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The number of autonomous wireless sensor and control nodes has been increasing rapidly
during the last decade. Until recently, these wireless nodes have been powered with bat-
teries, which have lead to a short life cycle and high maintenance need. Due to these
battery-related problems, new energy sources have been studied to power wireless nodes.
One solution is energy harvesting, i.e. extracting energy from the ambient environment.
Energy harvesting can provide a long-lasting power source for sensor nodes, with no need

for maintenance.

In this thesis, various energy harvesting technologies are studied whilst focusing on the
theory of each technology and the state-of-the-art solutions of published studies and com-
mercial solutions. In addition to energy harvesting, energy storage and energy manage-

ment solutions are also studied as a subsystem of a whole energy source solution.

Wireless nodes are also used in heavy-duty vehicles. Therefore a reliable, long-lasting
and maintenance-free power source is also needed in this kind of environment. A forestry
harvester has been used as a case study to study the feasibility of energy harvesting in a
forestry harvester’s sliding boom. The energy harvester should be able to produce few

milliwatts to power the target system, an independent limit switch.
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Itsendisten langattomien sensori- ja sddtojarjestelmien lukumiédrd on kasvanut nopeasti
viimeisen vuosikymmenen aikana. Téhén saakka nimad jédrjestelmét ovat olleet akkukéyt-
toisid, joka on johtanut lyhyeen elinkaareen ja korkeaan huoltotarpeeseen. Tistd syystd
on tutkittu paljon uusia keinoja langattomien jirjestelmien tehonldhteeksi. Yksi mahdolli-
nen ratkaisu on energian kerdiminen ympéroivistd olosuhteista. Energian kerddminen
mahdollistaa pitkdaikaisen ja matalan huoltotarpeen omaavan teholidhteen langattomille

jarjestelmille.

Téssi diplomityossi on tutkittu eri energiankerddmisen teknologiat keskittyen niiden teo-
reettiseen pohjaan seki state-of-the-art tutkimustuloksiin ja kaupallisiin ratkaisuihin. En-

ergian kerddamisen lisdksi on tutkittu kerdtyn energian varastointia ja hallintaa.

Langattomia jirjestelmid kiytetdin my0Os raskaissa ajoneuvoissa. Siksi myos téllaisissa
olosuhteissa tarvitaan luotettavaa, pitkdikdistd ja huoltovapaata energialihdettd. Esimerk-
kind tdstd on kdytetty metsidkonetta ja sen liukupuominosturia. Kerittdvin energian mééra
tulee olla pari milliwattia, joka riittdi kohdejérjestelmén, langattoman rajakytkimen, tehon-

SyOttoon.
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1 INTRODUCTION

The increasing number of independent and autonomous sensor nodes has added new mo-
mentum to the research subjects relating to energy harvesting. Energy harvesting —i.e. ex-
tracting energy from ambient environment — can solve long-lasting problems of powering
independent sensor nodes. Until recently, independent sensor nodes have been powered
with disposable batteries, which has been problematic for several reasons. The maximum
life expectancy of a battery-powered device is only a few years due to the problems of
aging and self-discharge, even if the device itself is extremely power-efficient. Replacing
batteries can also be problematic, since the number of sensors can be enormous, or the
sensors can be located in places difficult to reach. Overall, disposable battery powered

devices are not maintenance-free.

Wireless sensor nodes powered with energy-harvesting solutions are spreading from fac-
tory environments into heavy-duty vehicles, since the benefits of wireless links over tra-
ditional solutions — i.e. wires — are obvious. Wires are malfunction-prone in articulated
vehicles and vehicles with other swivels, and they tend to wear out. Replacing defective
wiring can be extremely difficult due to the complex routes of wires. For the same reason,

the initial installation of wires can be difficult and relative expensive.

This thesis focuses on various aspects of energy harvesting. The theoretical background
is studied for each energy harvesting technology mentioned in this thesis, as well as the

analysis of energy management hardware and varying energy storage.

Besides the theory of various energy harvesting technologies and energy management,
this thesis focuses on the state-of-the-art solutions of published research studies and com-
mercially available devices. The published research studies are showing the way how
energy harvesting is evolving, and the study of commercial state-of-the-art solutions pro-
vides information as to whether commercial exploiting of energy harvesting is feasible in

heavy duty-vehicles.

An independent limit switch, located in the sliding boom of a forestry harvester, is used
as a case study. The heavy-duty vehicle environment is studied from this point of view
and various energy harvesting and energy management solutions are analyzed to find the

most suitable energy sources.
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2 ENERGY HARVESTING

Energy harvesting, or energy scavenging, is defined as extracting energy form ambient
environment. The ambient energy to be transformed into electrical energy can be in form
of light, thermal gradients, kinetic or RF energy [1]. The interest of energy harvest-
ing has been increasing lately both in academic community and in industry, since the
progress in electronics is reducing power consumption of devices while the number of
wireless and autonomous devices is increasing [2]. In heavy-duty vehicles energy har-
vesting and autonomous sensors offer new possibilities in reliability and expandability,
since the malfunction prone wirings of sensing and control systems can be replaced with

radio communication.

An energy harvester system consists of various subsystems, which include the energy
converter (the harvester itself), energy management hardware and intermediate energy
storage. These subsystems are providing the energy to the application payload, i.e. to
the sensing and radio communication hardware. A schematic diagram of typical energy

harvesting system is shown in Figure 2.1.

Energy in Energy Energy Energy Energy Data processing
ambient converter management — sensor
environment P >~ HW — communication
; w Control _ 1
—-light . C energy contro
- Lhermal | Energy | |
— kinetic ! R —
—-RF L _c_o_n _V_C_I' Ee_r_ l | Sensor HW
__________ | Energy
. Energy . } storage Communication
. converter ! HW
Energy Application
harvester payload

Figure 2.1: Schematic diagram of an energy harvester system and application payload.

2.1 Photovoltaic energy harvesting

The history of photovoltaic energy transduction begins from the research work done at
the early 20th century concerning to the nature of light. From the photovoltaic point of

view, the research work culminated to the year 1954, when the first efficient solar cell was
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made. Soon after this, the first commercially used solar cells were introduced in 1958
in spacecraft applications. The more extensive study and use of solar cells begin at the
1970s, due to the oil embargoes, and ever since the research and industry of solar cells

has grown rapidly [3].

Typically photovoltaic effect is based on the characteristics of the p- and n-type semi-
conductors, and exploits the properties of the p-n junction the semiconductor materials
create when jointed together. This p-n junction region is the active part of a photovoltaic
cell, in which the energy transformation from light into electrical energy occurs. The con-
verted electrical energy can be harvested from the contacts in front and backside of the

photovoltaic cell. The structure of photovoltaic cell is illustrated in Figure 2.2 [3].

Ipcoming Anti-reflection Front
hg\ht X layer ‘ ccTntact
\\\ \\\ / + /

\\ [ ‘4\ 1
W | } onlayer
.:. p-layer
Back
contact

Figure 2.2: Schematic diagram of photovoltaic energy converter. The absorption of incoming light
generates electron-hole pairs to the p-n junction, which causes a voltage difference
between the front and back contacts [3, 4].

2.1.1 Photovoltaic effect

The most common chemical element used in semiconductors today, and therefore the
most common in the photovoltaic cells as well, is silicon (Si). Silicon belongs to the fourth
group of the periodic table, thus it has four valence electrons. When the silicon atoms form
covalent bonds with other silicon atoms — four covalent bonds to the neighbouring atoms
to be more precise — there are no extra, mobile electrons. Therefore, the silicon in itself is

an insulator — a non-conductive material [4].

By doping silicon with other chemical elements, different types of semiconductor mate-
rials can be produced. Due to this doping process, the created material can have some
extra mobile electrons, or in other case, shortage of electrons. The first case, called n-

type semiconductor, can be created by adding atoms having five valence electrons to pure
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silicon. When these atoms bond with the silicon ones, only four electrons are needed for
the bonding, and therefore the fifth electron is mobile and free. This creates an excess of
electrons, negative electron charge carriers, in n-type semiconductor material. The elec-
trons in n-region are called majority charge carriers. The n-type semiconductor materials

are often called donors, because they can easily donate extra electrons [4].

A p-type semiconductor material can be fabricated by doping the silicon crystal with
atoms, which have three valence electrons. Thus, one electron is missing to form a com-
plete bonding with the crystal and there is a shortage of electrons. This missing electron
can be seen as a hole, or a mobile positive charge. Because there are many more free
holes than free electrons in p-regions, the electrons are called minority charge carriers.

The p-type semiconductors are often described as acceptors [4].

The difference in concentration between the two types of semiconductor materials causes
the electrons to diffuse to the p-region and the holes into the n-region. Therefore a positive
charge will remain in the n-type part of the p-n junction region, and respectively a negative
charge will remain in the p-type part of the junction. This causes the regions nearby the
p-n junction to lose their electrical neutrality, causing a electrical field to the region of the
junction, which is counteracting the diffusion. This process continues until the diffusion

flow is compensated by a field current of equal magnitude, and there is an equilibrium [4].

From the photovoltaic cell point of view, one of the most important characteristic of sil-
icon is transparency. Due to the transparency, silicon is able to absorb light instead of
reflecting it, like opaque materials. Therefore, the light can penetrate through the silicon
based semiconductor material to the p-n junction region. The penetration depth depends
on the intensity of light and the characteristics of the material. Since silicon is an indirect
semiconductor, it has a low absorption coefficient, and therefore a relatively thick silicon

layer is needed for absorbing the long wavelength part of the solar spectrum [4].

With correct thickness of p- and n-type semiconductors, enough light is absorbed by the
p-n junction region. The absorption of the light generates electron-hole pairs in the p-
n junction, or the area where the absorption is occurs, causing the concentration of the
minority charge carries to increase. These charge carrier pairs continue to diffuse to
the space charge zone, continuing the diffusion effect described above. Therefore the
electric field across the p-n junction remains, causing a current flow, which can be detected

between the front and back contacts of the photovoltaic cell, as shown in Figure 2.2 [3, 4].
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The characteristics of the photovoltaic cell, such as a current curve, can be derived from
the solid state physics of normal p-n-junction diode, since their structure is congruent
[3, 4]. Current [ through diode depends on the applied voltage Vs and the characteristics

of the p-n junction, and it can be expressed as

I =1, <exp (%) — 1) , 2.1
T

where I, is the diode saturation current and V7 is a thermal voltage constant. While the
p-n junction is illuminated, a current flow occurs through the junction. Therefore an extra

term — light generated current /1, — can be added to the equation (2.1), giving [4]

I = I <exp (%) — 1) — 1. 2.2)
T

As shown in the equation (2.2), current [ is sifted by the value ;. Therefore, a short
circuit current I, which equals the light-generated current [, can be detected whilst the
voltage is zero. On the other hand, when no current is drawn from the photovoltaic cell,
an open circuit voltage V,,. can be detected between the front and back contacts. The V.

can be expressed as

I
Voe = Vrln ([L —1>. (2.3)

sat

Both I, and V. can be noticed from Figure 2.3, in which the characteristics of current

are expressed with and without illumination [3, 4].

The lower curve in Figure 2.2 also illustrates the optimal operating point of photovoltaic
cell —referred to as the maximum power point P, —in which the product of voltage and

current is its maximum, giving [3, 4]

Pmpp = Vmpp]mpp' (2.4)

2.1.2 Efficiency of the photovoltaic cells

There are two important quality attributes to take into account while considering the ef-
ficiency of the photovoltaic cell. First is the fill factor, FF. The fill factor describes how

well the current-voltage characteristics of a actual photovoltaic cell approximates the ideal
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I
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I,
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=1 v

Figure 2.3: I-V characteristics of a photovoltaic cell. The upper curve is illustrating the character-
istics of a traditional Si-diode, or unilluminated photovoltaic cell, and the lower curve
is describing the same p-n junction with illumination [3, 4].

case. The FF should be as close to one as possible, and it can be expressed as [4]

Voo,
FF = _pp bbb 25
‘/OC-[SC ( )

The more important property of photovoltaic cell is the conversion efficiency 7, which is
defined as the ratio of the generated electric output to the radiative power falling on the
cell [4],

o Vmpplmpp FF‘/;)CISC

= = ) (2.6)
1 Plight Plight

Since January 1993, every six months the ‘Progress in Photovoltaics’ has published a
listings of the highest confirmed efficiencies of photovoltaic cells. Table 2.1 is based on
‘Solar Cell Efficiency Tables (Version 35)’ published in January 2010 [5], and it summa-
rizes the efficiencies of the most notable solar cell technologies. The table aggregates the
results of efficiency 7 and fill factor FF among the measured open circuit voltage V,. and

the short circuit current density J..

As stated in Table 2.1, crystalline silicon-based photovoltaic cells have the efficiency
around 20 to 25%. They also have the biggest market share of photovoltaic cell materials

— approximately 90% of all photovoltaic cells are based on silicon [6].
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Table 2.1: Confirmed terrestrial cell and submodule efficiencies. Measurements are performed
under the global AM1.5 spectrum (1000 W/m?) at 25 °C [5].

