Chapter 1
Kinetic Energy Harvesting

Dibin Zhu and Steve Beeby

Abstract This chapter introduces principles of normal kinetic energy harvesting
and adaptive kinetic energy harvesting. Kinetic energy harvesters, also known as
vibration power generators, are typically, although not exclusively, inertial spring-
mass systems. Electrical power is extracted by employing one or a combination
of different transduction mechanisms. Main transduction mechanisms are piezo-
electric, electromagnetic and electrostatic. As most vibration power generators are
resonant systems, they generate maximum power when the resonant frequency of
the generator matches ambient vibration frequency. Any difference between these
two frequencies can result in a significant decrease in generated power. Recent
development in adaptive kinetic energy harvesting increases the operating frequency
range of such generators. Possible solutions include tuning resonant frequency of the
generator and widening the bandwidth of the generator. In this chapter, principles
and operating strategies for adaptive kinetic energy harvesters will be presented and
compared.

Keywords Adaptive energy harvesting - Frequency tuning - Wider frequency
range - Vibration energy harvesting

1.1 Introduction

Mechanical energy can be found almost anywhere that wireless sensor networks
(WSN) may potentially be deployed, which makes converting mechanical energy
from ambient vibration into electrical energy an attractive approach for powering
wireless sensors. The source of mechanical energy can be a moving human body
or a vibrating structure. The frequency of the mechanical excitation depends on
the source: less than 10 Hz for human movements and over 30 Hz for machinery
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vibrations [1]. Such devices are known as kinetic energy harvesters or vibration
power generators [2].

In practical machine-based applications, vibration levels can be very low (<1 m
s72) at frequencies that often correspond to the frequency of the mains electricity
powering the plant (e.g. 50 or 60 Hz or harmonics). Such low levels of vibration
equate to amplitudes of vibration that are in the order of a few microns and the only
way to extract mechanical energy in this case is to use an inertial generator that res-
onates at a characteristic frequency. The limitation to this approach is that the gen-
erator is, by definition, designed to work at a single frequency. A high Q-resonance
means very limited practical bandwidths over which energy can be harvested. If the
resonant frequency does not match the ambient vibration frequency, output power
of the generator drops significantly.

Adaptive kinetic energy harvesters [3] are developed to increase the operational
frequency range of vibration energy harvesters thus addressing the bandwidth limi-
tation. Adaptive kinetic energy employs certain mechanisms that can either adjust,
or tune, the resonant frequency of a single generator so that it matches the frequency
of the ambient vibration at all times or widen the bandwidth of the generator. Reso-
nant frequency tuning can be achieved by changing the mechanical characteristics of
the structure or electrical load on the generator. In addition, widening the bandwidth
of the generator can be achieved by, for example, employing an array of structures
each with a different resonant frequency, an amplitude limiter, coupled oscillators,
non-linear (e.g. magnetic) springs, bi-stable structures or a large inertial mass (large
device size) with a high degree of damping.

In Section 1.2, principles of kinetic energy harvesting is introduced. In Sec-
tion 1.3, classification of transduction mechanisms and principle of each transducer
are described. A wide range of reported kinetic energy harvesters are summarized
according to their transducers. Advantages and disadvantages of each transducer
have been listed and compared. In Section 1.4, a brief introduction of adaptive
kinetic energy harvesting is given. Section 1.5 describes the theory behind resonant
frequency tuning strategies and suggests criteria for evaluating tuning mechanisms.
Principles of the two tuning methods, i.e. mechanical and electrical tuning, are intro-
duced and examples of these methods are studied. Section 1.6 presents principles of
strategies to widen bandwidth of the kinetic energy harvesters and contains exam-
ples of all strategies. Section 1.7 compares different strategies for adaptive kinetic
energy harvesting and Section 1.8 summarizes the chapter.

1.2 Principles of Kinetic Energy Harvesting

Inertial-based kinetic energy harvesters are modelled as second-order, spring-mass
systems. The generic model of kinetic energy harvesters was first developed by
Williams and Yates [4]. Figure 1.1 shows a generic model of such a generator, which
consists of a seismic mass, m, and a spring with the spring constant of k. When the
generator vibrates, the mass moves out of phase with the generator housing. There
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Fig. 1.1 Generic model of kinetic energy harvesters

is a relative movement between the mass and the housing. This displacement is
sinusoidal in amplitude and can drive a suitable transducer to generate electrical
energy. b is the damping coefficient that consists of mechanically induced damping
(parasitic damping) coefficient by, and electrically induced damping coefficient b,
i.e. b = by + be. y() is the displacement of the generator housing and z(¢) is the
relative motion of the mass with respect to the housing. For a sinusoidal excitation,
y(t) can be written as y(f) = Y sin wt, where Y is the amplitude of vibration and w
is the angular frequency of vibration.

The transduction mechanism itself can generate electricity by exploiting the
mechanical strain or relative displacement occurring within the system. The strain
effect utilizes the deformation within the mechanical system and typically employs
active materials (e.g. piezoelectric). In the case of relative displacement, either the
velocity or position can be coupled to a transduction mechanism. Velocity is typi-
cally associated with electromagnetic transduction while relative position is associ-
ated with electrostatic transduction. Each transduction mechanism exhibits different
damping characteristics and this should be taken into consideration while mod-
elling the generators. Thermomechanical system can be increased in complexity,
for example, by including a hydraulic system to magnify amplitudes or forces, or
couple linear displacements into rotary generators. Details of these transducers will
be given in Section 1.3.

