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INTRODUCTION

The Phd thesis is structured in five chapters to which are added the introduction and
personal contributions, the development perspectives, respectively. The thesis follows the
structure of a general energy harvesting system, from the primary converter, to the
conditioning stage of the harvested energy, respectively the storage stage, to the supply of the
final consumers. The structure of the energy harvesting system is repeated at the beginning of
each chapter.

Chapter 1, “Energy harvesting for low power applications”, is a state-of-the art on the
sources, methods and materials used in harvesting systems.

Chapter 2, “Converters for harvesting mechanical energy” examines three harvesting
devices. The first device uses piezoelectric materials. Two constructive models are analized.
The second analyzed device is a magnetostrictive actuator (MSA) for which there is a need of
a spectral analysis. The optimal level of the mechanical spring prestress is established. The
operation at excitation in current and in PWM voltage is compared. The last device uses the
deformation movement of the arterial walls to extract electrical voltage.

Chapter 3, “Conditioning of harvested energy” is dedicated to the energy conditioning
stage. Some converters and inductors used in this step are presented, as well as the principle
and modes of operation of the flyback converter. Models of different complexities are
analyzed. The first model is an inductor (transformer) supplied from a direct current source,
respectively a PWM voltage source, for which different regimes are analyzed: open-circuit,
short circuit and load, and concentrated circuit parameters are calculated. We then analyze a
flyback inductor for which we have two constructive models: with air and non-magnetic
media, and with magnetic nanofluid (MNF 500), respectively. For these two alternatives, the
optimal size of the air gap is established, for which we get the largest amount of stored
magnetic energy. The load circuit is dimensioned, and a thermal study is conducted. The last
analyzed inductor model has spiral windings, not cylinders (simplified variant). Last part is
concerned with the operation of a transformer with galvanic insulation, for which a parametric
study is performed. Different dimensions of the space between the windings are modelled,
and the positioning of the magnetic screen is done accordingly. The circuit paramters values
are computed.

Chapter 4, "Storage of harvested energy” is a state-of-the-art study of the available
energy storage devices. The alternatives that we have available at the moment is outlined. In
the last part of the chapter a supercapacitor with carbon nanotubes is studied. The analysis is a
documentary one, the model is from the literature and involves the structural and constructive
optimization of the elementary cell of the supercapacitor for which various higher order
assemblies are subsequently made.

Chapter five, "Wireless sensor networks" aims to analyze the last stage of an EH
system, namely the end consumers represented by the nodes of a wireless sensor network. A
WSN network, with nodes randomly placed on a given surface of a given size is simulated. A
multi-hop routing protocol is analyzed. For this way of communication, two cases are
considered, a 30 nodes network, and a 50 nodes network, respectively.
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CHAPTER 1 ENERGY HARVESTING FOR LOW POWER
APPLICATIONS

1.1. ENERGY HARVESTING SYSTEMS

The harvesting unit is reprezented by the primary converter.

The storing unit is optional and comprised of batteries and/or supercapacitors.

The energy conversion unit is composed of different converters, transformers and
inductors with the role of adapting the energy collected.

The load unit is made of different sensors, microcontrollers etc.

1.2 PRINCIPLES AND METHODS FOR HARVESTING ENVIRONMENTAL ENERGY
1.2.1. Solar energy

The efficiency of photovoltaic conversion is also affected by the reflection of incident
sunlight in the cell, when electrons recombine with the gaps.

The Construction Law (CL) dictates the evolution of flow in systems over time,
reaching superior configurations to provide easier access to the currents flowing through them
[1-2]. LC represents an optimization criterion of FV cells.

The maximum power point - MPP - indicates the point on the current-voltage
characteristic graph, determined by the intersection of the values of the short-circuit current
with the open-circuit voltage, when the value of the product between them is maximum [3,4].

The tracking system optimizes the position of the PV cell relative to the MPP.
1.2.2. Mechanical energy

Different converters are used to harvest energy from different mechanical energy
sources whose power must be known in advance. Mechanical electromagnetic (inductive)
converters use the law of electromagnetic induction for mechano-electrical conversion.
Electrostatic mechanical energy converters are the second category of devices used in the
conversion of mechanical energy. Piezoelectric converters use the direct piezoelectric
properties of piezoelectric materials. There are two operating modes, ds3 and mode 31, dai,
respectively. Magnetostrictive generators use a deformation field to provide a magnetic field.

1.2.3. Thermal energy

Thermoelectric effects (Peltier, Seebeck, Thomson) are used for thermoelectric
conversion.

1.2.4. Other sources of energy

The energy provided by radio frequency (RF) waves refers to the energy provided by
various electronic devices. Harvesting from acoustic energy sources is another efficient
method of supplying low power consumers [5-8].
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CHAPTER 2 CONVERTERS FOR HARVESTING MECHANICAL
ENERGY

Figure 2.1 shows the diagram of a mechanical EH system. With dotted lines optional
blocks are represented. The primary mechanical-electrical converters are analyzed.

Mechanical- ——_——————— \
electrical converter DC - DC converter ~ |===p|  Energy storage |
S J

2.1. Block diagram of a mechanical energy harvesting system.
Three conversion devices, that use different principles and phenomena are presented.
2.1 PIEZOELECTRIC BIOMECHANICAL ENERGY HARVESTING DEVICE
2.1.1. Computational domain

Figure 2.2 shows the 3D computational domain and the mesh of the adapted device,
with a single, and with two limiting blades, respectively.

PZT bimorphs

stator h O\
[ “". ""‘-‘ [ {f Pz "%‘ \
| T o
\ i o 'u\‘ \ R / /
rotor A < A
a. Tridimensional model [9]. b. 2D model with a single limiting  ¢. 2D model with two limiting
balde [10]. iron blades [11].

Fig. 2.2 3D computational domain and simplified 2D discretization network with one and two
limiting blades, respectively.

The device consists of a stator and a rotor that have at their proximal ends some
bimorphic PZT material blades integrated between two layers of foam between two other
layers of aluminum.