Classification Efficiency FF Area ® Voe Jse Date
[%] [%]  [em?] [V] [mA/cm?]
Silicon
Si (crystalline) 250+ 0.5 82.8 4.000(da) 0.705 42.7 03/1999
Si (multicrystalline) 204+0.5 809 1.002(ap) 0.664 38.0 05/2004
Si (thin film transfer) 16.7+04 782 4.017(ap) 0.645 33.0 07/2001
III-V cells
GaAs (thin film) 26.1+0.8 84.6 1.001 (ap) 1.045 29.6 07/2008
GaAs (multicrystalline) 18.4+0.5 79.7 4.011 (t) 0.994 232 11/1995
Thin film chalcogenide
CIGS 194+0.6 803 0.99% (ap) 0.716 33.7 01/2008
Amorphous / Nanocrystalline Si
Si (amorphous) 954+03 630 1.070(ap) 0.859 17.5 04/2008
Si (nanocrystalline) 10.1 £0.2 76.6 4.011(ap) 0.539 244 12/1997
Organic
Organic polymer 5.15+£03 625 1.021(ap) 0.876 9.39 12/2006
Organic (submodule) 35£03 483 208.4(ap) 8.620 0.847 07/2009
Multijunction devices
GalnP/GaAs/Ge 320+ 1.5 850 3.989 (1) 2,622  14.37 01/2003
GaAs/CIS (thin film) 30.3+0.2 85.6 4.000 (t) 2488 14.22 04/1996

a) (ap) aperture area, (da) designed illumination area, (t) total area

In addition to silicon-based technology, photovoltaic cells can also be manufactured by
using other types of materials. One of the most interesting technologies is organic-based
photovoltaics, which exploits the characteristics of molecular (organic) semiconductors
and organic, conducting polymers. The use of organic materials offers more flexible
structure with lower fabrication cost, at the expense of efficiency, as shown in Table 2.1
[5, 71.

Goetzberger and Hoffmann [4] present a model of photovoltaic cell efficiency in “Photo-
voltaic Solar Energy Generation” [4]. The model is based on the past development and
the highest measured values of efficiency in laboratory environment, and it can also be

used to predict the future development of the cell efficiency [4].

In Figure 2.4, the efficiencies of various photovoltaic technologies based on the Goet-
zberger’s and Hoffmann’s model are plotted. As shown, the model predicts that the im-
provement of efficiency will be very slow from now on, and the efficiency will settle to
approximately 28 to 30% in steady-state condition with crystalline silicon, CIS/CIGS and
thin film crystalline silicon, and around 18% with amorphous silicon. It should be noted,
that the efficiencies measured under laboratory environment are slightly higher than cells

in production, and the gap between laboratory and production efficiencies is increasing
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constantly [4].

Efficiency of photovoltaic technologies

30

= Cryst. Si : : : : .

25[===a=Si | e i — ]
—CIS/CIGS E : . : !

20f--=Thinsi | s 2
—Organic : :

Efficiency [%0]
B
@ o
)

2000 2010 2020 2040 2060

Year

1%40 1960 1980

Figure 2.4: Efficiencies of various photovoltaic technologies. The efficiency curves are based on
the model presented in [4], in which the model is used to predict the future of the
efficiency of photovoltaic cells based on past development [4].

2.1.3 Commercial photovoltaic solutions

Photovoltaic cells have been commercially available for decades in various energy har-
vesting solutions — such as calculators and watches — not to mention larger scale energy
harvesting solar cells and panels in power plants and rooftop solutions. Recently, they
have also been commercially exploited in autonomous wireless sensor nodes, powering

the sensor hardware among the communication hardware [8].

2.2 Thermoelectric energy harvesting

Thermoelectric energy harvesting is based on a phenomenon in which a temperature dif-
ference generates electricity, called the Seebeck effect. The Seebeck effect states that a
temperature difference between conductor ends causes energy to flow from the warmer
end of the conductor to the colder end in the form of heat. This energy flow is proportional
to the thermal conductivity of the conductor. In addition to the energy flow, the difference
of temperatures causes an electric field in the conductor, i.e. the thermal gradient in con-

ductor causes a voltage incremental dV' [9],

dT
dV = a—dxz, 2.7
dx
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where d7' is the temperature gradient across the conductor of length dz. The « is the
Seebeck coefficient, which describes the thermoelectric properties of the material, and it
is unique for each material. As shown in equation (2.7), the « is function of length. But

if the material is homogeneous, the (2.7) can be reduced to
dV = adT, (2.8)
which is the principal mathematical expression of a thermoelectric effect [9].

In order to observe current caused by the temperature gradients, the circuit has to be
closed. If the both current paths between the high and low temperatures, 77 and 75, of the
circuit are made of the same material, the net current is zero, since the thermally induced
voltage — referred to as the Seebeck potential — is the same over both current paths. By
changing the material for the other current path, the voltage caused by the temperature
gradient will be different to each other, caused by the different Seebeck coefficient o of
the materials. Therefore, there is a net difference of the voltages between the points of
high and low temperatures. The net current thus has a nonzero value, since I, # Iy, as

shown in Figure 2.5 [9].
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Figure 2.5: Representation of the Seebeck coefficient in various materials. In the left part of the
figure a thermoelectric circuit made out of one material is shown: therefore, there is
no current difference and thus no Seebeck potential. In the right section of the figure,
the circuit is made out of two differing materials, causing a Seebeck potential between
the junctions at high and low temperatures 77 and 75 [9].

In Table 2.2, the Seebeck coefficients and volume resistivities for various materials are
shown, including metals and silicon compounds. As shown in the table, the Seebeck
coefficients are substantially higher for silicon compounds than for metals: therefore,

they are quite ideal materials for thermoelectric modules [9].

A semiconductor based thermoelectric circuit consists of p- and n-type semiconductors,
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Table 2.2: Thermoelectric coefficients, volume resistivities and thermal conductivity coefficients
for various metals and silicon compounds [9].

Element a p K

[ nV/K] [u2m]  [W/m°C]
p-Si 100 — 1000 10-500 83.7™
p-Poly-Si 100 — 500 10-1000 1579
Iron (Fe) 13.4 0.086 79
Gold (Au) 0.1 0.023 296
Copper (Cu) 0 0.0172 401
Silver (Ag) -0.2 0.016 419
Aluminium (Al) -3.2 0.028 88 — 160
Platinum (Pt) -5.9 0.0981 73
n-Si -100--1000 10-500  83.7®»
n-Poly-Si -100 - -500 10-1000 1579
a) At 25°C

b) Single crystal silicon (Si)
¢) Pure silicon (Si)

which are jointed together at one junction with a metal conductor. As shown in Table 2.2,
p-type semiconductors has a positive Seebeck coefficient v, and n-type has a negative co-
efficient v, thus the overall Seebeck coefficient of p-n junction is positive, apn, = o, — Q.
The thermocouple is then set between two electrically insulating, but thermally conduct-
ing ceramic plates, which allows the structure to be rigid. A typical semiconductor-based

thermoelectric module is represented in Figure 2.6 [10].

.

Ceramic plate

L |
1 Ty Hot junction
AT | Trpg P "
‘ Tcy L Coﬂld junction
A ] \
Te

. Ceramic plate

Figure 2.6: Basic structure of semiconductor-based thermoelectric couple. Typically the p-n ther-
mocouple is laminated between two electrically insulating, but thermally conducting
ceramic plates, allowing the structure to be rigid [10].

The heat flow (g through the upper ceramic plate from source temperature 7} heats
the hot junction of the p-n thermocouple, represented as temperature 7y in the Figure
2.6. Similar heat flow occurs also from the cold junction of the p-n thermocouple 7¢;

to the environment of lower temperature, 7. Therefore, the temperature difference in
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environments AT = Ty — T causes a temperature difference at the ends of the p-n
thermocouple, represented as ATrrg = Tyy — Ty = BAT. The TEG is the acronym of
thermoelectric generator and the 3 is the coefficient taking into account the thermal losses

of the ceramic plates [10].

The temperature difference ATrgq causes the Seebeck potential or thermally-induced
voltage between the conductors of the p- and n-materials at the cold-junction end. This

open-circuit voltage V. is proportional to the temperature difference [9, 10],
‘/oc = A‘/pn = Qpn (THJ - TCJ) . (29)

When the thermoelectric couple is connected to load resistance R),.q by the conductors

of the cold junction, a current flow [},,q occurs. The [},,q can be expressed as

Voe _ O (Tuy — Tcy)
Rin + Rload Rin + Rload ’

Ji0aa = (2.10)

where R, is the internal electrical resistance of the thermoelectric couple. The internal
resistance R;, depends on the characteristics of the thermocouple material, such as the
electrical resistivity p and the physical dimensions of the single thermocouple leg, such

as height h and area Ay, of the leg [10], as shown by the equation

_ 2ph
Aleg .

Ri, 2.11)

Now the output power F,,; of the thermoelectric generator can be calculated as a product

of the current [),,4 through and voltage Vj,.q across the load [10],

Pout - ]load‘/ioad - ]load (apnATTEG - IloadRin)
Rioad (2.12)

2 2
= a2 AT _ load
P e (Rin + Rload>2

—_—— = ain IAT?
(Rin + Rload)

The maximum output power P, max Occurs when the thermocouple is on matched-load
conditions — i.e. the load resistance Rj..q equals the internal electrical resistance R;, and

can be expressed as [10],

. az AT¢pg  ap,B?AT?
out,max — 4Rin 4Rin .

(2.13)
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The previous equations take place only when there is a single thermoelectric couple in-
ducing the Seebeck potential. However, normally the thermoelectric generator consists of
several of these couples per module: thus, the equations mentioned above must be mod-
ified for this kind of structure. If the thermoelectric module consists of a number of N

thermocouples, the equations (2.9) and (2.11) — (2.13) can be expressed as [10]

‘/oc = NOCpnATTEG = N&pnﬁAT, (214)
2N ph
Ry, = ) (2.15)
Aleg
Rload Rload
Pout = N202 AT ——0d = N22 g2AT?2 —load (2.16)
' P TG (Rin + Rload)2 P (Rin + Rload)2
N?a2 AT? N2a2 B2AT?
Pout max — P 1EG - PHB . (217)
, 4Rin 4Rin

2.2.1 Performance evaluation of thermoelectric generator

There are various parameters for the performance evaluation of thermoelectric generator.
One of the key parameters is the power factor PF. The power factor can be defined as
the power in the matched-load conditions per unit squared temperature times unit module
area [10],

PF — Pout,max _ a?)n 2 NAleg
ATZA ~ 8ph A

(2.18)

More frequently used parameter for thermoelectric devices evaluation is the efficiency 7,

which can be expressed as

n= ATTEG;Z_r' (2.19)
H

The 7, is the reduced efficiency, which is relative to the Carnot efficiency

AT Ty —To
Ty — Ty

(2.20)

NCarnot =

Thus, the Carnot efficiency limits the efficiency of the thermoelectric device [11, 12]. As
shown by the equation (2.19), the efficiency highly depends on the temperature difference
ATrgg [12].
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Another even more important parameter for the performance evaluation of the thermoelec-
tric generator is the thermoelectric figure of merit of the material, Z. The thermoelectric
figure of merit defines the maximum efficiency of the thermoelectric device [12], and it

can be expressed as [10, 13]

Z=—. (2.21)

The thermoelectric figure of merit combines three properties, which are the salient points
of the thermoelectric generator. These are, the Seebeck coefficient «, the volume resis-
tivity of the material p and the thermal conductivity x. The preferred properties of the
material are, as shown by the equation (2.21), high Seebeck coefficient, low electrical
resistivity and low thermal conductivity. The higher the Seebeck coefficient, the higher
is the thermally induced voltage per thermoelectric couple. The low electrical resistiv-
ity p reduces internal resistance losses, thus increasing the output current. Respectively,
the low thermal conductivity x reduces the thermal losses in the thermoelectric couple,

increasing the efficiency of the thermoelectric module [13].

At the present, the highest performance of thermoelectric devices is obtained by using
heavily doped semiconductors, such as bismuth telluride and silicon germanium, giving
5% efficiency for the transduction [11, 14]. The use of traditional materials for ther-
moelectric devices have caused that thermoelectrics have been too inefficient to be cost-
effective in most applications, but the recent discoveries in nanotechnology and quantum

dots predict, that the efficiency could be greatly enhanced [11, 15].

By using quantum dot systems and super-lattices, devices’ electrical conduction can be
increased while reducing thermal conduction. This affects directly to the figure of merit 2,
as shown by the equation (2.21). The efficiency of the thermoelectric devices is assumed

to rise up to 15% in research work done in laboratory conditions in the near future [11].

2.2.2 Commercial thermoelectric generators

Thermoelectric modules are commercially available in macroscopic and micromechani-
cal sizes from numerous manufacturers [7]. The commercial state-of-the-art thermoelec-
tric generators are usually made of bismuth (Bi), antimony (Sb) and tellurium (Te) com-
pounds, with the thermoelectric figure of merit Z close to one [14]. The key properties of

selected commercial thermoelectric generators are represented in Table 2.3.
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Table 2.3: Various commercial thermoelectric modules. Relevant parameters of commercial ther-
moelectric modules as given by the manufacturers.

