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INTRODUCTION

Research relevance, aim and objectives

During the last several decades the progress in microfabrication techniques
and ultra-low power integrated circuits has encouraged the development of various
portable, wearable and implantable smart devices for a wide range of wireless
communication, fitness tracking, navigation, physiological sensing, etc.
Unfortunately, conventional batteries now used in such devices have insufficient
energy density, which leads to a necessity of regularly recharging or replacing
them. The disposal of electrochemical energy modules is related to environmental
hazards. As a consequence, micro energy harvesting was developed as a separate
actively growing research field in order to reduce the heavy need of battery
technology which obstructs higher advancements in wearable electronics. The past
10-15 years have shown an increase in research activities on alternative
biomechanical energy harvesting since a large amount of human-based
mechanical energy could be converted to electrical energy. A promising energy
conversion method is vibrational piezoelectric energy harvesters (V-PEHSs) with
inserted smart materials. For example, V-PEHs are highly suitable for
autonomous, self-charging smart devices because of their high energy density and
possible implementation at macro/micro/nano scales.

The aim of this research is to design, fabricate and experimentally analyze
a biomechanical piezoelectric energy harvester (PEH) for useful micro-power
generation under ultra-low frequency random human body excitations. In order to
achieve the aim, the following objectives are raised:

1. To review literature considering the existing vibration energy harvesters by
focusing on piezo-generators that employ mechanical frequency up-
conversion.

2. To implement numerical models of magnetic interaction, perform analytical
and experimental verification and evaluate the dynamic characteristics of
magnetic force impulses.

3. To perform a systematic numerical-experimental study of magnetic frequency
up-converting piezo-generator and determine the main dynamic principles and
quantitative criteria needed to design effective piezo-generators.

4. To implement and verify a dynamic numerical model of the magnetic
frequency up-converting piezo-generator and calculate its vibrational and
electrical responses.



5. To propose and analyze methods for increasing the effectiveness of magnetic
frequency up-conversion and improving micro-power generation under low-
frequency biomechanical excitations.

6. To design a wearable piezoelectric biomechanical energy harvester that
integrates the proposed methods for increasing the effectiveness, fabricate a
semi-printed proof-of-concept harvester and test it under realistic operational
conditions.

Research methods

This research work was accomplished using theoretical and experimental
study methods. The theoretical study was developed by using analytical and
numerical methods. SolidWorks, COMSOL Multiphysics and Microsoft Excel
with Visual Basic were used for designing, finite element modeling and data
processing. The experimental research was performed at the Institute of
Mechatronics using Polytec Doppler vibrometer (LDV), Magnet-Physik
Teslameter, Wayne Kerr impedance analysis systems, the realistic operation
conditions were tested with Zebris Rehawalk® treadmill. Various parts of proof-
of-concept device were made using EOS Formiga and Ultimaker 3D prototyping
equipment.

Scientific novelty

1. The main dynamic principles and dimensionless excitation parameters that
govern the operation of the magnetic frequency up-converting piezo-
generators and allow to maximize vibration energy harvesting performance.

2. Computationally efficient magneto-dynamic and magneto-piezo-mechanical
finite element models, which together with the identified governing dynamic
criteria enable a rational design of the frequency up-converting piezo-
generators of arbitrary natural frequency and magnetic configuration that
generate maximized power output.

3. Two methods for improving operational effectiveness, which exploit magnet
speed amplification and synchronized multi-magnet excitation, enabling near-
silent and reliable operation of frequency up-converting piezo-generators in
the maximized power regime (around transient resonance) for various
biomechanical excitation conditions.

Defended statements

1. Frequency up-converting piezo-generator delivers maximized power when
impulsive magnetic excitation induces transient resonance, when the vibration



frequency of the transducer becomes close to the natural frequency in all stages
of the response.

The multiphysics magneto-piezo-mechanical finite element model is
computationally efficient and allows to predict the dynamic and electric
characteristics of the piezo-generators with acceptable accuracy.

. The magnet speed amplification method is an effective and robust excitation

approach which ensures the operation of the piezo-generator in the maximized
power regime (around transient resonance) when excited by active movement
of human arms.

. The synchronized multi-magnet excitation method is effective and ensures an

about 30% increase in power output per single operational cycle when using
two driving magnets (in comparison to the single-magnet excitation case).
The proof-of-concept piezo-generator has an original design which rationally
integrates magnetic amplification and multi-magnet excitation subsystems,
ensuring nearly silent operation in the maximized power regime under varying
jogging speeds.

Practical value

1.

The implemented finite element models and the identified governing dynamic
criteria are useful for the rational design of magnetic frequency up-converting
piezo-generators of arbitrary design.

. The implemented multi-channel non-contact measurement setup registers

dynamic, electric and magnetic signals and is suitable for detailed experimental
study of piezo-generators of different magnetic configuration.

. The proposed methods of magnetic amplification and multi-magnet excitation

may be adapted for increasing the effectiveness of various magnetic frequency
up-converting piezo-generators.

. The demonstrated proof-of-concept piezo-generator may be miniaturized and

adapted for recharging batteries of various portable or wearable electronics
(fitness trackers, smart devices, etc.).

Research approbation

The results of this dissertation were published in 5 scientific papers: 2 —in

journals with impact factor indexed in Web of Science database, 3 — in conference
proceedings.

The research results were also presented at 3 international scientific

conferences: Mechanika 2015 (Kaunas, Lithuania), Mechanika 2016 (Kaunas,
Lithuania) and EuroSimE 2019 (Hannover, Germany).



Structure of the dissertation

The dissertation consists of an introduction, nomenclature, four chapters,
general conclusions, a list of references and scientific publications on the topic of
dissertation.

The volume of the dissertation is 109 pages, 46 figures and 5 tables. The list
of references consists of 132 sources.

1. LITERATURE REVIEW

During the last several decades the progress in microfabrication techniques
and ultra-low power integrated circuits has encouraged the development of various
portable, wearable and implantable smart devices for a wide range of wireless
communication, fitness tracking, navigation, physiological sensing, etc.
technologies [1, 3]. Unfortunately, conventional batteries now used in such
devices have insufficient energy density, which leads to the necessity of regularly
recharging or replacing them. The disposal of electrochemical energy modules is
related to environmental hazards. Micro energy harvesting was developed as a
separate actively growing research field in order to reduce the heavy need of
battery technology which obstructs higher advancements in wearable electronics
[1]. Recent research has shown that a large amount of human-based biomechanical
energy could be converted to electrical energy. Piezoelectric, electrostatic,
electromagnetic and triboelectric mechanisms are commonly used for mechanical-
to-electrical energy conversion. The piezoelectric energy harvesters (PEHS)
considered in this study are highly suitable for autonomous, self-charging smart
wearables because of their high energy density and possible implementation at
macro/micro/nano scales. Ultra-low frequency (< 1-10 Hz), multi-directional and
time-varying human body movements (e.g. limbs) lead to essential challenges in
designing efficient and effective PEHs, which are usually based on high stiffness
transducers that are configured as underdamped (high-Q) linear oscillators. In this
case, high output power is delivered only when the transducer is excited at
relatively high resonant frequencies (> 50-100 Hz). The level of output power is
proportional to the cube of natural frequency (considering constant displacement
amplitude of base excitation) [3,5]. This implies that direct human-induced
vibrations are not suitable for efficient energy harvesting application of linear
PEHSs.

In order to eliminate the aforementioned limitations, mechanical frequency
up-conversion (MFU) was developed to boost the operating frequency from the
low excitation frequency. Commonly, MFU is based on a two-stage configuration,
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where the elastic or rigid driving element affected by external low-frequency
excitation impulsively induces high-frequency natural oscillations of a transducer
(generating element) by using contact or contactless interaction. Contactless MFU
typically relies on fast deflection and release (i.e. plucking) of the transducer by
means of magnetic coupling between the moving (driving) magnet(s) and the
transducer magnetic end mass(es). For the transducer to operate in optimal
operation mode, an effective MFU mechanism has to provide abrupt impulsive
(sharp) excitation regardless of the input frequency. Contactless magnetic MFU
has more advantages due to the higher robust and is appropriate to noiseless
implementations comparing with contact-type plucking, where the transducer has
to withstand impact-induced wear and damage with noise issues. Meanwhile the
contact-type plucking disadvantages may be reduced by developing a rational
design of contacting surfaces; however it could not eliminate physical contact
completely [2,4].

