEKTPUYHA IIOTY>KHICThb
3HAXOAMTHCS B [lianla3oHi AECATKiB—COTeHb MBT, a mikoBa Hanpyra Ha BUXO[Ii IT'€30T1aKeTa 40 BUIIPSMJIEHHS CATae
0,9 B. BusznaueHo, 1o 36inbueHHs koedinienta nemndysanss Ha 1 H-c/M npusBoauTh 10 3MEHIIEHHS] KOPUCHOI
noTy>kHOCTi Ha 10-20 %. Y yeTBepTOMY PO3[ijli PO3IJISHYTO NPMHLMANY [T0OYI0BY PEKYIIEPAaTUBHOIO aMOPTU3aTOpa
SIK MEXaTPOHHOI cuCTeMU. PO3p006s1€HO €KBiBaJIEHTHY €JIEKTPUYHY CXEMY IT'€30I1aKeTa, AOCiIKEHO 0COOIUBOCTI
BHUOOpPY BUIIPSIMJISIYIB Ta HAKOIIMYYBa4iB €HEPTii, a TAKOXK 3aIIPOIIOHOBAHO aJITOPUTM aJlalITHBHOIO Y3TOIIKEHHSI
HaBaHTaX€HHS 3 IOTOYHUMU PEKUMaMU KOJIMBaHb. [J1s MifBUIIEeHHS €HepreTU4HOI e(PeKTUBHOCTI 3alIPOIIOHOBAHO
BMKOPHMCTaHHSI CUHXPOHHOTO BUNIPSIMJIEHHS Ha Aiogax LIoTTKi Ta MIKDOKOHTPOJIEPHOTO KepyBaHHs. HaykoBa
HOBU3HA O€P>KAHUX PE3YyJIbTATIB M10JISITa€ Y BCTAHOBJIEHHI ITapaMEeTPiB, 1[0 BU3HAYAIOTb €(PEKTUBHICTD
PEeKynepaTUBHOIO aMOPTU3aTOPa, PO3PO0JIEHH] HeJliHIMHOI MOJieJli eJIeKTPOMEXaHiYHOTO I1IepeTBOPEHHS eHeprii Ta
CTBOPEHHI METOIUKY OLIiHIOBAaHHSI €HEPr€TUYHOTO IOTEHIlialy CUCTEM 3 YPaXyBaHHSIM CTOXaCTUYHOIO XapaKTepy
KOJIMBaHb. [IpakTH4He 3Ha4€HHS POOOTHU MOJISITA€ Y PO3POOJIEHHI METOAUKY PO3PaxXyHKy [1apaMeTpiB peKyneparuii
€Heprii Ta CTBOPEHHI KOHCTPYKTUBHYX PillleHb [J1s1 BIPOBAI)KEHHS PEKYIIEPAaTUBHUX aMOPTU3ATOPIB Y

TPaAHCIOPTHUX 32C00aX i HA3eMHUX POOOTU30BAHUX KOMILJIEKCAX.

2. The dissertation is devoted to the development of a recuperative piezoelectric converter for transforming
vibrations of technical systems into electrical energy in order to improve the energy efficiency of transport and
industrial systems. The relevance of the research is determined by the need to reduce energy losses caused by
harmful mechanical vibrations and by the growing demand for autonomous power supply systems for low-power
electronic devices in vehicles and robotic platforms. The work was carried out within speciality 141 - Power
Engineering, Electrical Engineering and Electromechanics. The aim of the dissertation is to develop a nonlinear
model of an electrotechnical recuperative shock absorber system with a piezoelectric generator, determine the
effective parameters of electromechanical conversion, and evaluate the energy efficiency of vibration energy
recovery systems. To achieve this goal, modern methods of energy harvesting were analyzed, the characteristics of

piezoceramic materials were investigated, mathematical and statistical models of energy conversion processes