Product Wao Lo H» MaxT TH TC Effic.® Po Voe
[mm] [mm] [mm] [°C] [°C] [°C] [%] [W] [V]

Marlow Industries, Inc. [16]
TG 12-2.5-01L 29.97 34.04 4.04 250.0 230.0 50.0 5.02 2.71 9.56
TG 12-4-01L 29.97 34.04 343 250.0 230.0 50.0 497 4.05 9.45
TG 12-8-01L 40.13 4470 3.63 250.0 230.0 50.0 497 7.95 9.43
Kryotherm [17]
TGM-127-1.0-0.8 30.00 30.00 3.10 200.0 150.0 50.0 2.30 1.38 1.93
TGM-127-1.0-2.5 30.00 30.00 4.30 200.0 150.0 50.0 3.20 0.86 2.55
TGM-287-1.0-1.5 40.00 40.00 3.08 200.0 150.0 50.0 2.70 2.23 4.77
Tellurex Corp. [18]

G1-44-0333 44.00 40.00 320 2750 150.0 50.0 330 2.80

G2-30-0313 30.00 30.00 330 260.0 150.0 50.0 1.30  2.60

G2-56-0375 56.00 56.00 430  260.0 150.0 50.0 7.50  2.60
Hi-Z Technology Inc. [19]

HZ-2 29.00 29.00 5.08 250.0  230.0 30.0 4.50 2.50 3.30

HZ-9 62.70 62.70 6.51 250.0  230.0 30.0 4.50 9.00 3.28

HZ-14 62.70  62.70 5.08 250.0  230.0 30.0 4.50 13.00 1.65

a) Module size in mm, (W) width, (L) length, (H) height
b) Efficiency
¢) Power at TH-TC

Belleville et al. [7] states that the power output levels provided by the manufacturers
are too optimistic, since the values are calculated from theoretical values of temperature
drop over the thermoelectric generator, ATgq, instead of using the temperature drop
present over the complete system, ATsys. Since ATrpc < ATgys, the practical output
power can be much lower than values given by manufacturers [7]. This can also be no-
ticed from Figure 2.7, in which the theoretical values of three thermoelectric generators
manufactured by Hi-Z technology, and three thermoelectric generators manufactured by

Kryotherm and Supercool are plotted.

2.3 Kinetic energy harvesting

Kinetic energy harvesting is based on a transduction mechanism, in which electrical en-
ergy is generated by using kinetic energy. This transduction is based on an inertial gener-
ator, a mechanical system that couples environmental displacement with the transduction

mechanism [20].

The electrical energy can be generated by exploiting the mechanical strain or a relative

displacement within the system. The mechanical strain utilizes the deformation of active
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Maximum power output of thermoelectric generators
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Figure 2.7: Maximum power output of selected commercial thermoelectric generators. The in-
formation on thermoelectric generators made by Hi-Z Technology is from the man-
ufacturer website [19], and the information of generators made by Kryotherm and
Supercool are form [10].

materials, such as piezoelectric, whilst the relative displacement can be utilized either by
coupling the velocity or position into the transduction mechanism. Electromagnetic trans-
duction is typically used in the case of velocity, and electrostatic transduction in case of
relative position. In any case, the coupling between kinetic energy source and the trans-
duction mechanism should be maximized with the design of the mechanical system [20].
It should be noted that in this thesis energy harvesters based on rotating elements are ruled
out and focused on vibration based harvesters. Also, vibration to rotation transducer-
based harvesters are ruled out, since they tend to require a significantly longer motion

range than, for example, cantilever-based harvesters.

2.3.1 General theory of kinetic energy harvesting

The kinetic energy harvesting generators can be analyzed by means of a model of a con-
ventional second-order spring-mass system with a linear damper and external sinusoidal
excitation force. This model is most closely suited for the electromagnetic case — since
the damping mechanism is proportional to the velocity — but the model still provides
important aspects that are applicable to all kinetic energy transduction mechanisms. The
schematic diagram of a forced, linearly damped spring-mass oscillator is presented in Fig-
ure 2.8. The spring-mass system consists of a seismic mass, m, on a spring of stiffness, £.
The damping coefficients ¢, and c,, represent the energy losses of the generator, ¢, being
the energy losses caused by the transduction mechanism (i.e. electrical energy extracted
from the system), and c,, representing the parasitic, mechanical losses. These compo-

nents are located within the fixed frame, which is being excited by an external sinusoidal
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vibration, y(t) = Y sin(wt). By assuming that the mass of the vibration source is signifi-
cantly greater than that of the seismic mass and therefore not affected by its presence, the

external vibration causes a displacement x(t) of the seismic mass [20].

k
x(t) _l__
m
AR
f
ce 71 7 e

b (1)

Figure 2.8: Schematic diagram of an inertial generator. The generator is based on seismic mass,
m, on a spring of stiffness, k. Damping coefficients c, and cy, represent energy losses
in the generator, the former representing the electrical energy extracted by the trans-
duction mechanism and the latter the parasitic losses of the system. x(t) represents
the net displacement of the seismic mass, z(¢) the displacement of the mass relative
to base or the housing of the generator, and y(t) is the external sinusoidal vibration
exciting the system [20].

The governing differential equation of motion with an external exciting force acting on

the transduction structure can be described as
mi+c(@—y)+k(z—y)=0, (2.22)

where m is the seismic mass, c is the damping coefficient, = the displacement of the

seismic mass and y the displacement of the base [20, 21].

Due to the energy conservation law, the instantaneous power into the system must equal
the power absorbed by the damper and the time rate of increase of the sum of the kinetic
and strain energies. The absence of damping ¢ would cause the power dissipated or ab-
sorbed to be zero, and the power input would entirely go to the build-up of energy and
amplitude of the spring-mass oscillator. Therefore, no steady-state would be achieved
[21]. Since there is damping in the system, the oscillating frequency of the mass will

be equal to the frequency of the external exciting force y(t), after the initial transient
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vibrations are dissipated by the damping [22].

The relative displacement of the seismic mass can be solved by substituting z = = —y and
the harmonic base excitation y = Y sin(wt) in the governing equation of motion (2.22),

giving
mz + ¢z + kz = mw?Y sin (wt), (2.23)
where Y is the amplitude of the external force y(t) [22].

Since the initial transient vibrations are dissipated eventually by the damping, the focus of
analyzing the displacement of the seismic mass and the power generated by the generator
should be on the steady-state solution. The steady-state solution of the displacement can
be described as [21, 23]

z = Zsin (wt — @), (2.24)

where the amplitude Z of seismic mass relative to base is [21, 23]

2
Y
7= e , (2.25)

\/(k — w?m)? + c2w?

and the phase angle ¢ is [21, 23]

o = tan! (L> . (2.26)

(k — w?m)

The instantaneous power absorbed by the damper is the product of force and velocity,

which can be calculated by using [21, 24]
Pist = 32 (2.27)

By substituting 2 = wZ cos(wt — ), given by the derivative of (2.24), to the (2.27), the

instantaneous power becomes [21]

Pist = cw?Z? cos? (wt — ). (2.28)

Now the energy harvested per cycle can be calculated by integrating the equation (2.28)
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over the one cycle [21]. Thus, the equation for energy harvested per cycle is

27

Eeyoe = CZQOJ2/ ) cos?(wt — @)dt = TewZ?, (2.29)
0

where 7 is the period of the cycle. Dividing the energy harvested per cycle Ecyq. given

by the equation (2.29) with the period 7 provides the equation for the average power flow

Py [21],

TewZ?  cw?Z?
2r 9
w

P = (2.30)

Substituting the amplitude of seismic mass relative to base, Z, from equation (2.25) to
equation (2.30) [21], P., becomes
em?wlYy?

Py = . .
2 ((k — w?m)® + w?) (231

The spring constant £ in (2.31) can be solved from the equation of the natural frequency

wy, of the spring-mass system [20],

k
wy = 1] (2.32)
m

and the damping coefficient ¢ from the equation of damping ratio ¢ [20],

(= (2.33)

2mwy

By substituting the spring constant &£ from (2.32) and the camping coefficient ¢ from

(2.33) to the equation (2.31) and rearranging the terms, average power F,, becomes [21]

Pav:

— (2.34)
(%)
Wn

Power output is at largest when the frequency of external exciting force is matched to the
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resonant frequency of the generator, w = w,. Thus, the equation for average power is [21]

P - mw3Y?
4¢

(2.35)

Equation (2.35) gives the expression that P,, — oo as ( — 0, but this is a physical
impossibility, since this situation would require infinite displacement of the mass, and the

system would not have steady state conditions [21, 25].

In addition to matching the generators natural frequency to the frequency of the exciting
force, the mechanical and electrical damping ratios, (, and (., should be equal. The
overall damping ratio can be defined as a sum of the mechanical and electrical ratios,
¢ = (Cm + (. Since the output power depends on the electrical damping ratio, the average

electrical output power can be defined as [21]

mwiY?2(,

— __n® > 2.36
4(Gn+G)° (230

av,e

The maximum extractable power from the inertial generator is another important charac-
teristic which can be used to study and compare different types of inertial generators. The
maximum power dissipated by in the damper and thus converted into electrical energy can
be calculated from (2.34) by finding an optimal value for damping ratio (. As mentioned
above, ( must be above zero due to the displacement limits of the mass. The optimal

damping factor (¢ can be solved by rearranging the equation (2.25), giving [26]

el O ()

Wn

The power generated with the optimal damping ratio, P,.x, is obtained by substituting
(2.37) into (2.34) [26],

v e (N () o

Wn
At resonance, w = wy,, the maximum output power, F,s, can be expressed as [26]

3y 7
P — % (2.39)
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2.3.2 Piezoelectric generators

Piezoelectricity is an electromechanical effect in which mechanical stress or strain is con-
verted into electrical energy. Conversion between mechanical stress and electricity also
explains the origin of the Greek name piezos, which means pressure. The effect is bidirec-
tional, meaning that the applied electric field generates deformation of the piezoelectric
material. The first case is referred to as direct piezoelectric effect and the second case
converse piezoelectric effect [27]. This effect exists in natural crystals such as quartz, but

also in man-made, artificially polarized ceramics and some polymers [9].

Typically piezoelectric materials are anisotropic, meaning that the properties of the mate-
rials differ depending upon the direction of force and orientation of the polarization [20].
Two of the most generally used modes of piezoelectric material is shown in Figure 2.9. In
31 mode, the stress or strain in direction 1 causes the voltage to act in direction 3 (i.e. the
material is poled in direction 3). In 33 mode, the voltage and mechanical stress act in the
same direction [24]. In piezoelectric energy-harvesting solutions piezoelectric material is

typically placed between electrodes, providing contacts for electrical connections [20].

£F Iv ' Iv
31 mode 33 mode

Figure 2.9: Illustration of two different modes of piezoelectric material. In 31 mode, the material is
poled in direction 3, and the mechanical stress or strain in direction 1 produces voltage
in direction 3. In 33 mode, both the mechanical stress and voltage act in direction 3
[24].

The level of piezoelectric activity depends on the characteristics of the material, which can
be defined by constants used with the axes notation shown in Figure 2.9. The constant
related to the collected charge over the applied mechanical stress is referred to as the

piezoelectric strain constant or d constant. It is defined as [20]

short circuit charge densit
di; = = (2.40)

applied mechanical stress

with unit of coulombs per newton, [C/N]. Piezoelectric generators relying on strain par-

allel to the electrodes utilize the d3; coefficient (31 mode). Respectively, perpendicularly
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to electrodes applied stress utilizes the d33 coefficient (33 mode) [20].

The g coefficient defines how high an electric field is produced with applied mechanical
stress [20],

open circuit electric field

applied mechanical stress '

The output voltage of piezoelectric material depends on the g coefficient, since the output
voltage is obtained by multiplying the electric field with the thickness of the material

between electrodes. Therefore, the g constant is also called a voltage constant [20].

Another important coefficient is the coupling coefficient &, which describes how well the
piezoelectric material converts mechanical energy into electricity. The coupling coeffi-

cient can be described as

Ei,e

k2 — b
7
7 Eim

(2.42)

where F; . is electrical energy stored in the 7 axis and E ,,, is the mechanical input energy

in the 7 axis [20].

The overall energy conversion efficiency 7 of piezoelectric generator is defined as

/{52
2(1 — k?)
1 k2 ’

0 a=m

n= (2.43)

where () is the quality factor of the generator. As shown by the (2.43), efficiency can be
improved by choosing material with high quality factor () and coupling coefficient £ [20].

Typical materials used in piezoelectric generators include soft and hard lead zirconate ti-
tanate piezoceramics (PZT-5H and PZT-5A), barium titanate (BaTiO3) and polyvinylidene
fluoride (PVDF), which is typically manufactured into a thin film. The salient character-

istics of these materials are presented in Table 2.4 [12, 20].

The most common geometry for kinetic energy harvester is a piezoelectric cantilever
structure [28], Figure 2.10. The cantilever based generator has a seismic mass attached
into a piezoelectric beam, which has contacts on both sides of the piezoelectric material

for extracting electrical energy. Whilst external force F' bends the beam, causing strain
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Table 2.4: Properties of common piezoelectric materials [20].

Property PZT-5H PZT-5A BaTiO; PVDF
d3y [10712 C/N] -274 -171 78 23

dss3 [10712 C/N] 593 374 149 -33
g31 [1072 Vm/N] -9.1 -11.4 5 216
g33 [1073 Vm/N] 19.7 24.8 14.1 330
ks1 [CV/Nm] 0.39 0.31 0.21 0.12
kss [CV/Nm] 0.75 0.71 0.48 0.15
Relative permittivity [e/eg] 3400 1700 1700 12

on the piezoelectric material, an electrical charge is produced in 31 mode. The 31 mode-
based structure has some advantages over 33 mode, including low resonant frequencies,

low structural volume and high levels of strain in the piezoelectric layers [20].