2. NUMERICAL STUDY

2.1 Magnetically-excited piezoelectric energy harvester

The configuration of the analyzed magnetically-excited piezoelectric
energy harvester (ME-PEH) is presented in figure 1. The system involves a
commercially available clamped cantilevered bimorph transducer (PZT-5A made
by Piezo Systems with the dimensions of 57.2 mm x 31.8 mm, which has a
neodymium cuboidal N52 driven magnet of size 5 x 5 x 3 mm attached at the end.
This type of transducer was selected because of its high strain constants,
permittivity and high voltage output. The transducer starts to oscillate at high-
frequency free vibrations (at natural frequency f,) when subject to magnetic
plucking which is caused when driving magnet transverses near the driven one.
Driving magnet motion is achieved by attaching it on a table with the radius of ry
= 80 mm, which spins at rotational speed wrpm. The relatively large radius of the
rotating table imitates a transversion of the driven magnet by the driving one along
the linear trajectory in a plucking event. Linear speed, referred to as plucking
speed, Vexc is calculated as follows: Vexe = rrwmpm(27/60).



This chapter refers to the presented ME-PEH as in-plane plucking
arrangement since the transducer deflection and the driving magnet motion
directions are in the same plane (xy plane). ME-PEH engages direct magnetic
configuration by which both magnets are aligned along the z-axis without offset
in the z direction. The essential parameter which defines the distance between the

driven and driving magnets along the
x-axis (when their positions with
respect to the y-axis are congruent) is
clearance dex. The developed
plucking configuration may be
attractive or repulsive, depending on
the pole orientation of the magnets

- (when both magnets are spatially
orientated so that their magnetic axes
are parallel to the x-axis). Further
analysis is based on attractive
s configuration since the effect of

bt | Wort = Wa |ty [ r - attractive to repulsive configurations
(inanideal case of theoretical model)
Figure_l. A schemati_c diagrar_n of the is analogous except the magnetic
magnetically-excited piezoelectric energy force impulses are inverted (with

harvester (in-plane arrangement): 1 - -
bimorph transducer, 2 — magnetic tip mass respect to the_x-aXIS). ngerally,_vexc
and dex defines plucking regime,

(driven magnet), 3 — driving magnet. .
MFU  conditions and overall

vibration energy harvesting

performance.

We assume that a transducer may be constituted as an underdamped second-
order dynamic system which is affected by transient magnetic coupling excitation,
where magnetic coupling is specified as a complex loading case with several
magnetic force components which operate along different axes and generate
dissimilar shape impulses. In general, the response of the second-order dynamic
system to transient excitation is determined by the relationship between the
loading force ramping rate and the system response speed, which depends on the
natural frequency f, and mechanical damping ratio Zm. The response speed may be
described as the rise time, which could be approximated as tr = 0.5z = 0.25T,,
where T, and 7 — natural period and half-period of the transducer, respectively.
Magnetic excitation should lead to a sufficiently sharp magnetic plucking action
that corresponds to an abrupt deflection and a release of the transducer that induces
minimally magnetically impeded free vibrations. Hence, it is necessary to ensure
a sufficiently high magnetic force ramping rate.
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2.2 Modelling the magnetic interaction

Temporal characteristics of the force impulses produced by the driving and
driven magnets may be calculated with analytical and numerical techniques.
Magnetic flux density (B-field) and magnetic field strength (H-field) may be
evaluated outside and inside the magnets by using the Amperian and Coulombian
modelling approaches, respectively. Usually, a numerical analysis of magnetic
interactions is performed by using finite element (FE) method, which is highly
convenient and versatile, but may demand high computational resources in
specific simulation proposals, e.g. magnetodynamic modelling involves dynamic
mesh updating while solving magnetic forces in the air domain. In this study we
decided to use the FE method since the developed models could be unconsciously
upgraded to simulate other various cases of magnetic plucking in both static and
dynamic regimes (e.g. complex shapes and/or different arrangements of the
magnets).

Stationary (magnetostatic) and time-dependent (magnetodynamic)
simulations of the attractive interaction between two parallel-aligned cuboidal
permanent magnets was performed with FE modeling software COMSOL
Multiphysics® (figure 2). The magnetostatic model was realized in 3D, while the
magnetodynamic one was simplified to 2D in order to reduce the demand of
computational cost, thereby ensuring a correct solution convergence and
acceptable solution times. The models are based on the AC/DC module with the
interface of Magnetic Fields, No Currents. The magnetodynamic model
additionally uses the Mathematics module with the Moving Mesh interface
(realization of the Arbitrary Lagrange-Eulerian (ALE) method in COMSOL). An
analysis of both FE models is made simultaneously since they share essential
features.

W’/ ‘Magnetic insulation AN A

boundaries

S~ Magnetic insulation
\ boundary

Air domain [ Continuity boundary

|V Moving mesh

Moving mesh

@ . -

Figure 2. (a) 3D magnetostatic and (b) 2D magnetodynamic FE models of two interacting
magnets with a visualization of B-field distribution. The moving and fixed magnets
correspond to the driving and driven magnets of ME-PEH, respectively.
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2.3 Simulation results

During the in-plane plucking, when the driving magnet traverses near the
driven one, the induced transient excitation is caused by the evolution of the axial
Fx and transverse Fy, magnetic force components (figure 3(a-b)) which determine
the properties of the resulting magnetic coupling. Fy is the direct deflection force
component, while Fy produces a bending moment onto the transducer.
Furthermore, the contribution of My and My magnetic torques on the dynamic
response may be neglected since the transducer is relatively long, i.e. simulations
disclose that the influence of My and My is insignificant, while the contribution of
M. is more than an order of magnitude smaller with respect to the contribution of
the forces (e.g. ~20 times smaller in the case of X’ = dexc = 1 mm). Figure 3(a-b)
shows Fy and Fy profiles that are presented as functions of varying transverse
displacement y’. Here the evolution of magnetic forces may be described as three
distinct stages: @ activation, @ directionality reversal and ® deactivation. The
stage of directionality reversal leads to a jump of amplitude from the maximum
positive to the minimum negative point. F, profile may be described as a
symmetrical full-cycle impulse [27], since it consists of two identical half-cycles.
Even more, each half-cycle is unsymmetrical due to unequal force ramping rates
at the rise and decay sides (figure 4(b)). Meanwhile F is a symmetrical half-cycle
impulse that may be approximately expressed by a bell-shaped profile function
(e.g. half-sine, versed-sine, Gaussian).

[0) @ @ p—— o—1mm
Z 3 I 5 *’-’Q ‘ <-—2 mm
= [ -l 'n 1 mm —_— [ . O 4 mm
i . z

LE 2 | | A ¢—2mm = - © ——6mm
e H o—4 mm R Y X gmm
- ; a6 mm 8 o0 O
o o f
8 ] E 8 mm E 3
£ £ O Poak o 2

1 bk @
2 : 8 £
% 2 fost © 2 { \
N | < y:2 3,
g3l s) 0 el e

10545’5‘5‘5‘5‘74‘5‘73‘57725 L(D ! @ @ [©)
4 \ h i ) . 1 T T T I T |
-10.0 -7.5 -5.0 -25 00 25 50 75 100 -10.0 -7.5 -5.0 -25 00 25 50 7.5 10.0
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©

Figure 3. Simulated static evolution profiles of (a) transverse and (b) axial magnetic force
components versus transverse displacement of the driving magnet for X’ = dexc = 1-8 mm
(insets: semi-log plot illustrating peak shifts with changing x’). Stages of force evolution:
@ activation, @,®@" directionality reversal and ® deactivation.