1.2.1 Transfer Function

For the analysis, it is assumed that the mass of the vibration source is much greater
than the mass of seismic mass in the generator and the vibration source is unaffected
by the movement of the generator. Then the differential equation of the movement
of the mass with respect to the generator housing from the dynamic forces on the
mass can be derived as follows:
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d*z (1) dz (1) d*y (1)
. b- k-z(t)=—-m- ——=— 1.1
az TPt =mme s (b
which can be written in the form after the Laplace transform as
m~s2-z(s)+b-s~z(s)+k~s~z(s)=—m-a(s) (1.2)

where a(s) is the Laplace expression of the acceleration of the vibration, a(t), which
is given by

d*y (1)
a(t) = 2 (1.3)

Thus, the transfer function of a vibration-based micro-generator is

z(s) 1 1
I = 14
a(s) s2+%s+% s2+%s+wr2 (1.4)

where Q = @ is the quality factor and w; = /k/m is the resonant frequency.

1.2.2 Equivalent Circuit

An equivalent electrical circuit for a kinetic energy harvester can be found from Eq.
(1.4), which, when rearranged, gives

—m-a(s) =s-2(s) (ms—l—b—{—]si) (1.5)

Equation (1.5) can be rewritten as

11
—I(s) = E(s) (sC + ot S—L) (1.6)

where I(s) =m-a(s), E(s) =s-Z(s),C =m, R = }, L = 1. Based on Eq. (1.6),
an equivalent electrical circuit can be built as shown in Fig. 1.2.

1.2.3 Damping in Kinetic Energy Harvesters
As mentioned above, damping in kinetic energy harvesters consists of mechanically

induced damping (parasitic damping) and electrically induced damping. The overall
damping factor of the system, ¢, is given by
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= b— is the

where ¢y, = 2”
electrically induced damping factor.

Total quality factor (Q-factor) is a function of damping factor. The total Q-factor
is given by

1
Or =5 (18)

This is the Q-factor when the generator is connected to the optimum load. The
relation between total quality factor and the electrical and mechanical damping is
given by

G
Or Qoc Qe

where Qoc = % is the open circuit Q-factor which reflects the mechanical damp-

(1.9)

ing. Q., which equals %, reflects performance of the transduction mechanism. It
cannot be measured directly, but can be calculated using Eq. (1.9) once Ot and Qoc
are measured.

1.2.4 Output Power of Kinetic Energy Harvesters

Assume that the input is a sinusoid excitation, i.e. y(t) = sin wt. The solution to Eq.
(1.1) is given by

(1) = e’y in wr (1.10)
= ——— - S1n .
¢ k —mw? + job @

or
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wz

z(t) = - Y sin(wt 4 @) (1.11)
J@? — o) 4 b2y

where ¢ is the phase angle given by

¢ = tan™! (b—w) (1.12)

k — w?’m

The average power dissipated within the damper, i.e. the sum of the power
extracted by the transduction mechanism and the power lost in mechanical damping
is given by

2
P =b<@) (1.13)
dt

Equations (1.11) and (1.13) give the average power dissipated within the damper
as follows:

» merY? () w’ 4
(M_TL%ﬁVP+QﬁﬁV 19

When the generator is at resonance, i.e. ® = @y, the power dissipation reaches
maximum. The maximum dissipated power is

pP= mYw; (1.15)
o dgr .
or
Y2 3
__mrrer (1.16)
4(¢m + Ce)

The power dissipation is the sum of maximum electrical energy extracted by the
transduction mechanism, P., and mechanical loss, Py,. P. and Py, are as follows:

_ ;,emYza)r3
© 4+ o) (17
2.3
= (1.18)

4l + Ce)
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Maximum power conversion from mechanical domain to electrical domain
occurs when {¢ = ¢p, i.e. damping arising from the electrical domain equals
mechanical losses. Therefore, the maximum electrical power that can be extracted
by the kinetic energy harvester, Pe, is given by

P mY?w}

Po=—=—"1
T2 1621

(1.19)

Since the peak acceleration of the base, a, is given by a = Yw?, Eq. (1.19) can
be rewritten as

2
po= "4 (1.20)
16wy - &m
As the open circuit Q-factor, Qoc = ﬁ , Eq. (1.20) can be written as
ma*
Pe = - Qoc (1.21)
8wy

It is found via Eq. (1.21) that the maximum power delivered to the electrical
domain is inversely proportional to the damping factor, i.e. proportional to the
Q-factor. Hence, when designing a vibration-based micro-generator to achieve max-
imum power output, it is important to design the generator with a high Q-factor
(i.e. low damping factor) and make the generator work at its resonant frequency.
Figure 1.3 shows an example of the power spectrum of a vibration-based micro-
generator of resonant frequency 50 Hz with various Q-factors and damping factors.
It can be seen that, for generators with a high Q-factor (i.e. low damping factor),
the output power drops significantly if the frequency of operation is away from the
generators resonance. When the Q-factor is lower (i.e. damping factor is higher),
the peak output power decreases while the bandwidth of the generator increases and
the device becomes less sensitive to frequency shifts at the expense of lower maxi-
mum generated power. In addition, since the output power is inversely proportional
to the resonant frequency of the generator for a given acceleration, it is generally
preferable to operate at the lowest available fundamental frequency. This is com-
pounded by practical observations that acceleration levels associated with environ-
mental vibrations tend to reduce with increasing frequency. Application vibration
spectra should be carefully studied before designing the generator in order to cor-
rectly identify the frequency of operation given the design constraints on generator
size and maximum permissible z(#). Furthermore, the mass of the mechanical struc-
ture should be maximized within the given size constraints in order to maximize
the electrical power output. It should also be noted that the energy delivered to the
electrical domain will not necessarily all be usefully harvested (e.g. coil losses).
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Fig. 1.3 Power spectrum of a kinetic energy harvester with various Q-factors

1.3 Transduction Mechanisms

In kinetic energy harvesting, a particular transduction mechanism such as elec-
tromagnetic [5], electrostatic [6] and piezoelectric [7] is used to extract electrical
energy from motion. The generator also requires a mechanical system to couple
environmental displacements to the transduction mechanism. This mechanical sys-
tem has to be designed to maximize the coupling between the mechanical energy
source and the transduction mechanism. Most vibration-based micro-generators are
single degree of freedom second-order spring-mass system consisting of an inertial
frame that transmits the vibration to a suspended inertial mass to produce a rela-
tive displacement or cause mechanical strain. The transduction mechanism can then
generate electrical energy by exploiting the relative displacement or strain.