-—On| On

Figure 2.10: Operating principle of bimorph piezoelectric cantilever generator in 31 mode. The
applied external force F' causes the cantilever to bend, which causes the upper piece
of piezoelectric material to expand and the lower to compress. The operation is bidi-
rectional: change in direction of F' respectively causes change of direction in the
strain 0. The voltage V' produced by the piezoelectric cantilever generator can be
extracted between the top and bottom surface of the cantilever. The structure is not
in scale [9, 24].

There are various commercial suppliers for piezoelectric materials and complete energy
harvesting solutions. Both off-the-shelf and tailor-made solutions are provided. The
tailor-made solutions consist typically of tuning the harvester for the desired resonance
frequency. The largest problem with commercial piezoelectric harvester is the bandwidth,
which is typically only a few hertz. Therefore, in applications with a wide frequency spec-
trum, piezoelectric energy harvesters must make an undue effort to perform at maximum
efficiency. A few selected piezoelectric modules and complete energy harvester solutions

are presented in Table 2.5.



31

Table 2.5: Various commercial piezoelectric modules. Relevant parameters of commercial piezo-
electric modules as given by the manufacturers.

Product Wa | H» Weight Freq. Voltage Power
[mm] [mm] [mm] [g] [Hz] [V] [mW]
Midé [29]
Volture V20W 254 508 076 79 80-175(3) atlg
Volture V22B 6.1 35.6  0.64 1.3 120 - 360 (2) 0.18at3 g
Volture PEH20W ©  43.8 92.1 9.9 85 80175 (3) 28at1.6g
Volture PEH25W o 43.8 92.1 9.9 85 50 - 140 (3) 28at1.6g
Piezo Systems Inc. [30]
Q220-A4-103YB 9 3.2 476 25 0.9 250 +165 1.1
Q220-A4-503YB 31.8 69.9 25 9.5 45 +18.1 4.7
AdaptivEnergy [31]
JTRS-e5mini © 250  60.0 25 Random 3.6 0.2at0.1g

a) Module size in mm, (W) width, (L) length, (H) height.

b) Operating frequency range. Value in parentheses is the bandwidth of the module.

¢) Energy management hardware included.

d) Also available in 6.3 X 47.6 x 2.5 mm and 12.7 x 41.3 x 2.5 mm size with the same properties.

2.3.3 Electromagnetic generators

Micro- and milliwatt electromagnetic energy harvesting, as the electromagnetic genera-
tors generally, is based on Faraday’s law of electromagnetic induction. By this law, a
potential difference is induced in an electric conductor when moved through a magnetic
field. In other words, a change in the magnetic field induces a potential difference and
therefore a current in the conductor. Even though the scale of the traditional generators

and energy harvesting devices are different, the basic theory is the same [12, 24].

Through the principle of Faraday’s law, the induced voltage V.,,¢ or electromotive force

is proportional to the rate of change of the magnetic flux linkage ¢ [12, 32]

dé

emt = ——— 2.44
Vem 7 (2.44)

In energy-harvesting applications, the conductor is normally wound in a coil shape: thus,

the voltage induced into N turns of coil can be expressed as [12, 32]

)
e do

‘/em = T, = —ivV—//",
f dt dt

(2.45)

where the @ is the total magnetic flux linkage through the coil. In this approximation
of the total magnetic flux linkage ® being a product of the number of coils N, and the

magnetic flux linkage through a single turn ¢ is based on assumption that the ¢ is an
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average flux through every individual coil turn. In general, the total magnetic flux ®

should be evaluated as a sum of the linkages for the individual turns [12],

N
o= /A BdA, (2.46)
=1

where B is the magnetic field flux density and A is the surface area of the turn of the coil.

The integral presented in the equation (2.46) can be reduced to
$ = NBAsin(«) (2.47)

if the flux density B can be considered uniform over the area of the coil. The « is the
angle between the coil area and the direction of flux density. By substituting equation

(2.47) into (2.45), the induced voltage can be expressed as [12]

dB
Vit = _NAE sin(«). (2.48)

Since the movement between the coil and magnet field is in a single direction in most
of the linear vibration converters based on electromagnetism and the magnetic field is
generated by using permanent magnets — i.e. there is no time variation in the magnetic
field — the voltage induced in the coil can be expressed as
d
Vs = ~NBIZY. (2.49)
dt
where [ is the length of one coil and y is the distance the coil moves relative to the mag-
netic field, and therefore the open circuit voltage is V. [12, 24, 32]
d
V.= NBIYY. (2.50)
dt
Since the transducer induces a voltage from the relative movement of the coil and the
permanent magnet, adding a load Rj,.q to the coil terminals causes a current to flow in
the coil, and therefore power can be extracted from the generator. The current flowing
in the coil creates a magnetic field of its own which is opposite to the initial magnetic
field inducing the voltage V..,s. The interaction between these two magnet fields causes a
electromagnetic force F.,, opposite to the motion, i.e. damping the movement. Since the

electromagnetic force Fy, is proportional to the current — and therefore velocity — F,, is
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expressed as the product of damping coefficient ¢, and the velocity [12],

dy
Fon = Co—2. 251
it @51

By acting against electromagnetic force F,,,, the mechanical energy is transformed into
electrical energy. Instantaneous power P, generated by this transduction is the product
of F,,, and the velocity and can be presented as [12]

dy

-Pins = Fem_‘ 2.52
¢ L (2.52)

The transformed instantaneous power P,y has to be equal to the power dissipated by the

electrical circuit of the transducer, giving

dy &
o dt Rload + Rcoil + jWLcoil ’

(2.53)

where the R),.q is the load resistance, R..; is the coil resistance and L., is the coil

inductance [12].

As mentioned in section 2.3.1, the maximum power can be extracted form the generator,
when the electrical damping ratio (., equals the mechanical damping ratio ¢, [20, 24].
Since the damping ratios are dependent on the damping coefficients ¢, as shown by the
equation (2.33) [20], the electrical damping coefficient c, should be matched to the me-
chanical damping coefficient c,,. The ¢, can be estimated by substituting the equations
(2.50) and (2.51) in the equation (2.53), giving [20]

sy
B Rload + Rcoil + .jWLcoil7

Co (2.54)

or by substituting the product of flux linkage gradient and the velocity in the voltage [12]

1 do\”
e = , — ] . 2.55
: Rload + Rcoil + ]L‘JLcoil ( dy ) ( )

As shown by equations (2.54) and (2.55), the electromagnetic damping can be varied by
changing the coil impedance or the flux linkage gradient, or the load resistance Rj,,q. The
flux linkage is dependent on the properties of the magnet causing the magnetic field and
its density B as well as the properties of the coil used. Since the ambient vibration used

for harvest energy is typically at the low frequencies — less than the kHz scale — the coil
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impedance is generally dominated by the coil resistance, R..; [12, 33].

The load resistance, ?),.q4, can also be used to adjust the electrical damping coefficient c,
to the mechanical damping coefficient c,,,. Since the coil impedance is assumed purely
resistive, i.e. jw Lo 1S assumed to be zero due to the small frequency of the motion, and
the electrical damping coefficient is assumed to be equal with the mechanical damping co-
efficient (maximum power rule), the equation for the optimal value of the load resistance

can be derived from the equation (2.54), or respectively from (2.55) [12, 20, 33, 34]

(NBI)?

Ce

Rigad = — Reoit- (256)

Table 2.6: Various commercial electromagnetic-based generators. Relevant parameters of electro-
magnetic generators as given by the manufacturers.

Product Freq. » Voltage Power Accel.® Bandwidth® Volume Mass
[Hz] [V] [mW] [g] [Hz] [em®]  [g]
Ferro solutions [35]
VEH-360 60 33 0.8 0.025g 3.0 87 289
3.1 0.050 g
10.8 0.100 g
VEH-460 609 0.3 0.025¢g 30 170 430
1.3 0.050 g
52 0.100 g
KCF Technologies [36]
VPH1000 120 0.1 0.023g 0.1 63
0.3 0.039g 038
1.5 0077g 1.1
VPH360 360 0.3 0072g 15 63
1.6 0.120g 25
4.1 0.239g 5.0

Perpetuum [37]
PMG17 100/120 8.6-11.06 0.9-1.1 0.025g 2.0-3.0 95 655
4.0-5.0 0.100g 6.0-8.0
40.0-50.0 1.000g 13.0-17.0

PMG27-17 17.2 0.0-75 2.0 0.025g 03 88 400
4.0 0.050g 0.6

PMG37 22 Upto 10 22.0 0.250 g 95 655
45.0 0.500 g
93.0 1.000 g

a) Frequency band center

b) Acceleration

¢) 50% power delivery bandwidth

d) Adjustable resonant frequency
As mentioned in section 2.3.1, the operating frequency of the harvester should be matched
to resonant frequency w, for maximizing the output power. The output power decreases

rapidly if the generators’ frequency varies from the resonant frequency. This can also
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be observed from Table 2.6, in which the relevant parameters for various commercial
electromagnetic generators are listed. As shown in the table, the 50% power delivery

bandwidth is relatively small, in most cases less than 3 Hz.

2.3.4 Electrostatic generators

Converting kinetic energy into electrical energy by using electrostatic converters is based
on the characteristics of capacitors. The capacitance of the capacitor is dependent on
the geometry of the capacitor and the dielectric properties of the insulator between the

conductor plates. The capacitance C' can be calculated by using

A
C= Eﬁog, (2.57)

where ¢, is the static relative permittivity of the insulator material, ¢ is the permittivity of
free space, A is the area of overlap of the conductor plates and d is the distance between

the plates.

On the other hand, the capacitance can also be expressed as

c-¥ (2.58)

where () is the charge stored in capacitor and V' is the voltage difference between the

conductor plates.

Therefore, as shown by the equations (2.57) and (2.58), the capacitance of the capacitor
varies if the capacitor plates are charged and then mechanically moved in relation to each
other [20].

Electrostatic converters can be used in two varying methods for harvesting energy. These
are charge-constrained and voltage-constrained. With the charge-constrained method, the
charge () of the capacitor is held constant while the distance d between the conductor
plates varies. By increasing distance d, capacitance C' decreases, as shown in the equation
(2.57), and therefore the voltage V' across the capacitor increases, equation (2.58). With
the voltage-constrained method, decreasing distance d causes capacitance C' to increase,

and thus charge () increases respectively. In both methods, the total energy F stored on
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the capacitor increases [24], as shown by the equation

_ev_oar_ &

E 5 5 =30 (2.59)

Electrostatic conversion methods

The cycles for both electrostatic conversion methods are shown in Figure 2.11, in which
the path A-B-D-A depicts the cycle for charge-constrained method and path A-C-D-A
depicts the voltage-constrained method [38].

Q C
y
B D
QO ””””” / > ‘
A | E
Vstart Vmax Vv

Figure 2.11: Conversion cycles of voltage- and charge-constrained electrostatic generators. Path
A-B-D-A depicts the cycle of a charge-constrained generator, whilst path A-C-D-A
depicts the conversion cycle of a voltage-constrained generator [38].

With the charge-constrained method, the energy conversion cycle begins by charging the
capacitor from an external charge reservoir with some initial voltage V..t whilst the
capacitance of the capacitor is at its maximum value, C,.,. This is shown as a path
segment A-B in Figure 2.11 [38]. At this point, the energy stored in the system is [39]

C'I’I’I&X‘/2

Echarge,B = 9 e . (260)

In the next part of cycle, path segment B-D, the kinetic energy is converted into electrical
energy. As the distance d between the capacitor plates increases from the initial condition
to the maximum displacement, decreases the capacitance C' from the maximum value

Cmax to the minimum, C,;,. If the capacitor is isolated with respect to the rest of the
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system (i.e. open circuit), there is no current path and the capacitor is forced to hold its
charge. Therefore, as stated in equation (2.57), the voltage must increases from Vi, to
Vinax. At the point D, the electrical energy stored in the system is [38, 39]

C’min‘/2

Echarge,D = Tm‘ (261)

The path segment D-A depicts the last part of the conversion cycle, in which the charge of
the capacitor is returned into the charge reservoir. The net energy converted from inertial
energy to electrical energy, shaded area shown in Figure 2.11, can be expressed as [38, 39]

- Cmax V2

) 2
(CuinV, . tart) _ (2.62)

max

Echarge — Licharge,D — Echarge,B =

As stated above, charge () is constant from point B to point D. Therefore, charge () at
these points can be expressed by substituting Cipax, Vstarts Cmin @and Via, in the equation
(2.58), giving [38, 39]

Q = ChaxVstart = Chin Vinax- (2.63)

By substituting (2.63) in equation (2.62) and rearranging the terms, the equation for total

converted energy per cycle becomes [38, 39]

(Cmax - C1min ) ‘/start Vmax
5 .