2.1.2. Mathematical model
The relation between the piezoelectric coefficients is given by [9]:
G =dKe,, (2.1)
where d [m/V] is the piezoelectric coefficient, K is the coupling factor and G [Vm/N] is the

open circuit coefficient. The mathematical model which describes the electric and structural
field coupling is given by:
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T=s..-T-d'-E
%€ | 2.2)
D=d:-S+¢gs, -E

where T is the strain, S is the stress, se [Pa!], and d [V!], respectively is the compliance and
coupling matrix, respectively, (d)! is the transposition operator, E [V/m] is the electric field

strength, D [C/m?] is the electric flux density, g and & are the electrical permittivity of free
space and the relative electric permittivity, respectively.

2.1.3. Numerical simulation results

The maximum deformations for both constructive cases for rotational angles of o = 0°
.. 3,1% and a = 0° ... 2°, respectively are presented in Fig. 2.3, amplified two times.
\ .

\ I
| A !
\ \
i ‘ 1

| ——

"‘ " f"‘
a. One limiting blade, dmax =3 mm. b. Two blades, dmax = 14,5 mm.

Fig. 2.3. Deforming field of the PZT and limiting blades for both models, amplified two times.
The electric potential for both models is presented in Fig. 2.4.

a. With one blade; forQe ... 3,1° b. With two bladés, for 0° ... 2°
Fig. 2.4. Piezoelectric votage for both models, with one and two limiting blades..

The portable piezoelectric device is versatile, flexible and scalable. It can be used on
different joints and can be adapted by incorporating several PZT blades.

2.2. MAGNETOSTRICTIV ACTUATOR

Magnetostrictive actuators (MSA) use a magnetostrictive medium (MS) that can be
deformed by a magnetic field provided by magnets and / or windings.

2.2.1. Physical, computational domain

In Fig. 2.5, a is the 2D computational domain with axial symmetry used only in PWM

current supply, followed by the 3D domains that allowed the PWM voltage excitation of the
windings, used in solving various field problems.
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Actuating rod

Case

/

Acting winding

\Magnetizing

wnding

Air

Magnet

Terfenol-D

a. 2D with axial symmetry domain — after [12].

Fe case —'TT" } Air
Air dumaii&i:_‘i/.} 4 S?eel
— 1 piece

C/ /j/

e ~— —_— s
i Driving

Elastic d Actuating
Layer \>\L rod

L - )

\ E<

windin,
Terfenol-D ‘ // .

) \ | Bias
Fixed / winding
'l ;

Air
| ‘ / /

Fe case o
Fe i‘ J ‘,‘

| y
| y

b. 3D domain used in
structural field [13].

=

Air

Elastic __ g— Actuating
La‘\'er\uj/ rod

I

~;L// Air
Steel ‘LU/
piece \’ >

Displacement ’
Bias

winding

X

Driving
Terfenol-D winding

Displacement
Fe case .

LY

Il _— Fixed

Vi =

C. a quarter of the domain, used
in electromagnetic field [13].

Fig. 2.5. Computational domains for 2D with axial symmetry model and 3D, respectively.

For the 2D model we analyze different structures of MMS for which a constructive
optimization is performed [12]. The results are compared with those obtained for PWM
voltage excitation, where the premagnetization field is created only by the magnetizing
winding (bias).

2.2.2. Mathematical model of the MSA

For Fig. 25,a the mathematical model described by the magnetic potential potential
due to the azimuthal component and the supply amperturns is:

G%JerH:O, (2.3)

For the MS material:

OA 11 e
GE+V><@OMVXA):J¢, (2.4)

where J; [A/m?] is the electric current density, azimuthal component, H [A/m] is the

magnetic field strength and A = Aee, [T-m] is the magnetic vector potential, azimuthal
component.

The MS coefficient expresses in linear limits the strain and magnetization state [12]:

2
7\‘)’2:27\&9(0‘32_1} 227\‘5 Mr’z _l !
27\ T3 T My ) 3

where A is the MS coefficient in r and z directions, which depends on the value of the MS
constant, As.

(2.5)

The electromagnetic field is described by the electromagnetic induction, and
conduction law, respectively, and by magnetic and electric circuit law [12-16]:
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vm:-%,v-szo,vm:a,a:ce. (2.6)

Here, E [V/m] is the electric field strength, B [T] is the magnetic flux density, o [S/m] is the
electrical conductivity, and, p [H/m] is the magnetic permeability. The magnetic field of the
displacement current density is neglected here.

The constitutive law for MMS is [13]:

B=p,[H+M(HS, )+M,], (2.7)

where M [A/m] is the temporarily magnetization deformarea mecanica, Sm, and M, [A/m] is
the remanent magnetization.

The nonlinear dependency of MS coefficient with respect of the magnetic field and
strain is [13]

2
x:ixs[m] , (2.8)

As = 0.0012 is the MS constant [2], and Ms[A/m] is the saturation magnetization. The
magnetic core, from soft iron, is magnetically isolated. The linear constitutive laws that
describe the coupling inside MMS, regardless of the powering scheme, is given by [13]:

S=n,T+dH

, (2.9)
B=dT +p,H

where S [/] is the strain, T [N/m?] is the stress, n,=aS/éH is the compliance at constant

magnetic field, d [m/A] is the piezomagnetic constant and pr [H/m] is the magnetic
permeability at constant strain. The strain-stress relation because of prestress is described by
the generalized Hooke's law [13,17-18]:

T=C(S-S,)+T, (2.10)
where C [N/m] is the stifness and (-)i indicates the initial state. The uniaxial assumption links
the MSC shape change to stress S=0w/dz, which is subject of the strain gradient
T Joz = p6*w/oz? , where w=w(z(t)) is the position and p [kg/m°] is the mass density. Using
(2.7) and (2.10) and the above relations, the mathematical model for MSC is [19-24]

2 2 2
—pd7 2 |2-| +u66—H=V2H +Ma—1——c a—T,
ot ot p ot ot (2.11)
oT_oT_ Lo
Moz =2 ™ a2
The coupling (2.11) is applied only to MSC. For all other domains (2.10) becomes:
uc%—?zvzH. (2.12)

10
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2.2.3. Numerical simulation results
PWM current excitation (model with one magnet in the MSC)

Figure 2.6 presents the excitation current for driving, and bias coils, respectively, for
frwm = 100 Hz (Fig. 2.5,a), and also the displacement of the actuating rod.