1.3.1 Electromagnetic (EM) Generators

Electromagnetic induction was discovered by Michael Faraday in 1831. Faraday’s
law of electromagnetic induction states that an electrical current will be induced
in any closed circuit when the magnetic flux through a surface bounded by the
conductor changes. This applies whether the field itself changes in strength or the
conductor is moved through it. In an electromagnetic generator, permanent magnets
are used to produce strong magnetic field and a coil is used as the conductor. Either
the permanent magnet or the coil is fixed to the frame while the other is attached
to the inertial mass. The relative displacement caused by the vibration makes the
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transduction mechanism work and generate electrical energy. The induced voltage,
also known as electromotive force (e.m.f), across the coil is proportional to the
strength of the magnetic field, the velocity of the relative motion and the number
of turns of the coil. An electromagnetic generator is characterized by high output
current level at the expense of low voltages. Figure 1.4 shows two commonly seen
examples of electromagnetic generators.

B B

e

S
Direction irecti
Direction
O( } Coil with of
MO(IIOFI : ! N turns Motion
z(1) Coil with | d z
N turns "/-*' 0

®

For the case in Fig. 1.4a, the magnetic field is uniform. The magnetic field cut by
the coil varies with the relative displacement between magnets and the coil. In this
case, the induced electromotive force is given by

(@

Fig. 1.4 Electromagnetic generators

dz
mf.=—-N-[-B.-— 1.22
e.m 0 (1.22)

where N is the number of turns of the coil, / is the effective length of the coil, B
is the flux density going through the coil and dz/dt is the relative velocity between
the magnets and the coil.

For the case in Fig. 1.4b, the magnetic field varies with the distance apart from
the magnet. The induced electromotive force is given by

dB d
emf.=—N-§.- — <

- — 1.23
dz dt ( )

where S is the effective area of the coil and d B/dz is the gradient of the magnetic
flux density along the direction of relative motion between magnets and the coil.

In both cases, the induced e.m.f. is a function of velocity of relative movement
z(t). Therefore, both expressions can be expressed by
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dz
emf. =« - — (1.24)
dt

where « is the electromagnetic coupling factor which equals —~N -/ - B and —N -
S - % in both cases, respectively. It represents the change in coupled flux per unit
displacement.

Figure 1.5 shows a circuit representation of an electromagnetic generator with a
resistive load, Ry. The relation between the current through the load and the induced
e.m.f. is given by

p
en.f.+i- (R + Ro) + Lcd—; —0 (1.25)

Electromagnetic generators perform better in macro-scale than in micro-scale
[8]. Particularly, generators integrated with MEMS with electroplated coils and
magnets may not be able to produce useful power levels due to poor electromagnetic
coupling.

Electromagnetic ll
micro-generator |
I
I
I

Fig. 1.5 Circuit representation of an electromagnetic generator

The damping coefficient induced from electromagnetic transduction, b, is as
follows:

i2

= (1.26)
RL + Re + jowL,

be

where Rp, and R are resistances of the load and coil, respectively. L. is the induc-
tance of the coil.

For a micro-generator that works at low resonant frequencies, the inductive
impedance of the coil is much lower than its resistive impedance. Hence, the induc-
tive impedance can be ignored in this case. Thus, be, can be simplified to
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2
be = —— 1.27)
Ry + Rc
The electrically induced damping factor, &, is
2
K
Le (1.28)

~ 2mw(RL + Ro)

Equation (1.28) shows that Ry, can be used to adjust b to match by, and therefore
maximize output power, although this must be done with the coil parameters in
mind. It can be shown that the optimum load resistance can be found from Eq.
(1.29) and maximum average power delivered to the load can be found from Eq.
(1.30) [9]:

R = R+ = (1.29)

P

e — 1.30
16Zmer(1 — £) (30

Table 1.1 lists some reported electromagnetic generators with their main
characteristics.

Table 1.1 Summary of electromagnetic kinetic energy harvesters

Power
Excitation Volume density Structure
Reference f (Hz) level (ms?) Mass(g) (mm?) PuW) (WW mm?) material
Williams 4400 382 0.0023 54 0.3 0.0556 GaAs
etal. [10] Polyimide®
Ching et al. [11] 110 95.5 N/A 1000 830 0.83 Copper®
Glynne-Jones 322 2.7 N/A 840 180 0.214 Steel®
etal. [12]
Koukharenko 1615 3.92 N/A 100 0.104 0.00104 Silicon®
etal. [13]
Sahaetal. [14] 84 7.8 25 8002 3500 4.375 Copper©
Beeby et al. [15] 52 0.589 0.66 150 46 0.307 BeCu®
Klahand 25 N/A 15.6% 2000*  3.97 0.00199 Styrene®
etal. [16]
Torah et al. [17] 50 0.589 N/A 570 58 0.102 BeCu®
Wang et al. [18] 280 10 N/A 315 17.2 0.055 Nickel®

4 Estimated or extrapolated from data in reference
b Micro-scale
¢ Macro-scale
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1.3.2 Piezoelectric (PZ) Generators

The piezoelectric effect was discovered by Pierre and Jacques Curie in 1880. It is the
ability of some materials (notably crystals and certain ceramics) to generate an elec-
tric potential in response to applied mechanical stress. The electrical polarization is
proportional to the applied strain. This is the piezoelectric effect used for mechanical
to electrical energy conversion. Commonly used materials for piezoelectric power
generation are PZT, PVDF [19] and macro-fibre composite (MFC) [20].