Generally, the noticeable dissimilarities in force profiles turn into
differences in the interaction between the magnetic forces and the restoring forces
of the transducer. During in-plane plucking configuration, the process of Fy
directionality reversal induces a non-linear jump phenomenon that causes clean
free vibrations. We note that energy harvesting performance is determined by the
shape parameters of the dominant transducer deflection-inducing force impulse.
E.g. the bell-shaped Fy profile could be described by impulse duration typ(Fx) and
ramping time tg(Fx) = 0.5 tmp(Fx) (figure 4(a)), which is the duration of primary
rise of the axial force to its peak (figure 4(b)). Shorter impulses (ramping time)
correspond to the narrower Fy impulse and the higher force ramping rate. The Fy
amplitude jump duration tjump describes a duration of directionality reversal stage,
which has an essential influence on the ME-PEH dynamics during in-plane
plucking. Consequently, the ramping time could be defined as tr(Fy)= 0.5tjump.

13



——— F,(0.34 m/s) F, (0.34 m/s) Fx (4 mm) Fy (4 mm)

————F¢(1.3mig) ——— - Fy(1.3m/s) ————Fy (6 mm) ————Fy (6 mm)
0.9 tunlFy) 1.2
= 06 IERSILL k(R = 09 [ /\
;’ " \ < Primary rise _
8 o3 % 06 -
% 0 - A .§ r Rise
= o \ Sh—— o 03
g 7 L 3 \
2 -03 | T 0 === g o
] R(F,) 2 =T \ 1o arans
= 06 — = 0a ™~ N
: o Jome - Peak shift " Peak shit
-0.9 " i " L | L I " i " -0.6 N I i I - N i N
0 20 40 60 80 100 120 0 5 10 15 20 25 30
Time t (ms) Time t (ms)
(a) (b)

Figure 4. Simulated impulses of transverse and axial magnetic forces for (a) different
magnet motion speeds Vexc and (b) different clearances dexc.

Numerical simulations were supplemented with experimental data in order
to ensure the credibility of the subsequent analysis. We compared the experimental
magnetic flux density tramp(Bx) and simulated magnetic forces tramp(Fx) = 0.5tmp(Fx)
ramping times (Figure 5a). The relevant ramping time of the main plucking caused
the force component Fy to be defined as tramp(Fy) = 0.5tjump (Where tjump forces
directionality reversal duration). Experimental and measured results show the
same trend with a larger vexc by reducing non-linearly with a decreasing rate of
change (Figure 5(b)). We note that the measured tramp(Bx) values are higher by
~10% with respect to the simulated tramp(Fx) because the magnetometer recorded
magnetic flux density By and not the real magnetic forces. Also, simulations
expressed the real magnetic forces, which act directly on the driven magnet,
meanwhile magnetic flux density was measured at the middle of driving and
driven magnets.

Simulations reveal that changes in clearance dexc lead to a modification of
the properties of Fyx and Fy profiles and the interrelation between them. For
instance, a reduction in dexc Non-linearly increases Fx and Fy peak amplitudes and
diminishes the x-axis interval AFy (figure 3(a)) between the peak Fy and Fy
amplitude points. More precisely, static Fy profile demonstrates that as dexc is
reduced, Fy is (de)activated closer to the neutral position y'= 0, which reveals itself
as the shifting of Fy peak amplitude point toward y’ = 0 (i.e. a decrease of AFp in
figure 3(a)). In a time-dependent case, this turns into Fy being activated later and
deactivated earlier (visible by temporal shifting of the peak amplitude points in
figure 4(b)). This means that under a given constant speed Vexc it leads to smaller
tump and tr(Fy). Accordingly, static Fx profile also leads to a shifting of the
minimum amplitude points with reduction in dexc (figure 3(b)), where Fx crosses
x-axis and turns into the primary rise, which occurs closer to y’= 0. In the dynamic
case it translates into decreasing tme(Fx).
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Figure 5. (a) Durations of measured (Bx) and simulated (Fx) excitation impulses versus
linear magnet speed for X’ = dexc = 1-8 mm. (b) Computed Fy amplitude jump duration
versus magnet speed. Insets: close-up of vexc region that encompasses the experimentally
determined range of highly effective plucking speeds (~1.44-1.84 m/s) for dexc = 6 mm).

3. EXPERIMENTAL STUDY

3.1 Test setup

In order to test the ME-PEH, dynamic, electric and magnetic transient
responses were measured by using a setup that is comprised of three subsystems:
magnetic excitation, measurement, and data acquisition (figure 6). During
experiments the rotating table speed wmpm Was controlled in the range of 12-350
rpm, which matches the linear (plucking) speed of vexc = 0.10-2.93 m/s. It was
monitored using the Polytec rotational laser Doppler vibrometer (LDV) comprised
of a sensor head RLV-500 and controller RLV-5000. The driven magnet was
tightly attached to the commercially-available transducer (Piezo Systems T226-
A4-503Y) tip. In order to precisely adjust magnetic clearance dexc, the transducer
was fastened to a micro-positioning stage, where dexc Was adjusted in the range of
4-8 mm. Transducer dynamic responses (displacement dpr and velocity ver) were
measured at its tip using the other Polytec LDV with an autofocusing sensor head
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Figure 6. A schematic diagram of the
experimental setup used for ME-PEH
characterization: 1 — transducer (Piezo
Systems T226-A4-503Y), 2 — magnetic
tip mass (driven magnet), 3 — driving
magnet; 4 — rotating table, 5 — micro-
positioning stage, 6 — DC motor, 7—DC
power supply (Mastech HY3020E), 8 —
LDV sensor head (Polytec OFV-505), 9
— Rotational LDV sensor head (Polytec
RLV-500), 10 — LDV controllers
(Polytec OFV-5000 and RLV-5000), 11
— 4-channel digital oscilloscope (PICO
6403); 12 — Magnetometer (Magnet-
Physik FH-54); 13 — magnetometer
sensor (transverse Hall probe HS-
TGB5); 14 — adjustable resistance box
(IET LABS RS-200-SC); 15 -
retroreflective tape.

OFV-505 and controller OFV-5000.
Retroreflective tape was placed on the
rotating table and the transducer in
order to increase the collection of the
back-scattered laser light. Magnetic
flux density along the x-axis By was
measured by using a Hall probe
magnetometer, which measured the
intensity of the magnetic field
approximately in the middle of the
clearance between the driving and
driven magnets.

The data acquisition
contains a  4-channel  digital
oscilloscope that records voltage
signals provided by the transducer,
both LDV controllers and the
magnetometer. The transducer was
connected to the resistance box for
adjusting external load resistance RL.
In order to analyze energy harvesting
performance under maximized power
output conditions all the
measurements were made with the
ME-PEH connected to the
experimentally determined matched
load RwL.

system

3.2 Determination of matched load resistance

We performed the experimental analysis of the ME-PEH under

maximized average power conditions in different operational modes, which
required different external loads Rm.. Here Rm. values were determined by
calculating P,y as a function of R_ (figure 9(a)) for each plucking regime of
interest:

Vi _ 1
av RL RL

2

j , M)
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where V (ti) — instantaneous voltage values, k — the number of recorded voltage

values, RMS voltage calculated as follows:

Vims = Vims(tc )= %Lgvﬁm(ti )J :

@

here Vmc(ti) — instantaneous voltage

g 122 W e Amm values (RL = Ru), k — the number of
& | | 6mm analyzed Vm values, At — sampling
g8 et s 8mm interval. We observe in figure 7 that
£ 60 o N faster plucking (Vexe > 1.17 m/s)
8 45 BN y=85.003¢"%> |  corresponds to values of Rm. which
g a0l O g, YT eettle to ~9.5 kQ. Also, it is visible
2 g 9.5kQ e B ;
B ol LN - \ that RmL d|m|n_|shes W|th_ increasing
% I T—a a  Vex and decreasing dexc. It is related to
= 00 00 ‘ 0'25 050 0‘75 1‘00' 1‘25 150 the decrease of magnetic force
' ’ U ' ' " ramping times tr(F,) and tr(Fx) in
Plucking speed Ve, (M/s) comparison with the rise time of the
Figure 7. Measured matched load transducer tr(PT), where higher

resistance versus Vexc for different dexc

r ! ) Iere plucking speed induces free vibrations
including the exponential best-fit lines.

of the transducer which oscillates at a
natural frequency f, = 80 Hz. It
corresponds to the Rvi value of 9.5 kQ (figure 7), which is close to the theoretical
value of Ropt = 1/2nf,Cpr = 9.95 kQ determining the load resistance that is
optimally matched to the capacitance-dominated impedance of the piezoelectric
transducer excited at its resonant frequency.