Densitatea de curent prin bobine

5
5 — . . . —
45 Ll \] \‘ : o = \ ‘
4 / ' Faa \ | :
3 4 \ ‘ ; i *
; ‘x / i 5
7 ,\ Vs Fl z
[ \ // \ §as
Gl | 7 : | g
wshd / \ | \‘ 2
R ’/ | o] / \ \ 15
i W / |\ 1
0 0.002 0.004 0,006 0,008 0.01 0.012 0.014 0.016 0.018 0 o
Timp [s]
L 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Timp [s]
a. electric current density coil excitation. b. the displacement of the actuating rod.

Fig. 2.6. The exciting current at fewm = 100 Hz and k a:= 70 %, and the displacement of the actuating
rod without prestress[12].

Different duty cycles were used, Kact = 70% and knias = 80 %, respectively. For this
model a structural optimization is conducted by varying the height and then the number of
permanent magnets from MSC structure, without changing the volume.

PWM voltage excitation (model without magnet in MSC structure)

The mathematical model from (2.7) — (2.13) was solved for the computational domain
from Fig. 2.11,c. The excitation currents were deducted from the PWM voltage supply model.
Reduced displacements and longer stabilization time is depicted for PWM current excitation.

The friction effect on the output connector — slip fit bearing

The displacement of the actuating rod, with friction, ¢ = 0.01 [17,25] presents lower
values and a slight delay compared with the model without friction.

Mechanical Prestress

The MSC deformation is depicted in Fig. 2.7, amplified by 5 times, for two moments
which corresponds with the extreme positions of the rod for Fps = 500 N/m, without friction.

11
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Amax=13.6 nm Aoy =31.2 n1m

( T‘/\ ”—'"‘T////
\ \ “/“ ;‘?“
AT
e

a. Att=0.212s.. b. Att=0.032s.
Fig. 2.7. The displacement of the actuating rod for two different times. Friction is neglected.

Figure 2.8 depicts the displacement of the rod for different prestress levels, Fps.

.E.0.05----A!--nnl‘-..l-‘-.'..l...,'352

a 1 2355 N/m Z

b ] 1000 N/m 1200N/m[ =~
0044 500 N/m L /ot

0.033
0.02

0.01-¢-

043 t R

0 0.01 0.02 0. 2
t[s]
Fig. 2.8. The displacement of the actuating rod with increase prestress level, Fps.

There is a relation between the mechanical eigenfrequencies and the elelctromagnetic
properties and also the PWM frequency spectrum.
2.2.4 Mechanical-electrical spectral analysis
The frequency spectrum for voltage excitation at 30 V, fpwm = 100 Hz, k = 30% is in

Fig. 2.9. The most significant frequency is fe = 150 Hz, electrical frequency which, together
with frwm = 100 Hz, will be compared to the mechanical eigenfrequencies, f.

12
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20

—y

Voitage .

0 1

i T T T
0 100 200 300 400 500 600 700

S Hz]

Fig. 2.9. The frequency components amplitude for PWM voltage supply, at 30 V, fpwm = 100 Hz and
with k = 30 %.

The natural frequencies show the four most important mechanical frequencies, fm,
found around the frequency, fe and are included in Table 2.1, accordingly with the Fps value.

Tabel 2.1 Structural eigenfrequencies around fe = 150 Hz (fewm = 100 Hz) for different
prestress values, Fps. Friction is neglected.

Fps [N/m] fm1 [Hz] fm2 [Hz] fms [HZ] fma [HZ]
500 43.237 70.511 132.51 213.04
750 47.571 85.113 138.23 263.01

1000 49.815 97.583 143.84 293.583

1200 48.986 102.406 158.02 291.437

1500 47.396 119.245 164.24 292.951

2355 47.368 150.001 188.11 290.87

Adjusting the PWM frequency

Tabel 2.2 presents the electrical fundamental frequencies, fe, and the first most
significat displacement frequencies, fg, at fpwm = 100 Hz, 85 Hz and 43 Hz.

Tabel 2.2 The electrical, f., and displacement frequencies, fy, for different fowm™ values.

o [H2] f, [Hz]™ - fo [sz] f
d21 d,2 d,3
13 68 7.45 9.09 163
85 127 511 7.06 17.05
100 150 8.36 3.58 20.30

“k = 30%, Fps = 500 N/m; ™ Values are rounded.

Table 2.2 shows the eigenfrequencies (fm1 = 43.237 Hz) close to fpwm = 43 Hz and
another frequency (fm2 = 70.511 Hz) relatively close to its frequency, f. = 68 Hz, but no
structural eigenfrequency is not found near fpwm = 85 Hz (fe = 100 Hz) or near PWM
frequency frpwm = 100 Hz (fe = 150 Hz).
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2.2.5. Conclusions
The sizing of MSA must take into account fe and f, rather than fewm.
2.3 EH DEVICE BY ARTERIAL WALL DEFORMATION
2.3.1. Computational domain

An EH device that uses deformation of the arterial wall during a cardiac cycle is
analyzed [26-28]. The calculation range is represented in Figs. 2.10.

Arterial wall \ ‘ '_ N
| i

Main chamber, L
mercury R ——

5

%107 m
e Arterial blood
vessel

!

Chanel, mercury

Muscle tissue

Electrodes
Permanent ST — T | |
magnets 1 fl il TS a\ ' Deformable
(Il Vi : membrane
Buffer chamber, ‘ y ; I]:-'\x;f N I‘ &I . I/
mercury R S S —— ,;‘.,‘;-! |

5

Fig. 2.10. Computational domain and all constituent elements. The dimensions are in meters.

Blood flow causes wall deformation. The fluid is moved in the main chamber (MC)
and buffer chamber (BC) through four channels, in a magnetic field. A load resistor is
connected to the electrode terminals. A flexible membrane (FM), below the BC, allows the
flow in the opposite direction, from the BC to the MC through the 4 channels.