Piezoelectric generators typically work in either 33 mode (Fig. 1.6a) or 31 mode
(Fig. 1.6b). In the 33 mode, a force is applied in the same direction as the poling
direction, such as the compression of a piezoelectric block that has electrodes on its
top and bottom surfaces. In the 31 mode, a lateral force is applied in the direction
perpendicular to the poling direction, an example of which is a bending beam that
has electrodes on its top and bottom surfaces. Generally, the 31 mode has been the
most commonly used coupling mode although the 31 mode has a lower coupling
coefficient than the 33 mode [19]. Common energy harvesting structures such as
cantilevers or double-clamped beam typically work in the 31 mode because the lat-
eral stress on the beam surface is easily coupled to piezoelectric materials deposited
onto the beam.

Fig. 1.6 Piezoelectric generators: (a) 33 mode and (b) 31 mode

The constitutive equations for a piezoelectric material are given by

5=21d-E (131)
=2 .
D=¢-E+d-o (1.32)

where § is mechanical strain, o is mechanical stress, Y is Young’s modulus of the
material, d is the piezoelectric strain coefficient, E is the electric field, D is the
electrical displacement (charge density) and ¢ is the dielectric constant of the piezo-
electric material.

Figure 1.7 shows a circuit representation of a piezoelectric generator with a resis-
tive load, Ry. C is the capacitance between two electrodes and Rq is the resistance
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Fig. 1.7 Circuit representation of a piezoelectric generator

of the piezoelectric material. The voltage source, Vpc, is the open circuit voltage
resulting from Eq. (1.32) when the electrical displacement is zero. It is given by

d-t
VOC = —T [N (133)

where ¢ is the thickness of the piezoelectric material.
An expression for the piezoelectric damping coefficient is [21]

2 2.2
be = & (1.34)

1
2. Jw? + R

where « is the piezoelectric material electromechanical coupling factor and Cy, is
the load capacitance. Again Ry, can be used to optimize and the optimum value can
be found from Eq. (1.35) and as stated previously, maximum power occurs when ¢
equals {m:

1 2¢,
Ropt = —% (1.35)
orC \J4c2 4+«
The maximum power is [21]
1 R CZ 2Ydtb* \2
Prax = — LC £ ) 2 (1.36)

a
@2 (422 + k) (RLCwx)? + 4Lmic2(RLC ) + 222

where b* is a constant related to dimensions of the piezoelectric generator and a is
the vibration acceleration.

Table 1.2 lists properties of some common piezoelectric materials. Output power
of piezoelectric generators using different piezoelectric materials is compared in
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Table 1.2 Coefficients of common piezoelectric materials [2, 22]

Material PZT-5H PZT-5A BaTiO3 PVDF
d3 (x10712CN—1 —274 —171 78 23
Young’s modulus (GPa) 50 50 67 2
Relative permittivity (¢/£9) 3400 1700 1700 12
1.2
- 1
g
8_ 08
B
N 06
®
E o4
(=]
) l
0.2
0 T r v
BaTiO; PVDF PZT-5H PZT-5A

Fig. 1.8 Comparison of output power of piezoelectric generator using different piezoelectric
materials

Fig. 1.8. These generators have the same dimensions. It is found that with the same
dimensions, the generator using PZT-5A has the most amount of output power.

Piezoelectric generators have the simplest structure among the three transduc-
ers and they can produce appropriate voltages for electronic devices. However, the
mechanical properties of the piezoelectric material may limit overall performance
and lifespan of the generator. Although piezoelectric thin films can be integrated
into a MEMS fabrication process, the piezoelectric coupling is greatly reduced.
Therefore, the potential for integration with microelectronics is less than that for
electrostatic micro-generators which will be presented in the next section.

Table 1.3 lists some reported piezoelectric generators with their main character-
istics.

1.3.3 Electrostatic (ES) Generators

The basis of electrostatic generator is the variable capacitor. The variable capaci-
tance structure is driven by mechanical vibrations. The capacitance varies between
maximum and minimum values. If the charge on the capacitor is constrained, charge
will move from the capacitor to a storage device or to the load as the capacitance
decreases. Thus, mechanical energy is converted to electrical energy. Electrostatic
generators can be classified into three types, i.e. in-plane overlap (Fig. 1.9a) which
varies the overlap area between electrode fingers, in-plane gap closing (Fig. 1.9b)
which varies the gap between electrode fingers and out-of-plane gap closing
(Fig. 1.9¢) which varies the gap between two large electrode plates [6].



15

1 Kinetic Energy Harvesting

90UAIRJAI UL BIEP WOy paje[odenXy g

J[nsaI uone[NWIS ,

L1Zd paurtid-usarg ydrowrg Y20 ore L86 8'C ¥ L9 [1€] TR 10 NYZ
LZd ydiowrtup e SI'e VIN VIN 96l §9Y [0€] Te 10 uayg
ydiowrun
LZd  Suipues-ear] VIN LT0 VIN VIN 8'6 0¢€C [6T] Te 10 oy
LZNINd ydrourg 4 00S VIN VIN 860 0cl [82] T 19 Suoar
NIV ydiowrtup 900°0 €00 S q6000°0 (43 0081 [LT] T8 1o DyouaZIRN
LZd ydiowrrun 9¢ 91T 90 491000 86 809 [92] Te 30 Sueq
17d ydiowrtup 70°LE 1 qLC00 VIN 901 6°¢l [cT] Te 10 uosr
$STOId-1Zd ydiowrg VIN 20091 V/IN V/IN VIN 000L (¥l e g
1zd ydrowrg SLEO SLE 0001 6 4 0cl [1] ‘e 30 Apunoy
1Zd pawutid-udarg ydiowrtup 89100 I'c SCl 80 £C 08 [€T] Te 10 mym
[BLIQJRW JLIJJ[Q0ZAIJ AINONNS ( cu A MM d AmEEV (3) sse]N Amm ) [9A9] zRH) / QIUAIRYY
KIsudp 1omod QUINJOA uoneIoxy