Echarge = (264)

In the voltage-constrained method, the conversion cycle begins by charging the capacitor
up to Vi, from external reservoir, while the capacitance is at the maximum value, Cl; ..
This is represented as a path segment A-C in Figure 2.11 [38]. The energy required for
the pre-charge can be presented as [40]

C'l’l’laX‘/

Evoltage,C = Tﬂmx- (265)

The energy conversion process is represented as a path segment C-D. In this part of the
cycle, the external force causes the charge move from the capacitor into the external reser-
voir, in which the harvested energy is stored. As shown in Figure 2.11, during this part
of the cycle the voltage across the capacitor is held constant, at V;,,,. As the distance d
between the capacitor plates increases, capacitance C' decreases, reaching its minimum

value Cly;, at the point where the mechanical displacement is its maximum value — point
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D [38]. The energy harvested during the mechanical displacement is [40]

Evoltage,D = (Cmax - C(min>‘/2 (266)

max*

Because the voltage across the conductor plates remains at maximum value, V.., when
the capacitance reaches its minimum value C\,;,, the remnant energy stored in the capac-
itor after the conversion is [40]

C(min V2

Evoltage,A - Tﬂwx- (267)

The net harvested energy — area ACD in Figure 2.11 — can be calculated by adding the
harvested and remnant energy and subtracting the initial, capacitor charging energy [40]
C'min‘/2

Evoltage,C = Trnax. (268)

By substituting the equations (2.65), (2.66) and (2.67) into (2.68), the net energy harvested
is [38, 40]

. ) 2
(Cmax gmln)vmax ) (269)

Evoltage,C -

As with the charge-constrained method, the voltage-constrained system requires an ex-
ternal charge reservoir for the conversion cycle to be possible. An additional source of
value V.« 1s needed for holding the voltage constant during the energy conversion. On
the other hand, the energy harvested per cycle by the charge-constrained system is less
than by the voltage-constrained system, as shown by the comparison of equations (2.64)
and (2.69) [38].

Basic topologies for the electrostatic converters

There are three basic topologies for the electrostatic converters. These are in-plane over-

lap varying, in-plane gap closing and out-of-plane gap closing, Figure 2.12.

The operation of in-plane overlap varying is based on a set of interdigitated fingers. Whilst
the centre part of the converter moves due to the external excitation, the overlap area
between these interdigitated fingers of the released structure and the fixed structure is

changing. Therefore, the capacitance of the converter changes [41].

The structure of in-plane gap closing is similar to the in-plane overlap converter, the main
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of motion of motion of motion
In—plane overlap varying  In—plane gap closing Out—of—plane gap closing

Figure 2.12: Various types of electrostatic converters. The darker areas of the generators are fixed,
whilst the lighter areas are released structures that are free to move due to the applied
external force. The capacitance of in-plane overlap converter changes whilst the
overlap area of the fingers changes. In the in-plane gap closing converter, the change
of capacitance is the result of the change of gap between the fingers. The out-of-plane
converter is behaving similarly, but instead of a set of fingers, there are two relatively
large plates. The change of gap between these plates causes the capacitance to change
[41].

difference is the movement of the released structure. As in the in-plane overlap converter,
the structure moved in the direction of the fingers or the capacitor plates, as in the in-
plane gap closing converter the movement of the released structure is perpendicular to the
fingers. Therefore, the external excitation causes distance d to change, which respectively

affects the value of the capacitance [41].

The operation principle of the out-of-plane gap closing converter is similar to the other
gap closing converter structure. The change in capacitance is caused by the varying of
the distance between the capacitor plates. The main difference is the structure. The out-
of-plane gap closing converter consists of two relatively large plates, which creates the

capacitor, instead of a set of interdigitated fingers [41].

The characteristics of various topologies of electrostatic generators are shown in Table
2.7. One of the main issues presented in the table is the comparison of maximum ca-
pacitance, since it is the key parameter for the efficiency of the electrostatic generator
[24]
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Table 2.7: Summary of different types of electrostatic converters and their characteristics [41].

Type Advantages / disadvantages

In-plane + No mechanical stops are needed
overlap varying  + Highest () factor
— Stability problems for large deflections
— Lowest maximum capacitance

In-plane + Large maximum capacitance
gap closing — Mechanical stops needed
Out-of-plane + Good stability

gap closing + Largest maximum capacitance

— Largest mechanical damping
— Surface adhesion

a) + Advantage, — Disadvantage

2.3.5 Wideband vibration sources

The great majority of kinetic energy harvesting research as well as commercial solutions
are focused on the energy harvesters with a specific resonant frequency. The primary
problem of these kinds of harvesters is the bandwidth, which is relatively narrow — typ-
ically only a few hertz. There are various schemes for solving the problem with nar-
row bandwidth, but typically they directly affect the power density of the harvester [12].
Generally speaking, energy harvesting from wideband vibrations is substantially more

difficult and less effective than in the case of narrow-band operation.

Two main solutions for the problem relating to wide bandwidth excitation frequency are
using multiple resonant parts in a single kinetic energy harvester or to use a structure with

nonlinear frequency response from the spring constant & [12, 42].

The use of multiple resonant cantilevers (or other vibrating structures) in a single kinetic
energy harvester is a straightforward solution in which each cantilever structure is tuned
into its own specific natural frequency w,. The overall power output of this kind of ki-
netic energy harvester is therefore a sum of the power outputs of the individual cantilever
structures, as shown in Figure 2.13 [43]. Adding more resonant structures into the ki-
netic harvester widens the frequency bandwidth, but the downside is that this also directly

affects the power density, which drops substantially [12].

Another way to widen the harvesters bandwidth is to use a structure in which spring
constant £ is nonlinear. As shown in the equation (2.32), the generator’s natural frequency

wy, and therefore the power output is depending on the spring constant k. Therefore, the
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Effective frequency band

Overall power output

Individual power outputs f

Figure 2.13: The power output and bandwidth of multiple resonant cantilevers in a kinetic energy
harvester. The overall power output is the sum of individual power outputs, labelled
as1,2,..,NJ[43].

nonlinearity of the spring constant directly affects the natural frequency and this way
the frequency bandwidth of the harvester [42]. For further reading, Roszaidi Ramlan
discusses the effects of nonlinearity of the spring constant in his doctoral dissertation

Effects of non-linear stiffness on performance of an energy harvesting device [42].

2.3.6 Comparison of Kinetic energy harvesters

Defining a universally valid performance metric for a comparison of kinetic energy har-
vesters is problematic. Power efficiency, defined as the ratio of harvested electrical power
to mechanical input power, would be good figure of merit, but the problem is defining
the input power, which is highly dependent on the harvester design. Secondly, defining
effectiveness in terms of potential mechanical power available from the source is difficult,
due to the fact that typically this power is effectively limitless, since the harvester has a

negligible effect on the source [2].

From the end user point of view, one of the most important metrics for harvester ef-
ficiency is power density, which describes the extractable electrical energy per unit of
volume. However, as Mitcheson et al. [2] state, it provides a meaningful comparison only
in situations when the source characteristics are fixed. If specific source characteristics

are used, the harvesters in comparison should be optimized for the source in question [2].

A more suitable figure of merit for comparison of kinetic energy harvesters is harvester

effectiveness. This harvester performance metric is the ratio of useful power output and
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maximum possible output power defined earlier in the equation (2.39),

Effoct; Useful Power Output Useful Power Output (2.70)
ectiveness = = : .
Maximum Possible Output mw3Y Z
2

Harvester effectiveness describes how closely a harvester approaches its ideal perfor-

mance, the theoretical maximum being 100% [2].

The harvester effectiveness has still one more problem: it does not take seismic mass
density or geometry into account. Therefore, a variant of this metric is introduced by
Mitcheson et al. [2], the volume figure of merit, FoMy. FoMy compares the performance

of harvesters as a function of the overall size with a seismic mass density of gold, pay [2],

Useful Power Output
YpAuV%w?’m .
16

FOMV =

(2.71)

Mitcheson et al. [2] have calculated the values of power density, harvester effectiveness
and harvester volume figure of merit from the papers published between 2000 — 2008.
These values have been represented in Tables A.1 — A.3 in Appendix A and in Figures
2.14 —2.19, added with more recent studies. In Figures 2.14 — 2.16, the power density of
piezoelectric, electromagnetic and electrostatic generators is plotted in the function of the
publication year, harvester volume and harvester frequency. The values for the harvester

volume figure of merit are plotted respectively in Figures 2.17 — 2.19 [2].

In Figure 2.14, the power density of build and published kinetic energy harvesters in
the function of publication year is presented. The majority of published power densities
seems to be on the same scale with the commercial ones. A notable issue is that the
focus of the kinetic energy harvesting study seems to be focusing more and more on

piezoelectric and electrostatic harvesters instead of electromagnetic harvesters.

Figure 2.15 represents the harvester power densities in function of harvester volume. As
shown, the power densities seem to be rising slightly with bigger harvester volumes. Even
though electromagnetic harvesters are most difficult to fabricate in small scale, they seem
to dominate the under 0.1 cubic centimetre harvesters. It should also be noted, that most

of the published harvesters are built into size of one cubic centimetre.

In most cases of published harvesters, the external exciting frequency has been about or
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Figure 2.14: Power density of published, tested energy harvesters in the function of the publication
year. Publication years for commercial energy harvesters are unknown, therefore they
are represented at the right side of the diagram in a separate column, Comm. [2].
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Figure 2.15: Power density in the function of the harvester volume [2].

slightly less than 100 Hz — as shown in Figure 2.16. This is also the frequency range,
where most of the best power densities have been reported.

Power density

O Piezoelectric
O Electromagnetic
< Electrostatic

Power density [u W/cm3]

10 100 1000 10000
Frequency [Hz]

Figure 2.16: Power density in the function of frequency [2].

In figure 2.17, is plotted the volume figure of merits in the function of the publication
year. As shown in the figure, the highest FoMy, values are achieved with piezoelectric

energy harvesters. Comparison of Figures 2.14 and 2.17 shows that while using FoMy
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to compare kinetic energy harvesters — i.e. taking the overall size into account — the
efficiency difference between piezoelectric and electromagnetic harvesters is emphasized

in favour of piezoelectric harvesters.

Volume figure of merit

1.8 T T T m T T T T T T T T T
| o [ o o o I I R R | O Piezoelectric
1.6 : : : : : : : : : ] .
14k 01O Electromagnetic
: : : : : : . o : : | & Electrostatic
= 12F R R e L R e S T T R T
=N R S T R O S WO N SRS U SRS S
§>0; A
° o EE R DU ey
€ ek oo O
SRR SR
L R N E = E R ER R ER N ER N O_
0.2F L N O S S ';"w “““ L R ﬁ “““ e R SRR
3 & 2 g g & Q ., 9 o
18992002012 00420052006 2007 2008 20092010 Comm.

Year

Figure 2.17: Volume figure of merit of published, tested energy harvesters in the function of the
publication year. Publication year for commercial harvesters (Comm. in figure) un-
known [2].

In Figure 2.18, the FoMy values in the function of the harvester volume are plotted. In
this figure, there is no clear indication of effects of harvester volume for the harvester

efficiency, as there were when the power density was used to compare kinetic harvesters.
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Figure 2.18: Volume figure of merits in the function of the harvester volume [2].

As with the power density versus excitation frequency, Figure 2.16, the plot of FoMy in
the function of exciting frequency has the highest efficiency values at about or less than
100 Hz. However, in Figure 2.19 the effect of frequency is not as highly emphasized as

in the instance of power density.

As a summary, the comparison of various published energy harvesters by using FoMy
seems to emphasize the properties of piezoelectric harvesters as well as the properties of

electrostatic harvesters over the electromagnetic generators.
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Figure 2.19: Volume figure of merits in the function of frequency [2].

In addition, Roundy [24], in his doctoral dissertation Energy Scavenging for Wireless
Sensor Nodes with a Focus on Vibration to Electricity Conversion states that piezoelectric
harvesters have all the advantages of electromagnetic harvesters whilst providing directly
useful voltage levels and having higher practical energy density than electromagnetic har-
vesters. Therefore, in most cases, piezoelectric harvesters are more suitable for harvesting

energy from vibrations than electromagnetic harvesters [24].

In Table 2.8, the typical and highest reported values of power densities for different kinds

of kinetic energy harvester types are listed.

Table 2.8: Comparison of power densities of different types of kinetic energy converters

Type Typical Highest reported »

Piezoelectric Typical values are from few 2.65x10% pW/cm? [2]
to few hundred pW/cm? [2],
330 uW/cm3 [1]

Electromagnetic ~ Typical values are from few 2.21x10% uW/cm? [2]
to few hundred pW/cm? [2]

Electrostatic Typical values are less than 56 uW/cm? [2]
50 uW/em? [41]

a) According to [2]

2.4 REF energy harvesting

Radio frequency (RF) energy harvesting is based on the conversion of propagating elec-
tromagnetic radiation into electricity by rectifying antenna, or rectenna. Harvesting can
be done by using existing electromagnetic radiation, such as GSM or WLAN signals,
or by using a separate RF transmitter just for energy transfer [7]. It is debatable as to

whether the latter case is still energy harvesting or if it is energy transfer, since the con-
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cept of energy harvesting was defined as extracting energy from the ambient environment

[1].

Propagating electromagnetic signal can be differentiated into three regions: reactive near-
field, radiating near field and far-field regions, Figure 2.20. The limits of these regions

can be defined as distances d; and d, from the radiating source,

/D3

2D?
where D is the largest dimension of the transmitting antenna [44].
Near field : Far field
!
2 ;
A Reactive field . Radiative field
dl dy

Figure 2.20: Near and far field of propagating RF wave [44].

RF energy harvesting can be differentiated into near- and far field energy transfer on the
basis of the regions shown in Figure 2.20. In the near field case the dimensions of the
powering device are small compared to the wavelength A, i.e. d < A. In this case,
the system is normally coupled inductively, but capacitively coupled systems are also
feasible. Since the dimensions of the system are small relative to the wavelength A, the

energy harvester’s position is sensitive to the RF energy source [45].