2.3.2. Mathematical model
Blood flow and conductive fluid flow

The Navier-Stokes equations (the momentum conservation law and the law of mass
conservation,  respectively)  fully  describe the flow of arterial blood:

pg—l:+p(u-V)u=—Vp+nV2u, (2.13)

V.u=0, (2.14)

here u [m/s] is the blood velocity, p [kg/m®] is the mass density, p [Pa] is the pressure,
n [Pa-s] represents the dynamic viscosity. For mercury the momentul conservation law is
given by:
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paat_u+p(u.v)u=—Vp+nV2u+JxB, (2.15)

here J [A/m?] represents the electrical current density between the electrodes, and B [T] is the
magnetic flux density.

V-u=0, (2.16)
here u [m/s] is the flow of the mercury.

At the entrance to the blood vessel the systolic pressure is imposed, and at the exit the
diastolic one. The walls of the vessel will have a no-slip condition, and a slip condition for the
interior boundaries of the chambers.

Deformation field
Hooke's law characterizes mechanical deformation:
oM = Eg, (217)

here om represents the strain, E is the elasticity matrix and ¢ is the stress matrix. Fixed
boundaries are specified at both ends of the wall and at the interior and exterior membranes so
it deforms only on z axis.

Electromagnetic field
The electromagnetic field is given by Faraday’s law, the magnetic and electric flux
law, the magnetic circuit, the electric conduction, and the electric charge conservation laws:

VxE:—z—?,V-B:O,V-szV,VXH:J,chE,V-Jzo (2.18)

here E [V/m] is the electric field strength, D [C/m?] is the electric flux density, py [C/m®] is
the electric charge density, Br [T] is the remanent magnetic flux density, H [A/m] is the
magnetic field strength, o [S/m] is the electrical conductivity.

2.3.3. Numerical simulation results

Figure 2.11 presents the induced open-circuit voltage, and short-circuit current.
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a. Open-circuit voltage for Rs =1 MQ. b.Short-circuit current for Rs=1 uQ.

Fig. 2.11. Open-circuit voltage, and short-circuit current at the terminals.
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This seems to indicate that the load resistance still has a certain level of power before
the start of a new cycle.

2.4 CONCLUSIONS

The piezoelectric device is able to generate much higher voltages by integrating
several more blades in its construction.

Increasing the fpwm value is a compromise solution, if the application does not allow
adjustment after Fps or fe and fm,

The implantable device is able to generate enough energy to power a pacemaker, but if
the scalability feature is considered, the power generated can be increased by integrating
several flow channels of higher heights.

CHAPTER 3. CONDITIONING OF THE HARVESTED ENERGY

3.1 INTRODUCTION

The conditioning stage adjusts the impedances by reducing voltage and current
variations.

3.1.1 Electrostatic switching dc — dc converters

Switching converters have superior performance and are classified, depending on the
circuit elements, into electrostatic and magnetic converters [29]. In electrostatic ones, the
transfer and conditioning of energy is carried out exclusively by capacitors that are connected
to the load in alternating cycles.

3.1.2 Magnetic switching dc — dc converters

In magnetic switching converters the energy is stored through capacitors and its
transfer through inductors. Switching losses are minimized. Another alternative is the flyback
converter (FBC).

3.2 FLYBACK CONVERTERS

As long as the primary is powered on, the secondary is disconnected, off, and
magnetic energy is stored through inductances which is then delivered to the load when the
secondary switches on, and the primary switches off. The amount of energy delivered to the
load determines how the FBC operates.

3.2.1 Construction and functioning
There are three modes of operation in terms of energy transfer [30-37]:

e Continuous conduction mode(CCM);
e Discontinuous conduction mode (DCM);
e Critical conduction mode or transition conduction mode (TCM).

The magnetic energy stored in DCM is partially delivered to the load, resulting in a
rest time between on-off switching which contributes to losses [32]. CCM is characterized by
minimal switching losses, almost non-existent rest time.
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3.2.2 Flyback converter inductors

Different types of inductors that are part of the FBC are classified according to the
number of windings.

3.2.3 Constructive design

Models of different complexities of FBT are presented, gradually, until we reach the
unsimplified model for which there is the constructed prototype represented in Fig. 3.1.

Fig. 3.1. FBT with hybrid core, ferrite and MNF (left) and spiral windings (right) [38].

Constructive models of inductors with non-magnetic media, respectively with
magnetic nanofluid media (MNF) will be analyzed.

3.3 A SIMPLIFIED MODEL FOR AN INDUCTOR (TRANSFORMER) WITH SPIRAL PLANAR
WINDINGS

The simplified model, shown in Figs. 3.2, is that of a transformer, 1:1, with planar
windings, of 30 turns each.

il P | intrefier din aer
]

-20

Carcasa
ferita

v, z
L.x | °
Volum aer

Suport non-magnetic, " fnfﬁsurare primara
Infisurare secundara

Fig. 3.2. Computational domain of the planar transformer, simplified, with an air gap in the central
column of the core. The dimensions are in millimeters. The windings are cylindrical discs.

3.3.1 Physical model of the electromagnetic field in the FB inductor

The electrokinetic problem provides the distribution of electric current density in
windings. The electrokinetic model is described by the following relation to partial
derivatives:

V-(cVV)=0, (3.1)
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where V [V] is the electrical potential and ¢ [S/m] is the electrical conductivity of the
windings. Boundary conditions are set at their terminals by specifying the null potential
condition. The outer surfaces of the coils are electrically insulated (n-J = 0).

For the device with MNF, the expression describing M-H dependency can be
linearized:

M = oarctan(BH)~ afH = xH, (3.2)

here, a = 7.668:10® [A/m] si p = 6,78:10* [m/A] are empirical constants [37-42], and
represents the magnetic susceptivity. Solving equation (3.1) will determine the distribution of
current density and will result in the magnetic field source given by the mathematical model:

Vx(uglu,’leA): J, (3.3)

where po [H/m] is the magnetic permeability of free space, W is the relative magnetic
permeability and A [T-m] is the magnetic vector potential.