SI9)saATRY A310U0 Onouny 91md9Ro0zald Jo Arewwung ¢°f IqeL



16 D. Zhu and S. Beeby

Movable Movable Fixed
Finger . Finger Finger
Fixed Electrode  SPriN9 Electrode  Electrode
Finger
Electrode

|

Direction

Direction
of

of
Motion

Motion
-

Spring

(@ (b)

Direction

Movable of

Finger ~§ Motion
Electrode Fixed

Finger
Electrode

Fig. 1.9 Electrostatic generators: (a) in-plane overlap; (b) in-plane gap closing; and (c) out-of-
plane gap closing

These three types can be operated either in charge-constrained or voltage-
constrained cycles. Generally, generators working in voltage-constrained cycles pro-
vide more energy than generators in charge-constrained cycles. However, by incor-
porating a capacitor in parallel with the energy harvesting capacitor, the energy from
the charge-constrained system can approach that of the voltage-constrained system
as the parallel capacitance approaches infinity. This parallel capacitor effectively
constrains the voltage on the energy harvesting capacitor [32].

A simplified circuit for an electrostatic generator using charge-constrained con-
version is shown in Fig. 1.10. Vj; is a pre-charged reservoir, which could be a capac-
itor or a rechargeable battery. Cy is a variable capacitor, which is one of the three
types mentioned above. Cpy; is the parasitic capacitance associated with the variable
capacitor structure and any interconnections, which limits the maximum voltage. CL,
is the storage capacitor or any kind of load.
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Fig. 1.10 Circuit representation for an electrostatic generator

The maximum voltage across the load is given by:

Crax + Cpar

Vi (1.37)
Cmin + Cpar '

Vmax =

The energy dissipated within the damper, and therefore the power, is given by the
force distance product shown in Eq. (1.37) [33]:

4Y Fow? 1 F 2
p— WP _ U (1.38)
2 1 —w? mY wlw,

C

where F' is the damping force and Y is the displacement of the frame, w. = w/w;
and U = sin(1r /wc)
T l4cosm/wc" .
The optimum damping force is given by

Yo?m wc

V2 (1= ed)U]

Fopt = (1.39)

An electrostatic generator can be easily realized in MEMS version. Since the
fabrication process of electrostatic generators is similar to that of VLSI, electro-
static generators can be assembled with VLSI without difficulties. Unfortunately,
electrostatic generators require an initial polarizing voltage or charge. The output
impedance of the devices is often very high, which makes them less suitable as a
power supply. However, they can be used to charge a battery, in which case, electro-
static generators can use electrets to provide the initial charge.

Table 1.4 lists some reported electrostatic generators with their main
characteristics.
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Table 1.4 Summary of electrostatic kinetic energy harvesters

Power
Excitation Volume density

Reference fHz)  level ms?) Mass(g) (mm’) P@W) (WWmm?) Type

Meninger 2520 N/A N/A 75 8 0.11 PO
et al. [34]

Tashiroetal. 6 1 780 N/A 36 N/A OoP
[35]

Mitcheson 30 50 0.1 750 3.7 0.0049 N/A
et al. [36]

Arakawa 10 39 N/A 800 6 0.0075 PO
et al. [37]

Despesse 50 8.8 104 1800 1052 0.584 IPGC
et al. [38]

Kuehne et al. 1000 1.96 N/A N/A 4.28 0.079 1PO
[39]

Yen et al. 1560 82.32 N/A N/A 1.8 N/A (0)3
[40]

Sterken et al. 500 9.8 N/A N/A 5 N/A OoP
[41]

Lo and Tai 50 576.6 54 50,000 17.98 0.00036 (0)3
[42]

Hoffmann 1300— 127.4 642e-6 N/A 35 N/A IPO
et al. [43] 1500

Naruse etal. 2 3.92 N/A N/A 40 N/A IPGC
[44]

IPO in-plane overlap, IPGC in-plane gap closing, OP out-of-plane

1.3.4 Other Transduction Mechanisms

Magnetostrictive materials are also used to extract electrical energy from ambi-
ent vibration. These materials deform when placed in a magnetic field and it can
induce changes in magnetic field when it is strained. Magnetostrictive materials are
generally used in piezoelectric-magnetostrictive composites. Such composites were
originally used in magnetic field sensors and have recently been adopted in energy
harvesting.

Huang et al. [45] reported two energy harvesting devices based on a Terfenol-
D/PZT/Terfenol-D composite. Their device produced 1.2 mW of power when
excited at 5 m s~2 at 30 Hz. Recently, Wang and Yuan [46] reported a new vibra-
tion energy harvester based on magnetostrictive material, Metglas 2605SC, with
electromagnetic pickup. Experimentally, the maximum output power and power
density on the load resistor can reach 200 pW and 900 pW cm™3, respectively,
at a low frequency of 58 Hz. For a working prototype under a vibration with
resonance frequency of 1.1 kHz and peak acceleration of 8.06 m s~2, the aver-
age power and power density during charging the ultracapacitor can achieve 576
wW and 606 wW cm™3, respectively. Dai et al. [47] reported an energy harvester
that converts ambient mechanical vibration into electrical energy employing the
Terfenol-D/PZT/Terfenol-D laminate magnetoelectric (ME) transducer. The har-
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vester uses four magnets arranged on the free end of a cantilever beam. The magnets
produce a concentrated flux gradient in the air gap, and the ME transducer is placed
in the air gap between the magnets. When the harvester is excited, the magnetic
circuit moves relative to the ME transducer. The experimental results showed that
the generator produced a power of 2.11 mW for an acceleration of 9.8 m s~2 at a
resonant frequency of 51 Hz.