3.3 ME-PEH oscillatory phases and operational modes

This experimental study presents an analysis of dynamic and electric
characteristics of ME-PEH operational cycles that are achieved under varying
magnetic plucking regimes. An operational cycle may be referred as a total
dynamic response (TDR) of the transducer after it has been affected by a discrete
transient excitation event, which in this chapter corresponds to a single magnetic
pluck (figure 8). RMS voltage and average power calculated by formulas (1-2)
and total cumulative energy that are generated up to a given instance of time ty is
calculated as:

2
E= E(tk)zzv“é;(t‘)m, ®3)
i= ML
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where Vu(ti)) — instantaneous voltage values (R. = Rmi), k — the number of
analyzed Vwu values, At — sampling interval. In other words, total energy E is the
time integral of instantaneous power and it quantifies how much electrical energy
is extracted from the ME-PEH during different oscillatory phases. The complete
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Figure 8. Representative transient velocity and displacement responses generated by the
ME-PEH (dexc = 6 mm) operating in (a) dynamic mode (Vexc = 1.44 m/s) and measured (b)
transient voltage and magnetic field intensity responses and (c) the corresponding variation
of average power and total commutative energy (generated by the ME-PEH operating in
thedynamic mode at Vexc = 1.44 m/s, dexc = 6 mm).

operational cycle is examined, then tx = t° and the calculated electric
characteristics are expressed as P°¢ and E°C (figure 8(c)). t°¢ = 250 ms was used
for the calculation since during this time interval the responses undergo a near-
complete decay, which matches to a settling level of the response that meets the
criterion of £2% ( which is usually applied for second-order dynamic systems
subjected to impulsive excitation).
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The whole operational performance of the ME-PEH may be subdivided
into three operational modes: dynamic, quasi-static and transitory. The dynamic
mode is achieved when a relatively high plucking speed vexc induces the impulsive
excitation of the transducer (figure 8). In the dynamic mode the transducer-forced
vibration response, referred hereto as the coupled motion (CM) phase, is
progressed into the free vibration (FV) phase with clean exponentially decaying
free oscillations at natural frequency f,. Here the transient characteristics of the
CM phase determine the initial conditions for the subsequent FV phase. Relatively
low vexc leads to the least effective quasi-static mode of the ME-PEH since the
transducer suffers magnetically-constrained deflection, where the very gradually
deactivating magnetic coupling slowly releases the transducer. An intermediate
plucking regime is induced when veyc is higher than in the quasi-static mode but
still not high enough to produce true impulsive excitation.

3.4 Analysis of the ME-PEH operation

The operational characteristics of the ME-PEH are determined by a
complex relationship between the conditions of magnetic coupling and dynamic
characteristics of the transducer (e.g. natural frequency f,, damping ratio <m).
These conditions are governed by various interrelated factors, such as magnetic
plucking regime (Vexc and dexc), dimensions, shape and material properties of the
interacting magnets, considering their arrangement in terms of polarization
directions, alignment and spatial layout. The operation of the ME-PEH is analyzed
in detail by varying the plucking regime, while the other conditions are left
constant. Measurement results in Figure 9 present that the E°© and P°C values in
the quasi-static and transitory modes are at least 15 and 3 times lower (Figures
9(a-b), respectively, in comparison with the peak output at Vexc = 1.44 m/s (tme(Bx)
/ Tn = 0.6). Hence, these two modes should be avoided and a MFU-based energy
harvester should be designed to perform in the highly effective dynamic mode. It
is important to determine the threshold plucking conditions that allow to terminate
the intermedia mode and induce the dynamic one. We take into consideration the
general threshold criterion that classifies mechanical excitation as impulsive one
(i.e. shock) when the ramping time of the affecting force is less than half the first
natural period of a structure, i.e. tr(Fx) / Tn < 0.5 in the case of a bell-shaped
excitation impulse. Simulation results of force component F, (Figure 5(b))
determine the highly effective plucking regime at 1.44 < ve < 1.84 m/s, which
corresponds to 0.36 < tjymp / Tn< 0.46 or 0.73 < tr(Fy) / tr(PT) < 0.93. Here tjump /

n = 0.46 or tr(Fy)/ tr(PT) = 0.93 presents the absolute peak of electrical output.
Thus, we may conclude the key criteria for highly effective plucking: vibration
energy harvesting performs at maximized operating regime when the dominant
deflection force duration tjump and the corresponding ramping time tr(Fy) = 0.5tjymp
are marginally smaller than the natural half-period and rise time of the transducer,
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respectively. Overly high plucking speeds (beyond ~1.84 m/s) cause excessively
small force ramping times with respect to the rise time of the transducer, which
leads to lower response amplitudes and decreased energy harvesting performance
(i.e. descend region in Figure 9).
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Figure 9. Semi-log plot of measured total cumulative energy (generated during time
intervals tOC, tM, t7 and tP™) versus (a) plucking speed and (b) dimensionless Bximpulse
duration (dexc = 6 mm). Regions of the dynamic mode: © ascend, @ peak/plateau and @

descend.
=04 2200 Smaller_ clearances. lead to
E ~ Stronger magnetic forces (Figure 3),
E;o_a 24005;1 which_ correspond to  larger
=] o deflections of the transducer and
5 02 1600% higher  electrical outputs. For
g = example, peak output magnitudes
B o4 s00 & tripled when dexc reduced from 6 mm
- [ .

5 | %2 to 4 mm (Figure 10). Even more,
G 4 i o clearance dexc modifies the shape of
00 04 08 12 16 20 24 the peak/plateau region, i.e. smaller
Plucking speed Ve (m/s) dexc leads to a peakier region, which

Figure 10. Total energy and average  'epresents higher sensitivity to
power generated during complete  Variation in Vec. At larger dex,
operational cycle t°C versus plucking ~ maximum electrical outputs may be
speed for different clearances dexc. reached over a wider Ve range.
Meanwhile smaller clearances dexc

shift the peak point slightly to the left, which implies that a lower plucking speed
is necessary to generate peak power outputs. It may be explained by faster force
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ramping at smaller dexc, which is obvious from the reduction in tme(Fx) and tjump

(Figure 5).