3.3.2 Determination of steady state circuit parameters

The calculation of the circuit parameters is performed energetically, in steady state,
using the mathematical model from (3.1). The data are included in Table 3.1. The magnetic
energy stored in the air gap is calculated as follows [30]:

1 (NI
Wi = Euo(b_]' (3.4)

W

where N represents the number of turns of the winding considered, and bw represents the
distance, measured in meters, from the column to the ferrite housing. The wiring diagram
describing the inductor is included in Figs. 3.3.
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Fig. 3.3. Electrical equivalent circuit which models magnetic fluxes [42].

The mathematical model for the electromagnetic state in harmonic regime is:

(jcoc—wzsosr)A+Vx(uglur‘leAj =0, (3.5)

where A:A—jm’lw represents the calibration condition. The mathematical model that

characterizes the magnetic and electric field problem in PWM voltage supply is:

oH
AH=ocp—, 3.6,a
h (3.6,a)
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OE
AE =op"—, 3.6,b
on— (3.6,b)

3.3.3 Numerical results of the simplified stationary transformer
The mathematical model used to solve the problem is (3.1) and (3.3).
Tabel 3.1 Transformer circuit parameters.

Parametrii de circuit Valoare
L11 = La2 [MmH] 17.98
Lio [mH] 6.36
Lcapari, c.c [mH] 12.98
Lmag, C.C. [mH] 0.76
Lscapari, pwm [MH] 0.24
Lmag, PWM [mH] 068

3.3.4 Numerical results of the transformer, powered by a PWM voltage
source at 1 kHz

Three cases in the quasi-stationary regime are considered: close to the short-circuit
mode, Rs = 1 puQ, an intermediate value Rs, close to the open-circuit mode, with Rs = 1 MQ.
Figure 3.4 shows the induction of the magnetic field for the two values Rs.

b. RsleQ

Fig. 3.4 Magnetic induction spectrum in quasi-stationary regime at t = 0.284 ms (end of on period).

Figure 3.5 shows the distribution of the magnetic field and the density of the Hertzian
electric current density for different time moments, corresponding to the on-off interval.

a. Primary is on, secondary is off, at t = 3.28 ms. b. Primary is off, secondary is on, at t = 3.81 ms.

Fig. 3.5. Current density distribution (red tubes) and magnetic flux density. Values are in Tesla.
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Planar transformers have magnetic cores, which allow fewer turns, so low values of
resistances in alternating current, as well as low leakage inductances. The coil structure allows
minimizing losses at high frequencies due to the current distribution on the conductor surface.

3.4 THE MODEL OF A FB MINIATURE, PLANAR, SIMPLIFIED INDUCTOR WITH MNF—
CONCEPTUAL SIMPLIFIED MODEL

Two prototypes are considered: (A) — non-magnetic media, and (B) — MNF media.
3.4.1 Computational domain

In Figs. 3.6 shows the simplified geometry of the TFB, 1: 1. The windings are
simplified, represented by cylindrical discs, made of circular, concentric turns.

Ferri .
errite case /—\ Magnetic
Primary Lr;stlljlr:??:gnvectiggd
winding
Ferrite core
Secondary

winding Air / MNF 500 Gs

Air volume. ntrefier din aer, &

Non-magnetic ~ support
FR4 / MNF 500 Gs

thermal

. X Magnetic insulation and
insulation.

natural convection.

Fig. 3.6. Simplified computational domain of the FBT with different magnetic media and an air gap in
the central column of the ferrite case. The windings are cylindrical discs. (1:1).

Figure 3.7 shows the equivalent electrical circuit for the PWM voltage supplied FBT at
f = 1 kHz. The receiver is marked with a red dotted line.
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Fig. 3.7. Equivalent circuit at PWM supply voltage, Vi, at frequency of 1 kHz, resistive-capacitive load,
RC(C=0.03mFandR=1 Q).
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3.4.2 Load circuit design for different constructive alternatives

The consumer, which connects to the terminals of the secondary, is represented by a
light emitting diode, LED (light emitting diode), red in this case.
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Fig. 3.8. Equivalent electrical circuit for PWM voltage supply, at 10 kHz, with load consisting of RC,
and led, respectively (C =0.03 mF, Rs=1 Q).

Figure 3.9 shows the electrical powers of the capacitor for different values of the load
circuit elements determined in the off interval.
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Fig. 3.9. Electrical power for (A) and (B) for I: RC =0.03 ms, R=1 Q, C =0.03 mF,
respectively 1I: R =0.2 mQ and C = 0.15 mF.

Fig. 3.10 shows the dynamics of the stored magnetic energy in the air gap for model
(A) - without MNF and different values of R and C, computed during the on sequence.
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Fig. 3.10. Magnetic energy for (A) and (B) at (I) R=1 Q and C =0.03 mF, (II) R=0.2 mQ
and C=0.15mF, (Ill) R=1mQ and C = 0.03 F.
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By decreasing the load capacity value, C, the power increases, but the device does not
discharge completely when the off interval begins, resulting in a secondary circuit out of sync
with the PWM voltage.

3.4.3 Numerical simulation results for a miniature, simplified FBT in quasi-
stationary mode, powered by a PWM voltage source at 10 kHz

Figure 3.11 shows the distribution of the magnetic field when the primary is on and
the secondary is off, 6 = 1 mm, for both prototypes, (A) and (B).

A
P

a. Prototypé (A) - non_magnétic material. b. Prototype (B) - magnetic nanofluid material.

.

Fig. 3.11. Magnetic flux density, and Hertzian current density lines, 8 = 1 mm, different magnetic
media, C =0.03mFand R=1Q, att =0.13 ms. Values are in Tesla.

The thermal field is described by the general law, in stationary form:
v (kvT)+Q=0, (3.7)
where k [W-m™-K™] is the thermal conductivity, T [K] is the temperature and é[W/m3] is the
heat source (winding Joule losses). Current mean values are included in Tabel 3.2.

Tabel 3.2. Primary and secondary current mean values

5 [mm] Prototipul (A) Prototipul (B)
lprimary [A] Isecondary [A] lprimary [A] lsecondary [A]
1 0.171 0.302 0.199 0.387
0.5 0.148 0.304 0.172 0.383
0.25 0.145 0.294 0.169 0.377
0.1 0.54 0.351 0.187 0.419

The heat source can be considered stationary. The MNF movement is neglected. An
isothermal behavior with differences of up to one degree between model (A) and (B) is
observed.