1.3.5 Comparisons of Transduction Mechanisms

The efficiency of a generator should be simply defined by the standard definition,
n = Eout/ Ein, Where Eqy is the energy delivered to an electrical load and Ejj is the
input energy from the excitation vibrations per cycle. Roundy [48] has proposed
a method based upon a standard two-port model of a transducer which enables
the different transduction mechanisms to be compared. The analysis uses a cou-
pling coefficient, k, which is a measure of the efficiency of the conversion from the
external vibration energy to the energy stored within the generator and transmission
coefficient, A, which is mathematically identical to the equation for efficiency given
above. The transmission coefficient is related to the coupling coefficient and Amqax
can be found from

K2

T 1.40
4 — 22 (140)

Amax =

In practice the transmission coefficient depends upon the load resistance which
should be chosen to achieve Apax. The maximum power can be found from
Eq. (1.41) where w is the circular frequency of driving vibrations:

Prax = Amax@Ein (1.41)

These coefficients have been derived by Roundy for each of the transduction
mechanisms and can be employed to compare them as follows. In the case of
the electromagnetic generator, the coupling factor is given in Section 1.3.1. For
piezoelectric generators, the following equation applies where d is the piezoelectric
strain coefficient (see Section 1.3.2), Y is Young’s modulus and ¢ is the dielectric
constant:

Kr= " (1.42)
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The maximum energy density for both electromagnetic and piezoelectric gener-
ators is given by

2 N2
Pmax = M (1.43)
4w

where p is the density of the proof mass material, Q is the quality factor of the
generator and a is the magnitude of acceleration of the excitation vibrations.

The maximum energy density for electrostatic generators is non-linear and
depends upon the geometry and operating conditions of the device. Taking the
example of an out-of-plane parallel plate capacitor operating in a constant charge
mode as described in Section 1.3.3.

22
2 — Vincmax (1 44)
V2C2 4+ mw?72C(z)

in ~ max

Equation (1.44) gives the coupling coefficient where Vj; is the input voltage, z the
displacement of the top electrode and Cpy,x is the maximum capacitance. It is clear
that the capacitance varies with displacement and therefore the coupling coefficient
varies throughout the cycle. The average power output density is given by Eq. (1.45)
where f is the generator frequency in hertz:

2 12
puve = 1L |t (1.45)
w t1

The coupling coefficient of piezoelectric generators depends mainly on the piezo-
electric material used, although the elastic properties of the other materials used in
the generator structure may also influence the values. The coupling coefficient of
electromagnetic generators is dependant upon the magnetic circuit of the device. In
the case of electrostatic generators the coupling coefficient varies with position and
device design.

Advantages and disadvantages of each type of transduction mechanism are sum-
marized in Table 1.5.

Since electrostatic and piezoelectric transducers are compatible with MEMS,
they are more suitable to be deployed in micro- or nano-scale systems while elec-
tromagnetic and magnetostrictive transducers are suitable for macro-scale systems.
Roundy et al. [21] calculated the theoretical maximum energy density of the first
three transducers. It was concluded that piezoelectric and electromagnetic trans-
ducers have similar energy density which is about 10 times that of electrostatic
transducers.

Table 1.6 lists some commercially available vibration-based micro-generators.
To the date, only generators with electromagnetic and piezoelectric transducers can
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Table 1.5 Comparisons of different transduction mechanisms of kinetic energy harvesters

Type Advantages Disadvantages
Electromagnetic e No external voltage source o Difficult to integrate with
e No mechanical constraints MEMS fabrication process
needed e Poor performance in
e High output current micro-scale
e Low output voltage
Piezoelectric e Simple structure e Thin films have poor coupling
e No external voltage source e Poor mechanical properties
e Compatible with MEMS e High output impedance
e High output voltage e Charge leakage
e No mechanical constraints e Low output current
needed
Electrostatic e Easy to integrate with MEMS e Mechanical constraints needed
fabrication process e External voltage source or pre-
e High output voltage charged electret needed
e High output impedance
e Low output current
Magnetostrictive o Ultra-high coupling coefficient e Non-linear effect
e High flexibility e May need bias magnets
e Difficult to integrate with
MEMS fabrication process
Table 1.6 Summary of kinetic energy harvesters available on the market
Excitation
Model f (Hz) level (m s~2) Total mass (g) Volume (mm?®) P (mW) Transducer

Volture PEH20w 80-175%
Volture PEH25w 50-1402

PMG-17
PMG-27

17.2

Mide Technology Corporation [49]

13.7 85.14
13.7 85.14
Perpetuum Ltd. [50]
100/120 9.8 655
0.49 400

39,963 388.55¢ 2-24 PZ
40,543 194.27° 2.5-24 PZ

522,682 45 EM
467,711° 4 EM

PZ Piezoelectric, EM Electromagnetic

4 Tunable by changing the length of the cantilever manually

b Total device
¢ Piezo wafer
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be found on the market, which indicates that these two transducers are more feasible
in practice.