4. ANOVEL BODY-MOUNTED PIEZOELECTRIC ENERGY
HARVESTER BASED ON SYNCHRONIZED MULTI-MAGNET
EXCITATION

4.1 Proof-of-concept of multi-magnet-excited piezoelectric energy harvester

Figure 11. Schematics of a magnetically
plucked piezotransducer: 1 -
piezoceramic bimorph transducer, 2 —
magnetic end mass (driven magnet) and
3 —driving magnet, lpzt, Wpzt and lsub, Wsub
— length and width of the transducer
piezoceramic and passive layers,
respectively, tpzx — thickness of
piezoceramic layers, tsu» — thickness of a
passive layer (substrate), Vexc — excitation
(plucking) speed, dexc — gap between
driven and driving magnets, dm — gap
between driving magnets.

dimensions of R15xr6x6 mm
transverse nearby the transducer
magnetic end mass (driven magnet with
dimension of 5x5x3 mm). Clearance
dexc is the distance between the driving
and driven magnets along the y-axis
when their positions are congruent

This chapter designs the ME-PEH
to employ an out-of-plane plucking
configuration, thereby involving a
mechanical frequency up-conversion
in the device (Figure 11). The device is
based on a commercially-available
transducer (Piezo Systems T226-A4-
503Y) with dimensions of 57.2x31.8
mm. This type of transducer was
chosen due its high strain (charge)
constants, permittivity and high
voltage output that are promising for
sensing and generating devices. The
transducer starts to vibrate at high-
frequency free vibrations f, when ring-
shaped driving magnets with the

Figure 12. Proof-of-concept of multi-
magnet P-VEH and its testing by
attaching on upper limb of a person
jogging on a treadmill (1 — housing, 2 —
inertial rotor, 3 — a pair of driving
magnets, 4 — insert for regulating dm, 5 —
outline of the driven magnet (invisible), 6
— piezoelectric transducer (bimorph), 7 —
slots for regulating dexc, 8 — amplification
magnet with its outline, 9 — slots for
inserting inertial mass).
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along the x-axis (Figure 1). From a mechanical point of view, the magnetically
induced deflection forces are treated as dynamic, and transient analysis is
performed to predict electrical outputs. Here the motion of the driving magnets is
induced by the amplification magnet, since it moves due to external human body
excitation. The ME-PEH consist of an inertial rotor with eccentric mass and
several amplification magnets with the dimensions of 10x10x2 mm which are
attached around the rotor (Figure 12). Amplification and driving magnets are
arranged so that they operate at the repelling regime (magnets’ north poles turned
to each other). Clearance between the amplification magnet and the driving
magnet d, allows to adjust the magnetic pushing force and the constant driving
magnet(s) velocity as well. Smaller d, causes higher and almost constant excitation
speed Vexe. This allows to employ several multi-magnet excitation configurations,
where a couple of plucking actions correspond to a nearly sinusoidal excitation
shape. Further in this work we analyze traditional single-magnet and proposed
multi-magnet excitation cases. However, this method may be developed using a
larger amount of magnets.

The dimensions of the driving and amplification magnets were chosen
with consideration to their strength, which is necessary to ensure a high driving
magnet speed. Herewith, the dimensions and strength of magnets determine the
overall device height and diameter, respectively. In order to exploit the entire area
of the device, the maximum dimension transducer was realized inside. Briefly, the
proposed ME-PEH includes these functions i) electric power generation in the
transducer due direct piezoefect; ii) driving magnet(s) velocity amplification; iii)
synchronically muti-magnet excitation (SME).

4.2 A numerical study of multi-excitation

M-PEH 2D model was developed with COMSOL Multiphysics® software.
Solid Mechanics and Piezoelectric Effect modules were used to characterize a
horizontally clamped cantilevered transducer (PZT-5A with the dimensions of
28.6x17.7 mm) with two piezo ceramic layers on exterior surfaces and one ground
electrode at the middle. In order to receive a higher voltage output V. individual
piezo ceramic layers were connected to an external resistor Ry = 10 k< in parallel
through Electrical Circuit interface. Since dynamic analysis is made in the
effective plucking regime (transducer excited to vibrate at the first natural
frequency).

In the model (Figure 13), the driving and amplification magnets were located
above the transducer, while the driven one was modelled (attached) on the left
transducer end. Magnetic coupling evaluation required to place all elements
(including transducer magnetic end mass) into an air domain with a dimensions of
40x60 mm, which also set the normal component of the magnetic flux density to
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analysis of the driving magnet

and its deflected transducer
was implemented by using the
Mathematics module with
Moving Mesh (ALE) interface
because a complete analysis
needed dynamic mesh
updating while solving for
magnetic forces in the air domain. The driving magnet velocity provided by the
amplification magnet was computed from magnetostatic analyzes with external
analytical calculations. Parametric magnetostatic analysis between amplification
and driving magnets was made in order to calculate forces at any magnet position,
where the amplification magnet moves in y(Ma) and driving one in X(Mp)
directions. Finally, the dynamic parameters of the driving magnet could be
analytically calculated according a(s(t), y(Ma), X(Mp)) = Famp / m ; v(t) = vot+at;
s(t) = so + Vot + 1/2at?, where t — elapsed time, Famp — magnetic pushing force, m
— driving magnet mass, a — driving magnet acceleration at time, so and vo— initial
displacement from the origin and initial velocity, s(t) and v(t) — displacement from
the origin and velocity at time t. This simplification was done in order to reduce
high computational costs in the magnetodynamic model, especially where the
range of amplification magnet motion is considerably larger in comparison to the
size of air domain elements.

Figure 13. Schematics of the implemented finite
element model of the P-VEH based on multi-
magnet out-of-plane plucking, which also exploits
amplification of plucking speed vexc for power
output increase when subjected to time-varying
ultralow frequency body movements.

4.3 Analysis of multi-magnet plucked of piezoelectric energy harvester

In this paper, the excitation of the P-VEH is implemented as an out-of-plane
plucking of the bimorph. The experimental study was performed to estimate the
most effective plucking speed considering clearance dexe = 6 mm, which
collectively influence the process of mechanical frequency up-conversion and the
resulting vibration energy harvesting performance. The experimental study of
magnetic plucking was performed measuring electric transient responses with an
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oscilloscope PICO 6403. Transient

voltage responses Vw. and the "r ow —— Free vibrations

. —~ 10 | | 1 —— Coupled motion
corresponding  average  power S 9 [ i “ fi Numerical
output (Figure 2(b)) were recorded = 6 | ‘\ u, ,“. I A
with a transducer connected to the o 2 /|| “ NAAAAAA
matched load resistor Ry = 10kQ. & 2 | V H H TR A

During out of-plane plucking, S ° | ‘J [

when two driving magnets traverse ! ‘\"."
past the driven one, two impulsive A 0 20 P 80 100
excitations deflect the transducer Time ¢ (ms)

several times so that they can induce

higher generated voltage (Figure Figure 14. Experimental and numerical
14). Experimental and numerical transient voltage responses V. generated _by
results show well agreement with ME-PEH operating at the most effective
about 5% mismatch of generated plucking regime (dexc = 6 mm, Vexc = 3 m/s).
voltage signals, which leads to the

conclusion that the developed numerical model is suitable for ME-PEH analysis
in a transient dynamic regime. Depending on the distance between driving
magnets dm, magnetic couplings can be continuous or they can be activated with
separation. This could be describe as two magnetic coupling and decoupling
moments. For example, Figure 15(a) presents a highly effective multi-plucking
regime when magnetic coupling of the second driving magnet appears at the same
moment as the first magnet decoupling i.e. between di and diz (Vexc = 3 M/S, dexc =
6 mm). Itis not graphically indicated but the moments of coupling and decoupling
could not match to each other, which suggests that ME-PEH operates at a non-
effective plucking regime.