In the far field case, the dimensions are large relative to the wavelength, d > A, and
therefore the harvester’s relative position to the energy source is less sensitive and no
actual line of sight is needed [45]. Since the energy of the propagating RF signal drops
off rapidly as the distance between the transmitting antenna and the rectenna increases,
RF energy must be extracted form very low power densities. In free space, the power
density of the RF signal drops off at the rate of 1/d?, where d is the distance between the
transmitting antenna and the rectenna. In practice, due to multi-path fading, the drop rate

is much faster [46].
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The possible power to be harvested in far field, P, can be solved by using the Friis’
free space propagation formula for known RF signal properties (transmitted power and

frequency) and the distance between energy source and rectenna. In Friis” equation,

A\ 2
P.=PFPGG | — ) , 2.74
oo () o
P, is the transmitted power, GG, and G, are the gain of rectenna and transmitting antenna
(with respect to an isotropic antenna), A\ the wavelength and d the distance between the

transmitter and harvester [47, 48].

In Figure 2.21 the effects of the wavelength and distance to the received power are shown.
As shown in the figure and in the equation (2.74), the received power drops significantly
fast in the function of distance. The frequency used in Figure 2.21 is the central frequency
of 434.040 — 434.790 ISM band (ITU region 1) and the transmitted power is 1 — 10 mW,
which is the maximum allowable power [49]. Thus, the achievable received power is

substantially low — even if a separate transmitter is used.
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Figure 2.21: Received power in function of transmitted power and distance of transmitting antenna
and rectenna. The frequency used here is the central frequency of 434.040 — 434.790

ISM band (ITU region 1), with maximum allowed transmitting power of 10 mW
[44, 49].

As mentioned above, RF energy harvesting can also exploit already existing radio signals,
such as GSM signals. However, the power densities of existing GSM signals are even

lower than the achievable power densities with an external transmitter. Belleville et al. [7]
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states that the typical source characteristics of power densities for GSM signals are only
0.3 —0.03 uW/cm? in 900 MHz and 0.1 — 0.01 uW/cm? in 1800 MHz.

There is at least one commercial manufacturer for RF energy harvesters — Powercast Cor-
poration [50]. They have a product family for harvesting energy from RF signals at 915
MHz, which is the central frequency of ITU region 2 (North and South America) ISM
band (902 — 928 MHz). In Europe, ITU region 1, this frequency is used in GSM commu-

nication. The harvesters are intended to be used with a external transmitter [46, 50].

2.5 Comparison of energy harvesters

High power density of photovoltaic systems —up to 15 mW/cm? [1] — makes photovoltaics
an attractive method for energy harvesting. In addition to power density, the output volt-
age produced by photovoltaic cells is relatively high, typically approximately 0.7 VDC
per module [5], and easy to boost to higher levels [3], which makes it attractive for har-
vesting technology, also from the energy management point-of-view. Photovoltaic cells

are commercially available from numerous manufacturers.

The power density of thermoelectric modules is almost as high as with photovoltaic cells,
up to 10 mW/cm? [7]. As with photovoltaic cells, thermoelectric modules also produce
DC voltage, though the voltage levels are more dependent on ambient conditions and
therefore show a wider variation in output voltage [9]. This can also be noticed from
equations (2.3) and (2.9). Thermoelectric modules are also commercially available from

numerous manufacturers.

Kinetic energy harvesters have remarkably lower power densities than energy harvesters
based on photovoltaics or a thermoelectric effect, as shown in Table 2.8. Even so, these
harvesters are well suited in applications where vibrations — especially vibrations in spe-
cific dot frequency — are present [1, 2, 41]. Kinetic energy harvesters produce an AC
voltage, varying from electromagnetic energy harvesters millivolts to a few hundred volts
of electrostatic harvesters [20, 24]. Thus the energy management hardware for these har-
vesting technologies is more complex. With extremely low AC voltages, rectification and
boosting the rectified voltage is challenging. On the other hand, possible high voltages
produced by electrostatic harvesters will directly affect the energy management hardware

design in the form of the maximum voltage of the components used. Kinetic energy
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harvesters based on electromagnetism and piezoelectricity are already commercially ex-

ploited, but electrostatic harvesters are still in the research state.

Energy-harvesting systems based on RF signals produce AC output voltage, such as ki-
netic energy harvesters. Therefore, the basics of energy management hardware are sim-
ilar to the ones used with various kinetic energy harvesters. Although the conversion
efficiency of RF harvesters seems to be remarkably high, the overall power output is
extremely low, due to the low power densities on ambient environment [51]. There is cur-
rently only one commercial manufacturer for RF energy-harvesting modules [50]. These
modules are intended for use at 915 MHz, which is the ISM band on ITU region 2 in
North and South America [46].

Table 2.9 summarizes the essential characteristics of each energy harvester technology, in-
cluding the output voltage, power densities, efficiencies and the advantages/disadvantages

over other technologies.

As a final note, since energy harvesting is extremely source dependent, a direct com-
parison of various harvesting methods is not meaningful. All comparisons should be

completed on the basis of the source characteristics.
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3 ENERGY MANAGEMENT

In addition to the harvester itself, the complete energy-harvesting system needs a way to
store the harvested energy, and electronics to transform the electrical energy to adequate
form. These subsystems are presented earlier in Figure 2.1, page 10, as Energy manage-
ment HW and Energy storage blocks. On top of the energy management hardware, more
sophisticated systems can be created by using software-based controllers to maximize the

efficiency of the harvester.

3.1 Energy management hardware

In most cases, energy harvesters are not stable sources of voltage or current, since they
are highly dependent on the ambient environment. Kinetic energy harvesters produce an
AC voltage which can vary in frequency and amplitude. The output voltage and power of
thermoelectric modules respectively depends on the thermal gradients available. Photo-
voltaic energy harvesters produce the most stable voltage, but the output power can vary
significantly over time. The solution for these varying electrical conditions is the energy

management hardware [53].

The main purpose for energy management hardware is to regulate the output of the en-
ergy harvesting system. In addition, it should maximize the energy flow from the energy

harvester in the application payload [53].

Typically, this regulation and energy flow maximization is achieved with architecture
shown in Figure 3.1. The energy produced by the harvester has to be rectified at first
in the case of vibration energy harvesters and RF harvesting. Then rectified voltage is
converted to suitable levels with DC-DC converter, which can also be used to match the

load to the harvester, thus maximizing the power transfer [54].

As seen in Table 2.9, voltage levels produced by energy harvesters can vary from few
millivolts DC to dozens of volts DC with thermoelectric modules and photovoltaic cells,
and from a few millivolts AC to hundreds of volts AC with vibration-based and RF energy
harvesters. Therefore energy management is as source-dependent as energy harvesting
itself.
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Figure 3.1: Schematic diagram of energy management hardware. Typical energy management
hardware consists of rectifier and DC-DC converter, which converts the DC voltage
to suitable levels to match the energy storage and application payload. The DC-DC
converter can also be used to match the load to the harvester in order to maximize the
power transfer [54].

3.1.1 Commercial energy management solutions

Since energy harvesting solutions are becoming more and more general, various com-
ponent manufactures are announcing circuits dedicated to energy management in energy
harvesting solutions. Some commercially available energy management components for
energy harvesters with relevant parameters as given by the manufacturer are listed in Table
3.1.

Table 3.1: Commercial energy management circuits. Relevant parameters as given by the manu-
facturer.

Product Description Technical data

Linear Technology [55]

LTC3108 DC-DC converter for extremely o 20 < Vi, <500 mV
low input voltage sources such o Vo,  =2.35,3.3,4.10r5.0V
as thermoelectric generators and
small solar cells.

LTC3588-1 Integrated full-wave bridge rec- 2.7 <V;, <20V
tifier with buck DC-DC con- e Input protective shunt at 20 V
verter, optimized for high output e [,y < 100 mA
impedance energy sources, such oV, =1.8,2.5,330r3.6V
as piezoelectric harvesters.

There are also commercially available components for energy management, which inte-
grates the energy management hardware and energy storage into a single chip, Table 3.2.
The usage of these integrated circuits can reduce the number of components needed, but

respectively the flexibility of harvester design can suffer.
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Table 3.2: Commercial energy management circuits with integrated energy storage. Relevant pa-
rameters as given by the manufacturers.

Product

Description

Technical data

Infinite Power Solutions, Inc [56]

INFINERGY
MPM101

Integrated micro power storage
and regulation device with one
DC input and one AC input
for energy harvesting. 10 000+
charge/discharge cycles.

e DC input V;;, > MEC voltage »
e AC input V;, <2kV

o Vot =2.1,27,330r3.6 V

e Output power < 80 mW

e Input power < 150 mW

e Storage capacity up to 2 mAh

Cymbet Corporation [57]

EnerChip
CC CBC3112-D7C

Integrated backup energy storage
and power management. Mod-
ules can be connected in parallel
to achieve higher storage capacity.
5 000+ charge/discharge cycles.

oVin <6V

® Vout = 33V

e Storage capacity 12 pAh

e 50 pAh version available
(CC CBC3150-D9C)

a) Micro-energy cell, typically 3.9 - 4.1 V.

3.2 Energy storage

Energy harvesting systems are highly dependent on the available power from ambient
environment. The amount of harvested energy can vary over time, or even expire totally.

This leads to a need for energy storage to ensure an efficient energy flow to the application
payload [2, 58].

There are currently two main technologies for energy storage for autonomous, service-
free sensor nodes: rechargeable batteries and supercapacitors. The characteristics of each
technology define the applications, in which each system is suitable. These characteristics
include the varying amount of energy to be harvested, life expectancy in years or from

duty cycle point of view, and limitations set by the ambient environment.

3.2.1 Batteries

There are various rechargeable battery technologies available, but currently three of these
dominate the wireless sensor application market. These are Nickel-Metal Hydride (NiMH),
Lithium Ion (Li-Ion) and Lithium Polymer (Li-polymer) batteries [59].

Nickel-Metal Hydride batteries have a nominal voltage of 1.2 volts, which is significantly
less than operating voltage of most of the electronic components. It has an average energy

density of 100 watt-hours per kilogram, and relatively high self-discharge rate of 30% per



54

month. The life expectancy of NiMH batteries are limited by the number of duty cycles,
which is around 500 times. One important characteristic of batteries is the operating

temperature, which in this case is between 0 to 60 °C [58, 59].

The operating voltage of Lithium Ion battery is three times the operating voltage of NiMH
batteries, 3.6 V, and it is high enough to power directly electronics of the autonomous sen-
sor systems in most cases. Li-lon batteries have also higher energy density, 160 Wh/kg,
and a higher number of duty cycles than NiMH. The self-discharge rate is also lower
compared to NiMH, only 10% per month. Another notable issue is the 20 degrees wider
operating temperature range, extending to minus 20 degrees centigrade. The biggest dis-
advantage of Li-Ion compared to NiMH is the price per watt-hour, which is higher with
Li-Ion [58, 59].

Lithium polymer batteries have similar characteristics to Li-lon batteries. The most no-
table differences are a much lower self-discharge rate, 1-2% per month, slightly higher
operating voltage and lower number of duty cycles. Li-polymer batteries can be packaged
in a slightly flexible form. This characteristic can be a major advantage especially in sit-
uations where ambient vibrations are present by reducing the effects of mechanical stress
[58, 59].

The main characteristics of the three most common battery types used in autonomous

sensor applications are listed in Table 3.3.

Table 3.3: Comparison of the most common battery technologies used in energy harvesting sys-
tems [12, 58-60].

NiMH Li-Ion Li-polymer

Operating voltage [V] 1.2 3.6 3.7
Energy density [Wh/dm?] 140 -300 270 300
Specific energy [Wh/kg] 30-280 160 130 - 200
Self-discharge rate [%/month] » 30 5 1-2
Cycle life [cycles] 500 1 000 500
Operating temperature [°C] 0-60 -20-60 -20-60
Expected lifetime [years] <3 <5 <5

a) High temperatures increases the self-discharge rate

3.2.2 Supercapacitors

Supercapacitors are another commonly used energy storage for autonomous sensors. They

fill the gap between batteries and conventional capacitors, being an attractive solution for
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energy storage [61]. The structure of supercapacitor is based on two electrodes immersed
in an electrolyte, separated with an ionic conductor [62]. This kind of structure enables
significantly higher capacitance values compared to conventional capacitors, reaching up
to several farads in a regular AA battery size, or even hundreds of farads in D battery size
[60]. The amount of stored energy can be easily calculated with the earlier introduced
equation (2.59), page 36 [63].

Since supercapacitors are based on electrostatic field generation instead of chemical re-
actions, like batteries, they do not suffer from aging effects or irreversible chemical re-
actions. Therefore they are able to withstand a large number of duty cycles, without
any notable degradation in capacity. Typically supercapacitors are able to perform the
charge/discharge duty cycle at least hundred of thousands times, reaching all the way up

to millions of duty cycles [61, 63].

Supercapacitors have a wide operating temperature range, typically reaching from -40 to
85 °C. This is a key aspect in situations where energy harvesting is done under extreme
environmental conditions. One of the main challenges of supercapacitors is the self-
discharge rate. Supercapacitors tend to discharge rapidly due to the leakage current, losing
half of the stored energy in time depending on the capacitor used. Typical 50% discharge
times are from minutes to hours, or days [61, 63]. Supercapacitors are also fast to charge
and discharge. Typical values are from milliseconds to seconds, leading also to very high

pulse currents [63].