1.4 Introduction to Adaptive Kinetic Energy Harvesting

Mathematical analysis presented in Section 1.2 showed that maximum power is
generated when the resonant frequency of the generator matches the frequency of
the ambient vibration. The limitation to this feature is that the generator is, by def-
inition, designed to work at a single frequency. A high Q-resonance means very
limited practical bandwidths over which energy can be harvested. If the resonant
frequency of the generator does not match the ambient vibration frequency, the
generated power drops dramatically. Most reported kinetic energy harvesters are
designed to work only at one particular frequency [2]. For applications such as mov-
ing vehicles, human movement and wind-induced vibration where the frequency of
ambient vibration changes occasionally, the efficiency of generators with one fixed
resonant frequency is significantly reduced since the generator will not always be
at resonance. This drawback must be overcome if kinetic energy harvesters are to
be widely applicable in powering wireless systems. Therefore, adaptive energy har-
vesting is developed to increase operational frequency range of kinetic energy har-
vesters. To date, there are, in general, two approaches to achieving adaptive energy
harvesters.

The first approach is to adjust, or tune, the resonant frequency of a single gen-
erator so that it matches the frequency of the ambient vibration at all times. This
can be achieved by changing the mechanical characteristics of the structure or elec-
trical load of the generator. Resonant frequency tuning methods can be classified
as intermittent and continuous tuning [3]. Intermittent tuning is defined as a tuning
mechanism that operates periodically. This approach only consumes power during
the tuning operation and uses negligible energy once the generator is matched to
the frequency of the ambient vibrations. Continuous tuning is defined as a tuning
mechanism that is continuously applied even if the resonant frequency equals the
ambient vibration frequency. The second approach is to widen the bandwidth of the
generator. This can be achieved by, for example, employing

an array of structures each with a different resonant frequencys;

an amplitude limiter;

coupled oscillators;

non-linear (e.g. magnetic) springs;

bi-stable structures;

a large inertial mass (large device size) with a high degree of damping.

Details of these two types of adaptive kinetic energy harvesters will be studied
and compared in the following three sections.
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1.5 Strategies to Tune Resonant Frequency

1.5.1 Evaluating Tuning Approaches

Selection of tuning approaches will depend upon the application but in general some
key factors for evaluating a tuning mechanism for adjusting the resonant frequency
of kinetic energy harvesters are as follows:

e The energy consumed by the tuning mechanism should be as small as possible
and must not exceed the energy produced by the generator.

e The mechanism should achieve a sufficient operational frequency range.

e The tuning mechanism should achieve a suitable degree of frequency resolution.

e The generator should have as high as possible Q-factor to achieve maximum
power output and the strategy applied should not increase the damping, i.e.
decrease Q-factor, over the entire operational frequency range.

Resonant frequency can be tuned by both mechanical and electrical methods.
Mechanical tuning alters the resonant frequency by changing mechanical properties
of the structure. Electrical tuning alters the resonant frequency by adjusting the elec-
trical load. The principles of both methods and existing approaches to realize them
are described in the following sections.

1.5.2 Mechanical Tuning Methods

As most reported vibration energy harvesting devices are based on a cantilever [2],
focus will be on this structure in following theoretical analyses of mechanical tun-
ing. Principles demonstrated are, however, generally applicable to all mechanical
resonator structures. Tuning mechanisms covered in this section are

changing dimensions;

moving the centre of gravity of proof mass;
variable spring stiffness;

straining the structure.

After a brief analysis of the theory, a comprehensive review of each mechanical
tuning mechanism reported in the literature to date is presented.
The resonant frequency of a spring-mass structure is given by

1 |k

fr= 7\'m (1.46)

where k is the spring constant and m is the inertial mass. When tuning the resonant
frequency of the generator, either the spring constant or the mass can be varied.
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Fig. 1.11 Cantilever with a tip mass

The spring constant of a resonator depends on its materials and dimensions. For
a cantilever with a mass at the free end (Fig. 1.11), the resonant frequency is given
by [51]

o 1 Ywh3 (147)
YT 27\ 43 (m + 0.24m,.) :

where Y is Young’s modulus of the cantilever material, w, & and / are the width,
thickness and length of the cantilever, respectively, and m. is the mass of the can-
tilever. The resonant frequency can be tuned by adjusting any of these parameters.
In addition, it is important to mention that if actuators are involved in changing the
mechanical properties of the resonant structure, the tuning mechanisms can be oper-
ated by a control system to automatically tune the generator. However, the energy
cost of the actuator must be considered.

1.5.2.1 Changing Dimensions

It is difficult to change the width, w, and thickness, &, of a cantilever after it is
made while changing its effective length, /, is feasible. The approach requires that
the cantilever base clamp be released and re-clamped in a new location along the
length of the beam thereby changing the effective length (and hence frequency).
There is no power required to maintain the new resonant frequency. It is a method of
intermittent tuning. Furthermore, as the resonant frequency is inversely proportional
to 13/, modifying / can significantly change f;.

Suppose [ is the original length of the cantilever and [’ is the modified length of
the cantilever, I’ = [ + A, where A is the difference between them. The mass of the
cantilever is then changed to m = whl’p, where p is the density of the cantilever
material while the original mass of cantilever is m, = whlp. Then, the new resonant
frequency becomes

fr = 1 Ywh3 1 Ywh3
T2\ 43 (m 4+ 0.24mL) 27w\ 41+ A)3{m + 0.24[wh(l + A)]p}
(1.48)
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And the ratio of the tuned frequency to the original frequency called the normal-
ized resonant frequency is

/ 3 3
o \/ BOn+024me) \/ 1P (m + 0.24whlp) (1.49)

fi N 1Pm+024ml) N (L + A)3{m + 0.24[wh(l + A)lp}

Figure 1.12 shows the normalized resonant frequency with the variation of can-
tilever length where a negative A/l means the new cantilever beam is shorter
than its original length and thus has a higher resonant frequency. A positive A /[
means the cantilever beam has been lengthened giving a lower resonant frequency.
Figure 1.12 shows it is more efficient to tune the resonant frequency by shortening
the cantilever beam.