In order to achieve a highly effective plucking regime we analytically
estimated the distance da = 1.5 mm, which predetermined to Vexc = 2.99 m/s.
Further numerical study proved that at this plucking speed single and multi ME-
PEH reached the highest displacement amplitudes, which confirms that the
generator operates in a highly effective plucking regime when dominant deflection
force rising time tramp(Fy) is close to transducer rising time trise. 1.€. tramp(Fy)/ trise =
0.92 — 1.2 at Vexc = 2.8 — 3.1 m/s. Figure 8 shows that multi excitation maximum
average power output P°C is 33% higher than a single excitation. It should be
highlighted that this advantage was achieved only during effective plucking
regime. Average power outputs started to diminish at a higher rate of change when
excitation speed shifts away from the effective plucking speed of Vex. = 3 m/s
(Figure 6(a)). If effective plucking speed is ensured (constant), the distance
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Figure 15. (a) Simulated transient signals of
displacement dpt and magnetic force Fy when P-
VEH operates in a multi-magnet excitation
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of impulse duration tramp(Fy) (dm = 18 mm), (c)
simulated average power of multi-magnet
harvester versus dimensionless time duration
between repeated magnetic impulses and
transducer natural period. dexc = 6 mm, Vexc = 3 m/s.
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between two driving magnets dm
could also determine the power
output increment or reduction
which can be named as three ME-
PEH operating regimes: i) well
synchronized, i)
unsynchronized, iii) late
synchronized (Figure 15(c)). For
example, the well synchronized
regime was described by dn= 18
mm which caused two impulsive
excitations where the duration
between  magnetic  coupling
moments  was  close to
transducer’s natural period (tm/Tn
=1). The unsynchronized regime
caused power output reduction
because the second driving
magnet suppressed free
oscillations of the first one. The
late synchronized regime allowed
to achieve more power than in the
unsynchronized regime, but less
than in the synchronized one.
This regime could appear then
tm/Ta = 2, 3... Generally multi-
magnetic plucking is a complex
loading case since magnetic
couplings act along different
axes, produce dissimilar
complex-shaped impulses which
could cause positive transducer
deflection and negative free
vibration  suppression.  Even

more, ME-PEH operates at the effective regime then plucking speed and time
duration between pluckings are well matched (synchronized), i.e. since the dm
could be adjusted once during device fabrication, any deviation of vey: could cause
a drastic degradation of power output. This is the biggest challenge for
biomechanical applications where the speed of human movements is not stable
and changes in a wide range. The velocity amplification method allows to
eliminate this issue and ensure a stable and constant plucking speed during any

frequency of motion.
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Summarizing the results, the ME-PEH operating at the SME regime
generates 33% higher average power and total cumulative energy during t°¢ = 100
ms (t/Tn = 14) comparing with the single plucking regime. Here P°C reaches only
~32% of maximum possible power P™*, which is achieved at t/T; = 4.4 (Figure
16). Meanwhile maximum possible power P™* in the single plucking regime is
achieved at t/T; = 4.4. This reveals that the SME regime prolongs higher
amplitudes transient response zone from 2.4 < t/T; < to 4.4 and a point located at
t/Tn = ~5 could be defined as the moment of the most effective duration when the
ME-PEH is characterized by the highest amount of average power with the lowest
loss in total cumulative energy, i.e. ~90% of all available power and energy is

harvested during the successive operational cycle.
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Figure 16. Average power and total energy ratios versus dimensionless time (dexc = 6
mm, Vexc = 3 m/s).

4.4 Testing of multi-magnet P-VEH in real operating conditions

A proof-of-concept P-VEH was fabricated by using 3D printing facilities
and manual assembly. The device was attached on the upper arm of a person who
was jogging on a treadmill at different speeds (Figure 17(a)), thereby producing
the expected actual operating conditions of the energy harvester. Figure 17(b)
provides typical transient voltage signals together with the respective average
power which were generated at treadmill speeds of 7 km/h and 11 km/h (P-VEH
was connected to the matched load resistance). It may be observed that the
treadmill speed has no appreciable influence on the amplitude of the voltage
signals, which demonstrates operational stability. It means that the P-VEH
operates in the most effective plucking regime (the transducer is impulsively
excited at transient resonance) essentially regardless of the jogging speed. The
observed ~15% difference between the voltage peaks that were recorded at
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different treadmill speeds may be attributed to the random nature of biomechanical
excitations. More specifically, it should be noted that the transducer (mounted
inside the device housing) is not isolated from irregular inertial excitations, which
act in addition to the intended excitation via magnetic plucking. Meanwhile, the
higher average power observation delivered during faster jogging is caused by a
higher number of complete operational cycles that fit into the recording time
interval of 1000 ms (5 cycles correspond to P°¢ = 0.48 mW at 7 km/h, meanwhile
6 cycles correspond to PO = 0.58 mW at 11 km/h).

—Voltage 7 km/h —Voltage 11 km/h
---Average power --- Average power
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Figure 17. (a) Proof-of-concept of multi-magnet P-VEH and its testing by attaching on an
upper limb of a person jogging on a treadmill (b) Measured transient voltage responses and
average power of the device tested at different treadmill speeds.

CONCLUSIONS

1. Biomechanical piezo-generators have a wide application potential in portable
and wearable electronic devices. However, it is very difficult to generate high
power output using low-frequency human movements because a piezo-
generator produces usable electrical power levels only at higher vibration
frequencies (P « f %). Mechanical frequency up-conversion based on magnetic
coupling (M-MFU) is a suitable approach to generate high-frequency free
vibrations of the piezo-generator.

2. Developed numerical models allowed to identify the main static and dynamic
characteristics of magnetic interaction. It was determined that the duration of
force direction reversal tymp and the respective force ramping time
tramp = 0.5tjymp are critical excitation parameters that govern the operational
conditions of M-MFU.

3. A combined numerical-experimental study allowed to determine the most
important dynamic principles that govern performance of the piezo-generators
operating on the basis of M-MFU. Main results are as follows:
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3.1 For generating usable power outputs it is necessary to induce dynamic
mode (impulsive excitation) by achieving high speed of the driving
magnet so that dimensionless excitation parameters satisfy the condition
Of tjump / Tn < 1 (tramp/ trise < 2). Electrical outputs are ~15 and ~3 times
higher in the dynamic mode than in the quasi-static and transitory modes,
respectively.

3.2 For generating maximized power output it is necessary to induce
impulsive excitation that activates transient resonance, which is achieved
when tjymp becomes marginally smaller than the natural half-period of the
transducer, i.e. tump / Tn= 0.45 — 0.5 (tramp / tise = 0.9 — 1.0). During
transient resonance the response amplitudes are maximized and
frequencies of the forced and free vibration responses become equal to
the natural frequency f,, which is very useful because it is sufficient to
apply a constant matched load resistance.

3.3 The established main principles of magnetic coupling dynamics and the
identified values of dimensionless excitation parameters may be directly
applied to rationally designing various magnetically-excited transducers
of arbitrary natural frequency and magnetic configuration.

The magneto-piezo-mechanical FE model of the designed proof-of-concept
piezo-generator does not require the application of computationally-intensive
COMSOL Moving Mesh method (ALE) and allows to calculate dynamic and
electric characteristics with less than ~10% error.

In comparison to the conventional single-magnet excited piezo-generator, the
proposed synchronized multi-magnet excitation method enables an increase
of the electrical outputs up to 33 % at transient resonance. The proposed
method is only effective when the following conditions are satisfied: i) the
distance between the magnets dn is tailored to satisfy tm = Tnand ii) the piezo-
generator is impulsively excited by achieving tjump / Tn < 1.

The proof-of-concept piezo-generator was fabricated and tested on the
treadmill under the targeted operating conditions. It was determined that the
proposed methods of magnet speed amplification and synchronized multi-
magnet excitation generator are effective in delivering a relatively stable
impulsive excitation of the transducer under biomechanical excitations of
different frequency (the variability of the generated voltage amplitudes does
not exceed ~15%).
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REZIUME

Temos aktualumas

Nuolatos gauséjantys mokslo tiriamieji darbai energijos surinkimo/generavimo
tematikoje rodo, kad autonominiy savikroviy (angl. ,,self-powered*) elektroniniy
jrenginiy poreikis nepaliaujamai didéja. Absoliuti dauguma jvairios paskirties
neSiojamy, dévimy bei implantuojamy iSmaniyjy sistemy veikia naudodamos
tradicines baterijas ar akumuliatorius, kurie funkcionalumo, komfortabilumo ir
ekologiskumo atzvilgiu vis labiau nebetenkina dabartinés visuomenés poreikiy.
Elektrocheminiai energijos Saltiniai vartotojams asocijuojasi su nuolatiniais
baterijy keitimo ar akumuliatoriy jkrovimo ruipesciais. Taip pat, akivaizdu kad
tvaraus vartojimo kontekste bitinybé tinkamai utilizuoti elektrocheminiy
elementy kenksmingas atliekas yra rimta aplinkosauginé problema. Mus
supancioje aplinkoje ypa¢ gausu kinetinés energijos jskaitant ir biomechaning
energijg zmogaus kiino daliy judesiy pavidalu. Todél vienais i$ perspektyviausiy
yra laikomi vibraciniai energijos generatoriai su jterptomis sumaniosiomis pjezo
medziagomis. Dél nesudétingos konstrukcijos (salyginai nesudétingas
miniatilirizavimas) ir pakankamai auksto pjezo medZiagy energetinio tankio
pjezoelektriniai vibraciniai energijos generatoriai yra neretai pranaSesni
mikro/meso lygmenyje uz analogiskus elektromagnetinius, elektrostatinius ar
triboelektrinius jrenginius. Tam kad energijos generatorius veikdamas ultra-zemo
daznio biomechaninio suzadinimo metu generuoty didesnj kiekj elektros energijos
naudojamas mechaninis daznio aukstinimo (MDA) (angl. ,,mechanical frequency
up-conversion®) metodas. kuris yra vienas perspektyviausiy pjezogeneratoriy
veikimo efektyvinimo metody zemadaznéje aplinkoje.
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Tyrimo tikslas ir uzdaviniai