Distributia puterii electrice de-a lungul circuitului de sarcina pentru & = 0,25 mm se
prezinta in Fig. 3.34.
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3.4.4 Numerical simulation results for the simplified TFB in quasi-stationary mode,
at 100 kHz frequency

The results are presented for f = 100 kHz, RC = 0.03 ms and two cases: for case (I)
with C =0.03mFand R=1Q, and (Ill) C = 0.03 F and R = 1 mQ, respectively. For model
(A), case (I) C =0.03 mF and R = 1 Q, the magnetic energies have slightly higher values than
(1), € =0.03 F and R = 1 mQ, where, regardless of size 3, the same peak value is kept. For
model (B) - MNF, case (111), the values are higher than (1).

3.5 MINIATURAL FBT, WITH SPIRAL WINDINGS AT A FREQUENCY OF 10 KHz, wITH
DIFFERENT MAGNETIC MEDIA

3.5.1 Computational domain
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Fig. 3.12. Computationl domain of the simplified FB inductor.
3.5.2 Numerical simulation results

Figure 3.13 shows the magnetic flux density for both models, with and without MNF.

a. Prototype (A) - non-magnetic material, Bpax= 1.2 T. b. Prototype (B) — MNF material, Brax = 1.8 T.

Fig. 3.13. Magnetic flux density distribution and electric current density lines, for 8 = 0.22 mm,
different magnetic media, C=0.03mFand R=1 Q, att =0.353 ms.
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Figure 3.14 shows the energy stored in the whole device for the model, (A) - without
MNF, respectively (B) - with MNF, for different values 3.
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Fig. 3.14. Magnetic energy variations for both models and for different values of 5.

3.5 GALVANIC SEPARATION TRANSFORMER

The insulation between the primary and secondary winding minimizes the conduction
phenomenon.

3.5.1 Galvanically isolated transformer in energy harvesting systems

The transformer is provided with a shielding film for limiting leakage flows, located
between the windings and the base support, made of a soft magnetic material

3.5.2 Computational domain

A single-phase, simplified, low power, 1:1 transformer, at sine voltage Vi1 = 20 V, at
frequency f = 50 Hz, in transient mode, with Rs= 100 Q is analyzed. The equivalent electrical
circuit is shown in Fig. 3.15 together with the computational domain.
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Fig. 3.15. Computational domain and electrical equivalent circuit that models the magnetic fluxes for
the low power transformer studied [43].

Consider different distances between the windings, d. Consider a second model that
has a magnetic screen at half distance. The last case considers ds = 6 mm and varies the
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position of the screen in relation to the windings. For the transformer core a nonlinear
dependence relation is used between the magnetic induction, B and the magnetic field
strength, H, given by the relation:

H= fQB)g, (3.8)

For the calculation of the magnetization reactance, Xm, the magnetic energy stored in
the volume of the core is used for the calculation of the magnetization inductance.

2 tH-B . : .
Lm=|—2 I Tdv [44] and subsequently it is used in the reactance calculation
\%

formula, X = ol .
3.5.4 Numerical simulation results

The resistance and reactance values are calculated and included in Table 3.3 These are
calculated based on a transient regime, at frequency f = 50 Hz, and voltage V1 =20 V.

Tabelul 3.3 The values of resistances and reactances for different dimensions of the distance between
the windings, with and without magnetic screen.

d with air aith air and magnetic shield
[mm] RiQ] Ro[QQ] Xi[Q] Xo[Q] Xm[Q] RiQ] Ro[Q] XiQ] Xo[Q] Xu[Q]
1 0.812 1.057 53.92 79.772 282.84 0.781 1.042 53.26 78.61 280.45

0.812 1.061 53.76 78.841  282.051 0.781 1.066 52.79 77.97 279.82

0.812 1.079 5345 78542 28191 0.781 1.085 5245 77.49 279.58

0.812 1.098 53.03 7835 281.73 0.781 1.112 5252 77.63 279.71

0.812 1108 52.88 78.014 28146 0.781 1.133 52.57 77.72 279.84

OB~ |W|IN

0.812 1112 5264 77896 281.18 0.781 1.168 52.69 77.84 279.98

Table 3.4 shows the parameter values for the third case and for two dimensions of the
magnetic screen (0.4 mm and 0.05 mm, respectively).

Tabel 3.4 The resistance and reactance values for different dimensions of the distance of the screen
from the primary winding and its two thicknesses.

d[mm] 0.4 mm 0.05 mm

Ri[Q] RIQ]  XQ] X Q] XalQ] RiQ] RoQ]  XiQ] XJ[Q] Xm[Q]

0.773 11915 5447 80.66 284.36 0.781 1.1618 53.29 79.04 283.85

0.773 11915 54.11 80.48 284.01 0.781 1.1641 53.46 79.70 283.62

0.773 1.1921 54.02 80.60 283.82 0.781 11624 52.67 78.75 283.37

0.773 11952 5456 8161 28357 0.781 11639 52.83 79.17 283.54

0.773 1.1957 5439 8164 28322 0.781 11641 52.63 79.09 283.68

0.773 1195 5399 8136 283.04 0.781 11641 5246 79.08 283.47

OO WINFL|O

0.773 1.1944 53.64 8117 28287 0.781 1.640 5221 79.05 283.53

The simulated model is working in load conditions, at Rs = 100 Q, the excitation of the
coils is in voltage, and the value of the supply voltage, sinusoidal at V1 =25V, and f = 50 Hz,
as long as the waveforms do not deform, keeping their appearance sinusoidal, the
ferromagnetic core does not saturate.

3.6 CONCLUSIONS
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The use of strong magnetic media causes high values of magnetic energy and
functions as an additional coupling factor between the windings. When dimensioning the load
circuit, the RC time constant must be taken into account, as well as the duty factor.

CHAPTER 4 STORAGE OF HARVESTED ENERGY

4.1 INTRODUCTION

The total energy must be greater than the energy consumed. In designing EH systems,
the storage capacity and the total consumption must be known beforehand.