3.2.3 Comparison of energy storage

Characteristics of supercapacitors offer a number of advantages over batteries in energy
harvesting solutions. But just as energy harvesters, choosing the suitable energy stor-
ages for energy harvesting systems are highly dependent of the environment conditions.
Therefore the ambient conditions have to be analysed in order to choose between batter-
ies, supercapacitors or a combination of these two for energy storage system for energy

harvesters [63].

Batteries and supercapacitors are often used parallel in energy harvesting systems, in
which batteries are used for primary energy storage and supercapacitors as a buffer for

rapid energy level transients, due to their fast charge/discharge properties [63]. Super-



56

capacitors can also be used as primary energy storage for energy harvesting systems,
depending on the duty cycle properties and ambient energy levels. Since supercapaci-
tors have significantly lower energy density and higher self-discharge rate compared to

batteries, they are more suitable as a short-term storage than a long-term [58, 63].

The life expectancy is significantly higher with supercapacitors than with batteries. Even
the best case scenario, battery solutions are able to perform only up to a couple of thou-
sand duty cycles, where supercapacitors number of duty cycles is up to millions. In ad-
dition to duty cycle problems, batteries suffer from the effects of aging and irreversible
chemical reactions, shortening their life expectancy substantially. Average lifetimes for
batteries are less than 5 years, whereas supercapacitors can last for more than two decades
[60, 61, 63].

In addition to life expectancy and fast charge/discharge cycles, supercapacitors have other
key advantages over batteries. These include the operating temperature, which is typi-
cally at least 20 °C wider at both ends with supercapacitors compared to batteries [63].
Supercapacitors are also a more environmentally friendly solution, since batteries contain

chemical compounds, leading to more complex recycling and waste management [64].

Overall, the characteristics of supercapacitors outperform batteries in virtually every way,
with the exception of energy density and self-discharge rate, which are notably better
with batteries [58]. This can also be noticed from Table 3.4, where the most essential

characteristics of both types of energy storage are listed.

Table 3.4: Comparison of battery and supercapacitor characteristics. Supercapacitors have a num-
ber of advantages over batteries, including life expectancy, operating temperature range
and charge/discharge time. Respectively batteries have their advantages, including
higher energy density and lower self-discharge rate [52, 58, 60, 63].

Battery Supercapacitor
Operating voltage [V] 1.2t04.2 Upto 5.5
Energy density [Wh/kg] 10 to 1 000 1to 10
Cycle life [cycles] 100 to 10 000 > 1 000 000
Self-discharge rate [%/month] 1 -30 100 »
Operating temperature [°C] -20-65 -40 -85
Expected lifetime [years] <5 >20
Pulse current [A] 1to 100 > 1000
Charge/discharge time Hours Milliseconds to seconds

a) 50% self-discharge time is from minutes to days, depending on the supercapacitor [S8]
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4 CASE STUDY: FORESTRY HARVESTER

An independent limit switch located in the sliding boom of a forestry harvester is dis-
cussed here as a case study. Communication between the limit switch and the host system
is carried out via wireless link, and energy harvesters are used as a power supply for the

independent sensing node.

Although minimizing energy consumption is equally important in low power solutions
such as the one in question as maximizing the energy source, this case study focuses only
on the latter. Therefore the discussion of choosing suitable radio technology and circuit

is omitted in this case.

Unlike the traditional usage of a limit switch, in which reporting only the change of state is
enough, wireless limit switch must have error detection for radio communication. There-
fore, the independent limit switch has to report its state every 50 ms to ensure that it is

still operational.

Since the radio communication hardware is the most power requiring subsystem in the
independent limit switch, a rough estimate for the total power consumption can be calcu-
lated on this basis. Since the limit switch has to report its state every 50 ms, and if the
duty cycle for transmitting and receiving is estimated for 5 percent, power consumption
can rise to few milliwatts. Specific power consumption estimate is dependent on the char-
acteristics of the components used, and is not calculated here. The salient point here is
the scale of the average power consumption, few milliwatts instead of microwatts. The

estimate is based on the values represented in Table 4.1.

Table 4.1: Power consumption of radio modules [59, 65-67].

Frequency RX current TX current Sleep mode Operating voltage

[MHz] [mA] [mA] [uA] [V]
CC1000 315-915 9.6 16.5 1 2.1-3.6
nRF401 433 -434 12 26 2.7-525
CC2500 2400 12.8 21.6 1.8-3.6
CC2520 2400 18.5 17.4 <1 1.8-38
nRF2401 2400 22 10 04 1.9-3.6
CC2400 2400 24 19 1.5 1.6-2

DN2510 2400 6 7-18 275-33
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4.1 Energy sources

Since energy harvesting is extremely dependent on environment characteristics, the first
step is to study what possible energy sources are present in the application at hand. The

study of each energy source should focus on the following issues:

e Amount of power available
How much power is available per area or volume unit. Sufficient power levels may
be achievable by bringing up the size of the harvester, but the size limitations should
be kept in mind.

e Source characteristic variation
How much the source characteristics varies over time. Source variation can be
caused by the time of day or time of year, weather, characteristics of the target
system, etc.

e Mechanical implementation
The mechanical implementation feasible in target system so that the structure is

durable and rugged. What the orientation limitations of harvesters are.

Since the estimated power consumption of independent limit switch is in milliwatt scale,
RF energy harvesting can be ruled out at this point due to the low power density, and

focus on photovoltaics, thermoelectrics and kinetic energy harvesters.

All the measurements and characteristics used here are based on the Ponsse Ergo forestry

harvester.

4.1.1 Photovoltaics

As seen in section 2.1, photovoltaics is an efficient way of energy harvesting in ideal
conditions. However, like other energy harvesting technologies, it is equally dependent on
the characteristics of the ambient environment. Therefore, the amount of power available
in the form of radiative light affects directly to the output power, as seen in the equation
(2.6).

The possible light sources in this case study are natural sunlight and the working lighting

attached to the forestry harvester. In Table 4.2, measured power densities for two amor-
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phous solar cells in various working conditions are presented. The measured artificial
lights are similar to the working lighting in forestry harvester, 35 watt HID xenon lights
and 55 watt halogen lights. As seen in Table 4.2, the amount of energy to be harvested is
sufficient on a sunny day, but in poor conditions — i.e. on a cloudy day and at nighttime —
power output decreases significantly even with the most efficient solar cell technologies.

In artificial lighting the power production is extremely low.

Table 4.2: Power available in a variety of lighting conditions. The maximum output of AM-8801
has taken as a reference value to compare various lighting conditions and the differences
with traditional and flexible amorphous solar cell. An optimal load was used to measure
the power output of both cells. With AM-8801 the optimal load resistance value is 137.9
Q and with AT-7665 it is 103.7 2.

SANYO AM-8801 » SANYO AT-7665 v
Condition = Power density Compared to * Power density Compared to *
[mW/cm?] [%] [mW/cm?] [%]
Sunlight
90° 5.82842 * ¢ 100 4.15365 71.2654
45° 3.24886 55.7418 2.69387 46.2195
Shade 0.17721 3.04049 0.15495 2.65849
35 W HID Xenon
3m, 90° 0.00003 0.00054 0.00002 0.00043
3m,45° 0.00002 0.00026 0.00002 0.00037
5m,90° 0.00001 0.00015 0.00001 0.00013
Sm,45° 0.00001 0.00010 0.00001 0.00009
55 W Halogen
3m,90° 0.00120 0.02066 0.00116 0.01985
3m,45° 0.00051 0.00876 0.00055 0.00949
5m,90° 0.00010 0.00169 0.00002 0.00034
5m,45° 0.00004 0.00064 0.00001 0.00015

a) Amorphous solar cell. Effective area 5.43 X 5.3 cm. Pout =196 mW, V =52V, I =37.7 mA.
b) Flexible amorphous solar cell. Effective area 5.12 X 5.4 cm. Pout = 125 mW, V =3.6 V, I =34.7 mA.
c) Reference value. All the power output values are compared to this maximum value.

The variation of the characteristics can be partly predicted — i.e. the variation caused by
the time of day and time of year. However, lighting conditions are also dependent on other
characteristics of ambient environment such as weather cleanliness of the photovoltaic
cell, etc., which are not as predictable. Therefore, if the photovoltaic cells were the only
energy-harvesting technology powering the independent limit switch, the design of energy
harvesting should be based on the worst case scenario: the only light source would be the

working lights of the forestry harvester, with a high factor of assurance.

Mechanical implementation of photovoltaic cells can be challenging, due to the low
strength of the structure, especially with silicon-based cells. Silicon-based solar cells

are quite fragile and tend to break under mechanical stress or with a direct hit. The use
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of flexible photovoltaic cells would be more viable solution, but as mentioned in sec-
tion 2.1.2, they also have significantly lower efficiency compared to traditional solutions.
Also, the orientation of the cell has to be taken into account. The amount of incoming

light is directly dependent on the orientation of the cells.

Under well-lit conditions, photovoltaic energy harvesting is suitable technology also for
heavy-duty vehicles such as the one in question, but with low-light intensity conditions
the performance of the harvester can be insufficient. By increasing the area of photo-
voltaic cells, sufficient power levels would be achievable, but in the worst-case scenario,
the size of the photovoltaic cells would be several hundred square centimetres. Thus pho-
tovoltaic energy harvesting is an excellent additional source for energy, but inadequate as

an exclusive energy source.

4.1.2 Thermal energy

Thermal energy harvesting is convenient energy harvesting in environments, where tem-
perature gradients are present. In the target system, forestry harvester’s sliding boom, a
temperature difference can be observed between the hydraulic system and ambient envi-
ronment. The hydraulic oil in the system warms up as high as 50 °C, in which point it is
actively cooled. Therefore thermal gradients of 10 degrees Celsius or higher are typically

present.

As seen from Figure 2.7, thermoelectric modules are able to produce more than one milli-
watt per square centimetre of electrical power from a temperature gradient of ten degrees
Celsius. Therefore, at least with higher thermal gradients, thermoelectric energy harvest-

ing can be sufficient enough to power the independent limit switch.

The main challenge with thermoelectric energy harvesting in this application is the tem-
perature rise time of the hydraulic oil, which is highly dependent not only on the char-
acteristics on ambient environment, but also on the working conditions of the forestry
harvester. It is estimated that it would take an hour or so for the temperature to reach 50
°C. After the adequate temperature is reached, thermal energy harvesting is a stable and

reliable source of energy, with little variation in power output.

The mechanical implementation of thermoelectric harvesters is more complex than with

photovoltaic cells. The thermoelectric module has to be mounted between the high and
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low temperature sources — in this case, between the hydraulic system and the ambient
environment. The mounting surface has to be smooth and highly heat-conductive, and the

restraint moment must be sufficient.

If thermoelectric modules are the only technology used to power the independent limit
switch, adequate energy storage is needed to ensure the power supply for the first hour of

operation, due to the slow rise time of the hydraulic oil temperature.

4.1.3 Vibration

In many ways kinetic energy harvesting — i.e. harvesting energy from vibrations — is
ideal technology for heavy-duty vehicles. Typically, in this kind of environment there are
vibrations present caused by internal combustion engines, hydraulic systems, etc. And
in many cases these vibrations are present all the time when the vehicle is running, i.e.

immediately from the point when engine is started.

This is the case also in this application. Ponsse Ergo’s diesel engine, as well as the
hydraulic system cause small-scale vibrations all over the forestry harvester. In Figure
4.1, the vibrations measured from the point in the sliding boom where the independent
limit switch is intended for use is presented. The measurements were performed while
the harvester was running idle, approximately 900 revolutions per minute. In the upper
graph, the actual vertical vibration is shown, and in the lower graph is the calculated fre-
quency spectrum of vibrations. The root mean square value of measured vibration values
is 3.742x 1073 m/s?. As seen from the frequency spectrum, there are some relative strong
dot frequencies, strongest at 139.7 Hz and 220.5 Hz.

The maximum theoretical power output of a kinetic energy harvester on the strongest
dot frequency on idle running is plotted in Figure 4.2 in the function of seismic mass m
and an amplitude of seismic mass relative to base Z. As shown in Figure 4.2 and by
the equation (2.39), the output power F,,; can be increased by increasing seismic mass
m or the amplitude of seismic mass relative to base Z, while keeping in mind the size
limitations. However, in this case the measured vibrations are so significantly low that
even by increasing the kinetic energy harvester the target power output is out of reach.
Thus, in idle running, a kinetic energy harvester is insufficient to power the independent

limit switch.
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Figure 4.1: Vibration measurements from the Ponsse Ergo sliding boom when idle. The upper
graph is the measured values of vibrations. The root mean square value of measured
values is 3.742x 1072 m/s?. In the lower graph, the frequency spectrum of vibrations
is represented. The highest peak frequency spectrum is at 139.7 Hz point, reaching up
to 2.958x 1073 m/s2, with other peaks at frequencies of 59 Hz, 198.8 Hz and 220.5

Hz.
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Figure 4.2: Estimated power output of a kinetic energy harvester at 139.7 Hz point with accelera-
tion of 2.958 x10~% m/s?.