Tyrimo tikslas — suprojektuoti, pagaminti ir istirti biomechatroniniy sistemy
pjezoelektrinj  vibracinj energijos generatoriy, praktiSkai panaudojama
zemadaznio biomechaninio suzadinimo salygomis.

1. Atlikti egzistuojanciy biomechaniniy vibraciniy energijos generatoriy
literatiiros apzvalgg, didziausia démesj skiriant daznio aukStinimo principu
veikianciy pjezogeneratoriy konstrukcijy ypatumams.

2. Sudaryti daznio auks$tinimo procese dalyvaujandios magnetinés saveikos
skaitinius modelius, atlikti jy analitinj ir eksperimentinj verifikavima bei
analize, siekiant jvertinti suzadinimo impulsy dinamines charakteristikas.

3. Taikant skaitinius ir eksperimentinius tyrimo metodus, iStirti magnetinio
sankybio pagrindu funkcionuojantj vibracinio energijos generavimo procesa,
siekiant nustatyti esminius dinamikos principus ir Kiekybinius Kriterijus,
butinus  projektuojant  praktiSkai  panaudojamus  biomechaninius
pjezogeneratorius.

4. Sudaryti ir verifikuoti projektuojamo biomechaninio pjezogeneratoriaus
skaitinj dinaminj modelj ir atlikti skai¢iavimus, siekiant jvertinti jrenginio
vibracines ir elektrines charakteristikas.

5. Realizuoti ir iStirti magnetinio suzadinimo (daznio auk$tinimo) proceso
efektyvinimo biidus, siekiant padidinti biomechaninio pjezogeneratoriaus
pagaminamos elektros energijos kiekj sudétingomis Zemadaznio suzadinimo
salygomis.

6. Suprojektuoti, pagaminti ir iStestuoti realiomis sglygomis dévima
pjezoelektrinj energijos generatoriy, kuriame pritaikyti pasiilyti efektyvinimo
metodai.

Mokslinis naujumas

1. Atskleisti magnetinio sankybio pagrindu veikianéiy pjezogeneratoriy esminiai
dinamikos désningumai ir, pritaikius bedimensinius kintamuosius parametrus,
nustatyti ribinio ir veiksmingiausio magnetinio suzadinimo kiekybiniai
kriterijai, kuriuos tenkinant pasickiama santykinai auk$ta arba didZiausia
elektriné galia.

2. Sudaryti maziau skai¢iavimo resursy reikalaujantys magnetodinaminés bei
magneto-pjezo-mechaninés saveikos baigtiniy elementy modeliai, kuriuos
taikant kartu su identifikuotais Kiekybiniais dinaminiais Kriterijais, galima
racionaliai projektuoti jvairios magnetinés konfigliracijos ir tikrinio daznio
magnetinio sankybio pagrindu veikiancius pjezogeneratorius, veikiancius
didziausios galios rezimu.

3. Magnetinio sankybio pagrindu veikian¢iy pjezogeneratoriy veikimui
efektyvinti  pasitlyti  magnetinio  jgreitinimo ir  sinchronizuoto
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daugiamagnetinio suzadinimo metodai, kurie uztikrina pakankamai tyly ir
patikima jrenginio veikima didziausios galios rezimu (pareinamojo rezonanso
aplinkoje) placiame biomechaninio Zadinimo parametry intervale.

Ginamieji teiginiai

1.

Pasitelkus kombinuotos skaitinés-eksperimentinés tyrimy metodika jrodyta,
kad maksimalus elektros energijos kiekis pagaminamas tada, kai keitiklis
veikia pereinamojo rezonanso rezimu, kai susilygina Virpesiy daznis visuose
pereinamojo atsako etapuose (priverstiniy ir laisvyjy virpesiy fazése).
Daugiafizikinis magneto-pjezo-mechaninis baigtiniy elementy modelis sudaro
galimybes nedideliais kompiuteriniais resursais pakankamai tiksliai
prognozuoti jvairios sudétingos magnetinés konfigtiracijos, daznio aukstinimo
principu veikianc¢iy pjezogeneratoriy dinamines ir elektrines charakteristikas.
Magnetinio jgreitinimo metodas yra saugus (patvarus) ir veiksmingas
bekontaktinio mechaninio suzadinimo buidas, uztikrinantis nagrinéjamo
pjezogeneratoriaus veikimag didziausios galios rezimu (pareinamojo rezonanso
aplinkoje), kai jrenginys yra zadinamas aktyviai judancio zmogaus ranky
mostais.

Sinchronizuoto daugiamagnetinio suzadinimo metodas yra veiksmingas ir
sudaro galimybes naudojant du varanciuosius magnetus trecdaliu padidinti
generuojamos energijos kiekj kiekvieno jrenginio veikimo ciklo metu
(palyginti su atveju, kai suzadinimui pasitelkiamas vienas magnetas).
Sukurtas dévimas biomechaninis pjezogeneratorius yra originalios
konstrukcijos, j kurig racionaliai integruotos magnetinio jgreitinimo ir
sinchronizuoto daugiamagnetinio suzadinimo posistemés (netrukdo viena Kitai
tinkamai funkcionuoti), uztikrinancios pakankamai tyly jrenginio darba
didziausios galios rezimu jvairiomis biomechaninio suzadinimo saglygomis.

Praktine verte

1.

Baigtiniy elementy modeliai ir identifikuoti kiekybiniai dinaminiai kriterijai
yra naudingi kuriant jvairiy konstrukciniy parametry pjezogeneratorius,
veikian¢ius magnetinio sankybio pagrindu.

Daugiakanalis nekontaktiniy matavimy stendas, sinchroniskai registruojantis
dinaminius ir elektrinius / magnetinius sistemos parametrus, gali bti
naudojamas  jvairios  magnetinés  konfigiiracijos  pjezogeneratoriy
eksperimentiniams tyrimams.

. Magnetinio jgreitinimo ir sinchronizuoto daugiamagnetinio suzadinimo

metodai gali biiti pritaikomi efektyvinti magnetinj suzadinima jvairiuose
pjezogeneratoriuose, veikian¢iuose magnetinio sankybio pagrindu.
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4. Pasitlytoji biomechaninio pjezogeneratoriaus konstrukcija gali biti
miniatifirizuota  ir  pritaikyta  jkrauti akumuliatoriams  jvairiuose
nesiojamuose / dévimuose elektronikos jrenginiuose (fiziologinés buklés
stebésenos prietaisuose, i§maniuosiuose jrenginiuose ir kt.).

Pirmame, literatiiros apzvalgos, skyriuje pateikta bendroji mikroenergijos
generatoriy analizé, apzvelgti jvairiis biomechaniniy generatoriy tipai ir veikimo
principai, aptarti jy triikumai ir pranaSumai.