4.2 ENERGY STORING DEVICES

The energy supply device choice is made taking into account the need and energy
constraints imposed at the level of the application or assembly to be supplied.

4.2.1 Batteries

The most used batteries are zinc, lithium and alkaline. Zinc ones have the highest
energy density, 3780 J / cm?®, but the lowest lifetime compared to lithium, with 2880 J / cm?,
and alkaline ones, with 1200 J / cm® and an intermediate life [45].

4.2.2 Supercapacitors

SC have low internal impedance values, long lifetimes, but have a low energy density
and a fast self-discharge speed of up to 5.9% per day.

4.2.3 Other energy storage devices

The development of microbatteries is due to the smaller size of the nodes that require
proper integration, the main obstacle is the reduced output power.

The inversely proportional dependence of the voltage-current makes it quite difficult
to integrate combustion micropiles in the supply stage without additional electronic circuits.
The integration of small-scale thermal micromotors was difficult to achieve. Due to the use of
silicon in the microfabrication stage, obstacles were removed and values of approx. 10-20 W
were reached for efficiencies of 5-20% [29,45].

4.3 COMPACT, INTERDIGITATED SUPERCAPACITOR SYSTEMS
4.3.1 Supercapacitors with carbon nanotubes

CL is applied to improve the performance of planar SCs with interdigitated electrode
configuration [46]

4.3.2 Computational domain
Figure 4.1 shows the initial shape of the elemental cell.
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a. Tridimenéibnal model b. Cross section in the xOz plane.
Fig. 4.1. The elemental cell, after [46]. The dimensions are in meters.
Its capacity can be calculated using stationary operating conditions, while the
electrical resistance can be characterized by electrokinetic operating conditions.
4.3.3 Numerical simulation results

Shape factor (FF) H / L (height / length) is used. CNT is divided into pairs. Figure 4.2
shows the electrical capacity, respectively the maximum capacities obtained depending on the
FF and the number of pairs [46].
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Fig. 4.2 The first optimization sequence [146].

Similar, Fig. 4.3,a shows the electrical resistance of the elemental cell as a function of
FF, and for Fig. 4.3, b the variation of the time constant in relation to the shape factor.
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Fig. 4.3. The electrical resistance,and the time constant, respectively, of the optimal elemental cell
depending on the number of NTC blocks. The second optimization sequence.

The optimal cell structure also takes into account the time constant, t = RC.
4.3.4 Higher order ensembles

The first four higher order assemblies obtained by successive mirrors of the
elementary cell are presented. The assembly strategy is based on parallel, successive
connections of lower-order assemblies to higher-order ones.

4.3.5 Conclusions

CL is applied to improve the performance of planar supercapacitor with CNT
electrodes and interdigitated electrode configurations. The CNT and the electrolyte between
them are represented by homogeneous blocks with relative anisotropic permittivities. The
only variable in the optimization sequence is FF. The maximum capacity is proportional to
the number of NTCs. Resistance decreases monotonously with FF

4.4 CONCLUSIONS

For the particular case, wireless sensor nodes, the storage stage cannot miss. The use
of SC optimization sequences aims to achieve higher values of energy density for the same
operating advantages.

CHAPTER 5 WIRELESS SENSOR NETWORKS

5.1 INTRODUCTION

EH advantages involve the reduction or elimination of battery costs and their
maintenance, the automatic warning of the nodes regarding the available energy (energy
aware), respectively the management of the available energy resources.
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5.2 WIRELESS SENSOR NODES
5.2.1 Main components of wireless sensor nodes

The basic components [47] of a wireless sensor node are shown in Figure 5.2. The
simplest structure of a node can be reduced to the following components:

Transmitter — receiver (Radio — Frequency);
microcontroller (MCU) 8 bit;

supply source and sensor;

other passive additional circuits.

RF transmitters must have an adjustable output power (allowing the optimization of
the transmission power) accessed through the memory registers.

Node tasks are coordinated by the MCU. MCU used in WSN will have standby
currents of approx. 1 uA, short wake-up time and the ability to interface with a wide range of
peripherals.

. Emitatoarele RF trebuie sda aibda o putere de iesire reglabild (care sa permita
optimizarea puterii de transmisie) accesata prin intermediul registrelor de memorie. Au fost
dezvoltate o serie de solutii pe un singur cip, care incorporeazd un MCU si un emitator-
receptor radio [136].

5.2.2 Wireless sensor nodes characteristics

e Lifetime

* Energy consumption
* Idle time

* Precision

« Error tolerance

« Scalability

* Network capacitance
* Succes rate

WSNs are complex systems, consisting of a number of nodes that incorporate MCUs
and peripherals that usually communicate via RF, the consumption is 100 pW-10 mW.
Communication in WSN is usually done in a short range, from 10 m ... 100 m.

5.2.3 Network topologies

The routing scheme (transmission) can be classified into: directly, in several jumps or
in several jumps, in groups [48]. Figure 5.1 illustrates different network topologies, where S
represents the wireless sensors, C is the coordinating node, central, and R are routers.
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Fig. 5.1 Netwrok topologies for wireless sensor nodes.

It is important to note that the star configuration network can only have one central
node which makes it vulnerable in case of failure.

5.3 WIRELESS SENSOR NETWORK SIMULATION
5.3.1 Network configuration

The configuration of the network consisting of 50 nodes and an RF transmission-
reception antenna arranged randomly on an area of 400 x 400 m? is shown in Fig. 5.2.
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Fig. 5.2. Configuration of a WSN with 50 nodes and a transmitting-receiving station.

After communicating the measured data, the transmitting nodes become inactive.
5.3.2 Simulation results

Figure 5.3 shows the number of active nodes in the interval of 50 cycles for the
network with 30 nodes, and with 50 nodes, respectively. A cycle consists of 1000 ms.
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Fig. 5.3. Number of active nodes in the range of 50 cycles, corresponding to 50 s, located on an area of
400 x 400 m?, for both WSN networks.

The data packets have the size of 1500 bits, and the transmitted messages have a size
of 500 bits. Fig. 5.4 shows the variation of the average consumed energy for both considered
cases, over an interval of 50 cycles, corresponding to 50 s.
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Fig. 5.4. Average energy consumption over 50 cycles, corresponding to 50 s, of WSN nodes located
on an area of 400 x 400 m?, for both case considered.