were developed, and structural as well as simulation models of a recuperative shock absorber were created. The
work analyzes the physical principles of the direct and reverse piezoelectric effects and investigates the properties
of modern piezoceramic materials such as BaTiOn, PZT, and PbNboOg, including electromechanical coupling
coefficients, Young’s modulus, dielectric permeability, and Curie temperature. It was established that transport
systems and impact devices operating within frequency ranges of 1-15 Hz and 30-70 Hz respectively are the most
promising for energy recovery applications. A comparative analysis of different energy harvesting technologies
confirmed the advantages of piezoelectric converters in terms of power density. The second chapter investigates
the energy potential of various technical systems and develops statistical models to account for the stochastic
nature of oscillatory processes. The Monte Carlo method was applied to model random variations in amplitude,
frequency, acceleration, and pneumatic accumulator parameters. It was established that automotive suspensions
are characterized by a specific energy potential of 0.02-0.1J /kg, while drilling systems demonstrate values of
0.3-1.0 J/kg. Gas compression processes in hydropneumatic systems were described using a polytropic equation,
where the polytropic index varied within 1.3-1.6 and the impact force was approximately 2380 N. In the third
chapter, a discrete-continuous model of the “hammer-tool-processing environment” system with a piezoelectric
generator was developed and investigated using Ansys Explicit Dynamics. It was determined that the impact
duration ranges from 0.1 to 0.5 ms, while oscillation frequencies reach 3000-6000 Hz. The energy transfer
coefficient from the striker to the tool is 0.75-0.8, and to the environment 0.55-0.65. For the vehicle suspension
system, a mathematical model considering the electromechanical coupling of piezoelectric elements was
developed. Calculations were performed in Mathcad and Wolfram Mathematica using the Runge-Kutta method. It
was shown that with an impact energy of 360 J and a hydraulic hammer mass of 65 kg, the average oscillation
energy is approximately 170 J, which at a frequency of 5 Hz corresponds to a mechanical power of about 850 W. A
recuperative shock absorber equipped with a piezoelectric package was investigated using the example of a
ground robotic complex vehicle. It was found that the average useful electrical power is in the range of tens to
hundreds of milliwatts, while the peak output voltage before rectification reaches 0.9 V. It was also established
that increasing the damping coefficient by 1 N-s/m reduces the useful power by 10-20%. The fourth chapter
considers the principles of designing a recuperative shock absorber as a mechatronic system. An equivalent
electrical circuit of the piezoelectric package was developed, the selection principles of rectifiers and energy
storage elements were investigated, and an adaptive load matching algorithm was proposed. To improve energy
efficiency, synchronous rectification based on Schottky diodes and microcontroller control were proposed. The
scientific novelty of the obtained results lies in determining the parameters affecting the operation efficiency of a
recuperative shock absorber, developing a nonlinear electromechanical energy conversion model, and creating a
methodology for evaluating the energy potential of systems considering the stochastic nature of oscillations. The
practical significance of the work consists in the development of a methodology for calculating energy recovery
parameters and creating design solutions for implementing recuperative shock absorbers in vehicles and ground
robotic complexes.
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Micue3HaxoaKeHHS: npocnekT Bepecreiichkuii, Kuig, 03056, Ykpaina

dopma By1acHoOCTI:

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBIiTH | HAayKu YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. MenTa Onekcanap BsayeciaBoBuy

2. Oleksandr V. Meita

KBasidikamis: . r. u., o, 05.09.03

InenTudgikarop ORCID ID: 0000-0002-4132-5202

JoparkoBa iHdpopmamnist:

IloBHE HaliIMEHYBaHHS IOPUAHNYHOI 0COO0HM: HaujoHnanbHuii TexHiuHMiA yHiBepcuTeT YKpainu "Kuischkuit

NOJIiTeXHiYHMIA iHCTUTYT iMeHi Irops Cikopcekoro”

Kopg 3a €IPIIOY: 02070921

Micue3HaxoaKeHHS: npocnekT Bepecreiichkuit, Kuig, 03056, Ykpaina

dopma ByracHoCTI:

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBITH i HAayKu YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

VIII. 3aKkJII04Hi BiZoMOCTi
BiiacHe IIpi3Buine Im'sa I1o-6aTbKOBI
TOJIOBH paju

BsiacHe IIpizBuie Im'sa ITo-6aTbKOBI

rOJIOBYIOYOTO Ha 3aCiflaHHi

BigmoBigasbHUH 32 MiATOTOBKY

00JIiIKOBHX JOKYMEHTIB

3aityenko Credan Bosmogumuposny

3aityenko Credan Bosmogumuposuy

HoBukoB AHTOH OJjieKCaHIPOBUY



PeecTpaTop IOpueHko TetsiHa AHaToOJiiBHA

KepiBHuk Bigginy YKpIHTEI, mo €
BiZITIOBiZAaILHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

JisIIbHOCTI