Antrame skyriuje aptartas tiriamo pjezogeneratoriaus, veikiancio
magnetinio sankybio (mechaninio daznio auks$tinimo) pagrindu, veikimo
principas. Aprasyti sudaryti magnetostatinis ir magnetodinaminis baigtiniy
elementy modeliai, skirti analizuoti saveika tarp dviejy nuolatiniy magnety,
atliktas modeliy verifikavimas ir skai¢iavimai, kuriais nustatomos svarbiausios
sistemoje veikian¢iy magnetiniy jégy ypatybés, jvertintos suzadinimo impulsy
laikinés ir amplitudinés charakteristikos.

Treciame skyriuje pateikiamas atliktas iSsamus magnetinio sankybio
pagrindu veikianio vibracinio energijos generavimo proceso tyrimas. Pritaikius
eksperimentinius ir skaitinius metodus, sistemingai iSnagrinéti pjezogeneratoriaus
veikimo rezimai jvairiomis magnetinio suzadinimo salygomis. ISanalizavus
nekontaktiniy matavimy stende iSmatuotus pereinamuosius atsakus, nustatytos
magnetiniy jégy deformuojamo keitiklio dinaminiy ir elektriniy charakteristiky
priklausomybés nuo  suzadinimo parametry.  Apibudinti  svarbiausi
pjezogeneratoriaus  dinamikos ir  energijos generavimo désningumai,
identifikuotos ribinio ir efektyviausio suzadinimo sglygos.

Ketvirtame skyriuje pateikiami pjezogeneratoriaus magnetinio suzadinimo
efektyvinimo  metodai:  magnetinis  jgreitinimas  ir  sinchronizuotas
daugiamagnetinis suzadinimas. ApraSytas sudarytas daugiafizikinis magneto-
pjezo-mechaninis baigtiniy elementy modelis, atliktas eksperimentinis jo
verifikavimas. Pateiktas pagal matematinius modelius suprojektuotas ir
pagamintas dévimo biomechaninio pjezogeneratoriaus maketas su integruotomis
suzadinimo efektyvinimo posistemémis. Pateikti maketo laboratoriniy bandymy
rezultatai, gauti imitavus realias jrenginio eksploatavimo salygas, iSnagrinétos
iSmatuotos dinaminés ir elektrinés charakteristikos.

Disertacijos iSvadose apibendrinami svarbiausi atlikty teoriniy ir
eksperimentiniy tyrimy rezultatai.

ISvados

1. ISsami egzistuojanCiy biomechaniniy energijos generatoriy literatiiros
apzvalga atskleidé, kad vibraciniai pjezogeneratoriai dél auksto energijos
tankio ir miniatifirizavimo galimybiy turi placias perspektyvas biiti panaudoti
Siuolaikiniuose autonominiuose dévimuose ar neSiojamuose elektroniniuose
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jrenginiuose. Veikimo efektyvumo prasme esminis pjezogeneratoriy trikumas

yra tas, kad juose didesni elektros energijos Kiekiai yra gaminami tik rezonanso

aplinkoje  aukStesniy  dazniy  intervale.  Taéiau, biomechaniniai

pjezogeneratoriai yra zadinami itin Zemo daznio Zmogaus kiino judesiais (< 10

Hz), o tai reiskia, kad jrenginio elektriné galia yra labai nedidelé (P o f 3).

Siame darbe i$nagrinétas magnetinis daznio aukstinimo metodas yra vienas

perspektyviausiy pjezogeneratoriy veikimo efektyvinimo Zemadaznéje

aplinkoje budy.

Sudarytais matematiniais modeliais jvertintos svarbiausios statinés ir

dinaminés magnetinés saveikos charakteristikos. Nustatyta, kad magnetinés

jégos reversijos trukmé trev, 0 kartu ir jégos uzaugimo trukmé tyr = 0.5ty yra
pagrindiniai suzadinimo parametrai, kurie nusako nagrinéjamo daZnio
aukstinimo proceso funkcionavimo salygas.

Gauti eksperimentiniai ir skaitiniai rezultatai leido atskleisti svarbiausius

energijos generavima lemiancius dinamikos désningumus:

3.1 Siekiant realizuoti pjezogeneratoriaus veikima dinaminiame (impulsinio
suzadinimo) rezime, biitina naudoti auks$ta varanciojo magneto greitj,
kuris uztikrinty tai, kad bedimensiniai magnetinio suzadinimo parametrai
tenkinty salyga trev / Tt < 1 (tur/ tk < 2). Nustatyta, kad dinaminiame
rezime generuojama vidutiné galia ir suminé energija yra iki ~15 ir ~3
karty didesné nei, atitinkamai, kvazistatiniame ir pereinamajame
rezimuose.

3.2 Veiksmingiausias impulsinio magnetinio suzadinimo rezimas
pasiekiamas Keitikliui veikiant pereinamajame rezonanse, kurio metu
generuojama didziausia elektriné galia. Pereinamasis rezonansas
pasiekiamas tada, Kai trev yra Siek tiek trumpesné uz keitiklio tikrinj
pusperiodj, t. Y. tres/ Tt = 0.45 - 0.5 (tur/ tk = 0.9 — 1.0). Rezonanso metu
keitiklio virpesiy daznis priverstiniy ir laisvyjy virpesiy fazése tampa
lygus keitiklio pirmosios skersiniy virpesiy formos dazniui f;, 0 tai rodo,
kad elektriné galia gali biiti maksimizuojama naudojant vienodo dydzio
suderintg varza.

3.3 Atskleisti efektyvy energijos generavimg lemiantys magnetinio
suzadinimo principai ir bedimensingje formoje pateikti kiekybiniai
suzadinimo kriterijai pritaikomi projektuojant jvairios magnetinés
konfigitiracijos ir skirtingo tikrinio daznio pjezogeneratorius, kurie veikia
magnetinio sankybio (mechaninio daznio aukstinimo) pagrindu.

Realizuotas pjezogeneratoriaus maketo skaitinis BE modelis (nenaudojantis

dideliy skaiCiavimo resursy reikalaujancio judancio tinklelio metodo) leido

nustatyti magnetiniy jégy deformuojamo keitiklio dinaminiy ir elektriniy
charakteristiky priklausomybes nuo suzadinimo parametry su mazesne nei ~10

% paklaida.
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5. Pjezogeneratorius, veikdamas pereinamajame rezonanse ir iSnaudodamas
jgreitinto SDS metoda, pasiekia apie 33 % didesng viduting galig ir suming
energija suderintos varzos salygomis nei jrenginys suzadinimui naudojantis
viena varomajj magneta. Siekiant, kad SDS metodas biity veiksmingas, biitina
naudoti aukstg ir pastovy suzadinimo greitj ir tinkama nuo jo priklausoma
atstumg tarp varanéiyjy magnety dm. Sis greitis uztikrina impulsinj suzadinima
tuomet, kai keitiklio lenkime dominuojancios aSinés jégos reversijos ir
skersinés jégos impulso bedimensinés trukmés (atitinkamai, trey/ Ty ir t(Fy)wi/
Ty tampa maZzesnés uz vieneta. Kartu abu parametrai lemia trukm¢ tarp
pakartotiny suzadinimy tm = dm / Vi, kuri turi buti artima keitiklio tikriniam
periodui (tm / Tt = ~1).

6. Atlikus pagaminto pjezogeneratoriaus maketo veikimo bandymus ant bégimo
takelio, imituojant realias eksploatacines salygas, nustatyta, kad pasitlyti
varanéiyjy magnety jgreitinimo ir SDS metodai yra veiksmingi nes uztikrina
pakankamai pastovy impulsinj keitiklio magnetinj suzadinima esant kintamo
daznio biomechaninio zadinimo salygoms (generuojamy jtampos signaly
amplitudziy sklaida nevirsija ~15 %).

Darbo rezultaty aprobavimas

Disertacijoje pateikti tyrimy rezultatai buvo paskelbti penkiose
publikacijose: dviejuose Web of Science duomeny bazéje referuojamuose
leidiniuose su citavimo indeksu ir trijose publikacijose konferencijy pranesimy
medziagoje.
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