With regard to working conditions, the characteristics of vibrations are much different

than in idle running, which can be noticed from Figure 4.3 where the results of vibration
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measurements under working conditions are shown. The Ponsse Ergo diesel engine is
running at about 1650 revolutions per minute, which is almost double to idle running.
This has caused a significant change in the frequency spectrum. All the peaks shown in
Figure 4.1 are shifted to higher frequencies, whilst the base vibrations have become more

powerful on the whole measured frequency spectrum.
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Figure 4.3: Vibration measurements from the Ponsse Ergo sliding boom on working conditions.
The upper graph representes the measured values of vibrations. The root mean square
value of measured values is 2.149x 1072 m/s?. In the lower graph, the frequency
spectrum of vibrations is represented. While working, the only peak on frequency
spectrum is at a frequency of 120 Hz. If compared to the results of frequency spectrum
shown in Figure 4.1, vibrations are much stronger over the whole frequency range,
excluding those few dot frequencies, and especially on the lower frequencies.

A comparison of frequency spectrums in Figures 4.1 and 4.3 effectively demonstrate the
most significant challenge of kinetic energy harvesters: vibration frequency variation.
Since the frequency of vibrations in heavy-duty vehicles is highly dependent on the rev-
olutions of the internal combustion engine, the use of resonant kinetic energy harvester
is unfeasible. As mentioned in section 2.3.5, problems caused by wideband vibrations
could be solved with a kinetic energy harvester with a nonlinear structure, or with a struc-
ture, which has multiple resonant cantilevers. However, this does not solve the problem
in question: there are no strong enough vibrations present to power the independent limit
switch. Therefore kinetic energy harvesting is not a suitable energy source in this appli-

cation due to the low power levels caused by low vibrations.
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4.2 Energy storage

As mentioned in section 3.2, the purpose of energy storage is to ensure an efficient en-
ergy flow from the energy harvester to the application payload, i.e. to perform as a buffer
for the energy harvested and used. In addition to optimizing the energy flow, the energy
storage has to power the target system while the power produced by the energy harvester
is insufficient. Since it is not guaranteed that any of the energy-harvesting methods men-
tioned above will provide instant and sufficient power levels immediately after the start-up

of the vehicle, there is a need for relatively high capacity energy storage.

Choosing the right energy storage or combination of storage, is as source-dependent as
choosing the right harvester. The amount of energy to be extracted and the power level
variation directly affects the storage capacity needed. Other essential characteristics re-
lating to choosing the right energy storage includes the life expectancy in years and in

charge-discharge cycles, self-discharge and operating temperature.

4.2.1 Supercapacitor

As seen in section 3.2.3, supercapacitors outperform batteries in most essential character-
istics. Only the energy density and self-discharge rate are better with batteries than with
supercapacitors. Supercapacitors have an energy density up to 10 Wh/kg, as shown in

Table 3.4, which is sufficient enough for many energy-harvesting solutions.

The choice of suitable supercapacitor as an energy storage depends on differing variables,
such as operating voltage, acceptable voltage drop of the energy storage, power required
and required operating time. In Figure 4.4, the capacitance need in the function of the
operating voltage and voltage drop is shown. The power requirement is assumed to be
five milliwatts and the operating time one hour — which is the estimated time in which the
hydraulic oil of the forestry harvester is warmed up and the thermoelectric generator is

producing sufficient power levels.

As seen in Figure 4.4, with these boundary conditions in question, the required capaci-
tance is several farads. However, even with a relatively low energy density this translates
only to a few cubic centimetres. Therefore, the energy density of the supercapacitors is

not a crucial issue, but the self-discharge rate is. Since the forestry harvester can be un-
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Figure 4.4: Amount of capacitance needed as an energy storage in the function of the operating
voltage and acceptable voltage drop. The power requirement is assumed to be five
milliwatts and the required operating time is one hour.

used for months — i.e. possibly no energy to be harvested from light, thermal gradients or

vibration — there is a need for long-term energy storage.

4.2.2 Batteries

Due to the high self-discharge rate, supercapacitors are insufficient as long-term energy
storage. Therefore, a traditional battery is needed to ensure the power supply for the limit

switch for the period when the energy harvester is not producing enough power.

As seen in Table 3.3, the characteristics of the three most common battery technologies
vary only slightly. The main focus on choosing the right battery should be on life ex-
pectancy — i.e. life in years — and, more importantly, the number of charge/discharge

cycles.

The most suitable battery technology as a long term energy storage is Li-Ion, which has
the highest number of charge/discharge cycles of battery technologies mentioned in sec-
tion 3.2.1. It also has the highest expected lifetime in years. The only downside com-
pared to other technologies is the self-discharge rate, which is slightly higher than with

Li-polymer batteries. However, the self-discharge rate is relatively small and it does not



66

affect this design.

There are also some commercially available batteries with a significantly high number
of charge/discharge cycles: for example, the MEC series from Infinite Power Solutions,
Inc [56]. The MEC series is a type of lithium batteries, which utilizes electrolyte called
LiPON (Lithium Phosphorus Oxynitride), providing thousands of charge/discharge cy-
cles, which is remarkably higher than with traditional Li-Ion batteries [56].

4.3 Summary

As seen on the previous sections, each of the energy harvesting technologies has their
pros and cons. Although kinetic energy harvesting is ideal technology in heavy-duty ve-
hicles due to the low dependency on ambient environment and high dependency on the
characteristics of of the vehicle usage, it produces the lowest power levels. In contrast,
photovoltaic energy harvesting has the highest power density in ideal conditions, but in
this application it is too unreliable and overly dependent on the ambient environment.
The artificial light used in forestry harvester is an insufficient energy source for the pho-

tovoltaic cells.

Even though the hydraulic oil temperature rise time and mechanical implementation are
problematic with thermal energy harvesting in this application, it is still the most suitable
solution for primary energy harvesting technology. High dependency on the vehicle usage

makes it the most reliable and most predictable energy-harvesting technology.

The effect of ambient environment is the weakest point of thermoelectric energy har-
vesting in this application. The higher the ambient temperature, the faster the hydraulic
oil warms up, and therefore the faster the maximum temperature difference is reached.
However, the high ambient temperature also reduces the temperature difference between
thermal source and ambient environment. Therefore, a secondary energy harvesting tech-
nology should be used in addition to the thermoelectric module. Photovoltaic cells are the
logical choice, since the sunlight has remarkable influence on the ambient environment.

Thus, the photovoltaic and thermoelectric energy harvesting supplements each other.

The primary energy source, thermoelectric module, is able to power the independent limit

switch not until the hydraulic oil has warmed up. Therefore, a high capacity energy
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storage is needed. A supercapacitor would be an ideal energy storage in otherwise, but
the high self-discharge rate is insuperable problem. Since forestry harvester can be unused
for months, supercapacitors could lose all the energy stored, thus causing the system to

be nonoperational until the energy harvesting is producing power.

Due to the supercapacitors’ high self-discharge rate, a rechargeable battery is needed as a
long-term energy storage. Li-lon battery has the best characteristics of traditional batter-
ies, which includes the highest number of charge/discharge cycles and highest expected

lifetime.

Powering the independent limit switch by using energy harvesting is feasible in this case.
The suggested primary energy harvesting should be done by thermoelectric modules, by
exploiting the heat from the hydraulic oil. Photovoltaic cells could be used as a secondary
power source, providing energy in sunny and warm days, when the temperature difference
between the ambient environment and the hydraulic oil is low. The system should use two
various types of energy storage — supercapacitors and rechargeable batteries. Supercapac-
itors would be used as an primary energy storage, which would power the system as long
as the thermoelectric module produces sufficient power levels. The rechargeable batteries
would act as a backup power source, providing energy to the system in situations when
energy harvesting is not producing enough power and the supercapacitor energy storage

is low on power.

This suggested energy harvesting solution is not as elegant as it could be in optimal situa-
tions with using energy harvesters only dependent on the forestry harvester and superca-
pacitors as a only energy storage. Nevertheless, the independent limit switch is feasible

and energy harvesting solves the problem of powering the autonomous system.
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5 CONCLUSION

The number of wireless sensor and control systems is increasing rapidly. Until recently,
powering the nodes of these systems has been one of the biggest challenges. In most
cases, the advantages of using wireless communication are lost if the power is provided
via wires to the sensor node instead of an autonomous power system. On the other hand,
using disposable batteries is also impractical, since they reduce the life expectancy of the
system whilst increasing the need for maintenance. In many cases, energy harvesting has

become competitive technology as a power source.

One of the best-known energy harvesting technologies is based on photovoltaic cells or
solar cells, which have been used for decades in various size power solutions. The evolu-
tion of photovoltaic cells was quite rapid at the beginning, but the development rate has
calmed slightly. Nevertheless, progress is occurring all the time. The current state-of-the-
art photovoltaic cells have an efficiency of 32 percent with multijunction devices and as
high as 25 percent with the most common silicon-based cells. As shown by the measure-
ment results represented in the case study, however, photovoltaic cells struggle to perform

well in artificial lighting.

On applications, where thermal gradients are present, thermoelectric modules provide
a reliable and stable energy source. The operation of thermoelectric modules is based
on Seebeck effect, which states that a temperature difference between conductor ends
causes a voltage difference to the conductor. The voltage, and the power, produced by the
thermoelectric module is dependent on the characteristics of the materials used. These
characteristics include thermoelectric coefficient «, volume resistivity p and the thermal
conductivity x, which defines the thermoelectric figure of merit Z. The thermoelectric
figure of merit defines the maximum efficiency of the thermoelectric device. The effi-
ciency of current state-of-the-art thermoelectric modules is approximately five percent,
but the efficiency is assumed to rise to 15 percent under laboratory conditions in the near

future.

In many applications, kinetic energy harvesting is the most suitable solution for energy
harvesting. The base of analysing kinetic energy harvesters is the physical model of a
second-order spring-mass system with a linear damper. This model also emphasises the
biggest problem of kinetic energy harvesters: narrow vibration bandwidth. There are ways

to wider the bandwidth, but typically this means significantly decreased power densities.
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The bandwidth widening depends on the kinetic energy harvesting technology used —
i.e. whether or not the energy harvester is based on piezoelectricity, electromagnetic or

electrostatic phenomena.

The evaluation of harvester effectiveness is difficult, since the maximum amount of power
available and therefore efficiency are source-dependent. Also, the comparison of various
kinetic energy harvesters by using power density as a figure of merit is problematic, due
to the high source dependency. Although the power density is problematic, it can still
be used to proportion the energy output from the kinetic energy harvesters. Typically,
the power densities in state-of-the-art kinetic energy harvesters are approximately a few

hundred microwatts per cubic centimetre.

Energy harvesting based on radiofrequencies is the last harvesting technology discussed in
this thesis. It is also the most ineffective way to harvest energy from the ambient environ-
ment. The amount of energy to be harvested is highly dependent on the distance between
the source and the receiving harvester. Typical power densities with GSM (900/1800
MHz) and WLAN (2400 MHz) signals are less than one microwatt per square centimetre.

All the energy harvesting technologies mentioned here have one thing in common: high
source and application dependency. All the technologies are susceptible to the ambi-
ent environment characteristics variation. Slightest variation in the energy source — i.e.
light, thermal gradient or vibration — can reduce the harvester power output significantly.
Therefore most of the energy harvesting applications are non-standard, there is no univer-
sal solution for energy harvesting. There exists a variety of energy-harvesting modules,
but the whole design of the energy harvesting system has to be matched to the source

characteristics.

In addition to the source characteristics, the load also has to be matched to the energy
harvesting system in order to achieve the most effective energy flow from the source
to the target. Variation in load impedance can significantly affect the efficiency of the
energy harvester. Therefore, energy management hardware has a significant role in energy

harvesting systems.

For years, energy harvesting technologies have been studied and implemented in static en-
vironments, but recently the use of energy harvesting has also been studied in heavy-duty
vehicles. By replacing traditional sensing and control systems based on wires with wire-

less and independent solutions, major advantages can be achieved. The initial installation
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and replacing defective wiring can be relatively expensive.

The most ideal energy harvesting methods in heavy-duty vehicles are kinetic energy har-
vesting and in some application thermal energy harvesting due to the high dependency
on the vehicle usage. The high dependency of the vehicle usage means that the energy is

produced while it is needed, i.e. while the vehicle is in use.

Although energy harvesting is extra challenging in heavy-duty vehicles due to the dy-
namic characteristics of the ambient environment, it is still feasible in many cases, as
in the case study discussed in this thesis. In the case study the power requirement can
be reached with correct choices for energy harvesters and energy storage. These are
thermoelectric energy harvesting as a primary energy source, and photovoltaic cells as
a secondary energy source. Both supercapacitors and rechargeable batteries are needed
as energy storage, batteries as a long-term storage and supercapacitors as a short-term

storage.

As a final note, energy harvesting is increasingly feasible in many applications today. It is
also advisable to replace traditional wire based sensing and control systems in heavy-duty

vehicles with autonomous wireless nodes.
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Appendix A: Kinetic energy harvesting tables

Mitcheson et al. [2] has gathered information about published energy harvesting studies
from the years 2000 to 2008. This information has been presented in Tables A.1 — A.3,

added with more recent studies.

Tables include the physical characteristics of the published energy harvesters, such as
generator volume, weight of the seismic mass and input amplitude of the external exciting

force with measured values of frequency and power.

These values have been used to calculate the values for power density, harvester effective-

ness and volume figure of merit, FoMy, for the comparison of energy harvesters.

Tables A.1 — A.3 include only the tested, actual energy harvesters — i.e. no simulation
results are included. The tables do not represent a comprehensive listing of all published
energy harvesters, but they still provide an overall picture of the state-of-the-art energy

harvesters during the last decade.
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