The network scalability characteristic is observed.

5.3.3 Conclusions

It is preferable that the WSN to be designed in such a way that the packet transmission
is done at minimum consumption. Single-hop direct protocols have the disadvantage of
transmitting data one at a time, regardless of distance and without involving other nodes. The
distance between the sensors and the central node dictates the energy consumption, which for
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the data transmission the nodes in the immediate vicinity is minimal. Consumption increases
when more data is transmitted.

GENERAL CONCLUSIONS, CONTRIBUTIONS AND FUTURE
PERSPECTIVES

C1. GENERAL CONCLUSIONS

The thesis presents, in the form of a general energy harvesting system, a series of
methods and models of energy conversion for low power applications, the final consumer
being represented by the nodes of a wireless sensor network.

Various energy sources, harvesting methods and materials used in energy conversion
were presented. There are three devices in the block of the primary mechanical-electrical
converters that can be used in EH systems. The first device is a piezoelectric converter,
scalable, used in various joints. Two constructive models are presented.

The second device is a MSA that has the property of reversibility. The results obtained
for MSA, in voltage and in PWM current supply at frwm = 100 Hz are compared. The effect of
friction between the moving parts is also evaluated, and, for PWM voltage excitation, when
friction is neglected, the mechanical spring is introduced, by Fps, which determines the return
to the initial position of the drive rod. A spectral analysis is performed by calculating the
electrical frequencies, fe, specific to the PWM supply frequency, fpwm, and the
eigenfrequencies, fm, respectively and also the rod displacement frequencies, fq, analysis
necessary for the stable operation of MSA. The secondary harmonics, that appear in the
displacement of the rod, which destabilize the MSA functioning, are eliminated by increasing
the pre-stress level, by considering fe and fm. Adjustment to fpwm is @ compromise that results
in reduced displacement amplitudes.

The last mechanical-electrical converter is a device that uses the deformation of the
walls of an arterial vessel to move a fluid with high electrical conductivity in a stationary
magnetic field. A load resistor is connected to the electrode terminals.

A transformer with an air gap in the central column of the ferromagnetic core is
modeled. The operation in stationary regime, and in PWM voltage, at the frequency f = 1 kHz,
respectively is analyzed, with the filling factor D = 0.3 for which the open-circut, short circuit
and load operation is modeled. The circuit parameters are calculated.

A PWM voltage supplied FB inductor, at f = 10 kHz, with cylindrical windings is
modeled, model (A) with non-magnetic media and (B) with MNF. The stored magnetic
energy for different values of the air gap is analyzed. The optimal value for & is determined. A
thermal study is performed in stationary conditions. The secondary circuit is designed.

Numerical simulation is also performed for the unsimplified model with spiral
windings at f = 10 kHz. It is found that the size of the air gap for which we have the maximum
energy value is around & = 0.22 mm for the model (B) - with MNF.

A 1:1 galvanic isolation transformer at f = 50 Hz and at 20 V, alternating voltage, is
analyzed. The results are presented for the case when we only have air between the windings
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and when, at half the distance, d, a magnetic screen is inserted. The winding distances are
varied from 1 mm ... 6 mm, when the secondary reaches the core, for both versions (without
and with screen). For the case when both air and magnetic screen is considered, an harmonic
regime is also analyzed. The resistances and reactances of the primary and secondary
winding, respectively are calculated using energy methods. The circuit parameters are also
computed when the screen is considered attached to the primary winding, and, from mm to
mm, when moving to the secondary one. Here, the maximum distance between the windings,
6 mm and two screen sizes is considered.

Different configurations for the WSN nodes are presented, and for the mesh
configuration a network with 50 and 30 nodes, respectively, placed randomly on an area of
400x400 m? is analyzed. The transmission protocol is multi-hop.

C2. ORIGINAL CONTRIBUTIONS

The study of the mechanical-electrical converter for harvesting biomechanical energy
by using piezoelectric materials and the rotational movement of the elbow joint.

The electromagnetic and spectral analysis, by calculating the eigenfrequencies, the
electrical and displacement frequencies, of a MSA powered from a PWM voltage source at
frwm = 100 Hz, with a duty cycle of k = 30% for which the optimal level of prestress is
established by introducing the mechanical spring for a stable operation. The results obtained
at current excitation are compared with those obtained at voltage excitation. Subsequently, the
friction effect at the upper coupling level (drive rod, steel intermediate piece and upper plate
of the Fe housing) is also considered. Spectral analysis neglects friction.

The study of an implantable mechanical-electrical converter that uses the deformation
field of the arterial walls to set in motion, in a stationary magnetic field, a fluid with a strong
electrical conductivity in compartments located outside the blood vessel. The physical field of
calculation is taken from the specialized literature. The open circuit and short-circuit modes
for a resistance load connected to the electrical terminals are analyzed.

Development of numerical models, with gradual complexity, of flyback electrical
inductors. A study to optimize the dimensions of the air gap is performed. The influence of
using strong magnetic media in FBT construction is analyzed.

Designing a wireless sensor network and a multi-hop data transmission protocol in
OMNET ++ for which the available energy of nodes is calculated after data packet
transmission

C3. FUTURE PERSPECTIVES

Using the CAD construction model for the knee joint prosthesis and the converter, for
which a numerical modeling has already been performed, in a unitary assembly. Numerical
analysis of the transmission of the rotational movement from the prosthesis to the device.

Designing the MS generator by reversing the operation of the MSA and performing a
thermal analysis.

Development and study of new circuits, of different complexities, of energy
conversion for flyback inductors to maximize harvested energy and minimize losses.
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Development and study of a new galvanic separation transformer for a screen
composed of strong electrical conductive material (copper) and weak electrical conductive
material (magnetic screen already used in simulation).

Extending numerical studies to other devices that use other energy sources.

Development of numerical models for energy storage devices and their structural and
constructive optimization.

Development of new wireless sensor networks and improvement or implementation of
new data transmission protocols to minimize energy consumption.

ANEXE

C++ code for sensor nodes and energy consumption calculus.
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