ml_o;lger beam

Nomalized resonant frequency
4
i

Fig. 1.12 Normalized resonant frequency with variation of cantilever lengths

An example of this approach is described in a patent by Gieras et al. [52].
Figure 1.13 shows the side view of the proposed device. The electromagnetic gener-
ator consists of a cantilever with a set of magnets fixed to its free end. The cantilever
is clamped to a base using screws. A coil is placed between the magnets to pick up
output power. A slider is connected to a linear actuator which moves the slider back
and forth to adjust the effective length of the cantilever, L, and hence the resonant
frequency of the generator.
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Moving direction
coil of the slider
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magnet slider
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\ Vibration

[ ] direction

Fig. 1.13 Side view of a self-adjustable energy-harvesting system with variable effective lengths

1.5.2.2 Moving Centre of Gravity of Proof Mass

Once a generator has been fabricated, it is difficult to subsequently add or remove
mass. However, the resonant frequency of a cantilever structure can be adjusted by
moving the centre of gravity of the inertial mass. Figure 1.14 shows the side view
of a cantilever with a mass on the free end.

m
24
|

| |
-—— f4b|+x—h1

Fig. 1.14 Side view of a cantilever-mass structure

The length of the cantilever without the mass is / and the proof mass on its free
end is m. The centre of gravity of the proof mass is located at ¢ and the distance
between ¢ and the end of the cantilever is x. The tuned resonant frequency of this
structure can be approximated as [53] (Fig. 1.15)

| [ywn? 2i6r+2
f’——\/ o rrort (1.50)

T 2m\ 12mB grt 41483 4 22 4y 42

where w and & are the width and thickness of the cantilever, respectively, and
r=x/l.

The resonant frequency of a cantilever-based generator, considering that the mass
of the cantilever beam is negligible compared to the proof mass, Eq. (1.47), can be
rewritten as

1 [Ywh3

— [ — 1.51
27\ 4Bm (1.51)

fr:
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Fig. 1.15 Resonant frequency with variation of centre of gravity positions

Hence, the ratio of the tuned frequency to the original frequency is

fr/_ 1 rZ4+6r+2 (152)
S V3 st 14+ 22 par 42 '

Figure 1.14 shows the normalized resonant frequency with variation of the posi-
tion of the centre of gravity of the proof mass. The closer the centre of gravity of the
proof mass is from the end of the cantilever, the higher the resonant frequency.

Wu et al. [54] reported a piezoelectric generator using this principle as shown
in Fig. 1.16. The proof mass of this device consists of a fixed mass and a movable
mass. The position of the centre of gravity of the proof mass could be adjusted by
changing the position of the movable mass. A fastening stud was used to fix the
movable mass when tuning was finished. The size of the fixed mass is 10 mm x
12 mm x 38 mm and the movable mass is an M6 screw of length of 30 mm. The
resonant frequency of the device was tuned from 180 to 130 Hz by moving the
screw from one end to the other end (Fig. 1.17). The output voltage dropped with
increasing resonant frequency. This approach is suitable for fine frequency tuning
of the generator before installation and the vibration frequency in the working envi-
ronment is not time varying. If the vibration frequency changes during operation, an
actuator has to be employed on the cantilever to change the position of the movable
mass, which increases the complexity of the generator.
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Fig. 1.16 A piezoelectric cantilever with movable mass
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Fig. 1.17 Experimental result of frequency adjustment [54]

1.5.2.3 Variable Effective Spring Stiffness

Another commonly used method to tune the resonant frequency is to soften the
spring stiffness. The principle is to apply a “negative” spring in parallel to the
mechanical spring. Therefore, the effective spring constant of such device, kefr,

becomes

keff = km + ka

(1.53)

where ky, is the mechanical spring constant and k, is an additional “negative” spring
stiffness as shown in Fig. 1.18. The modified frequency becomes

po L frer 1 [tk
TV om T 27 m

(1.54)
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Fig. 1.18 Model of devices with softened spring stiffness

The negative spring k, can be applied electrostatically, piezoelectrically, magnet-
ically or thermally. Examples of these approaches are described below. Most of these
examples are tunable resonators and not energy harvesters but the principles are
identical. It is important to note, however, that the additional inertial mass present
in an energy harvester (as opposed to the purely resonant structures) will reduce the
tuning effectiveness and increase the power required to tune compared to the values
quoted. It should also be noted that the following variable spring stiffness devices
are all continuously operated except the one on which the negative spring is applied
magnetically.

Electrostatic Methods

Scheibner et al. [55, 56] reported a vibration detector consisting of an array of eight
comb resonators each with a different base resonant frequency. A single resonator
is shown in Fig. 1.19. Each resonator comb is tuned by electrostatically softening
the structure by applying a tuning voltage to the electrodes marked “Vty,”. The
device was designed so that the resonator array had overlapping tuning ranges which
allowed continuous measurements in the frequency range of the device from 1 to
10 kHz. Figure 1.20 shows the tuning range of each resonator. The tuning voltage
varied from O to 35 V. The total size of the sensor chip is 7 mm x 10 mm.

Viun

Fig. 1.19 Resonance tuning by electrostatic softening [56]
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Fig. 1.20 Experimental results of the resonance tuning of the array [56]

Adams et al. [57] realized a tuning range from 7.7 to 146% of the central fre-
quency of 25 kHz of a resonator with a single comb structure (Fig. 1.21). Figure 1.22
shows the tuning ranges of two of their devices under the driving voltage between
0 and 50 V. The total size was not mentioned in the chapter but is estimated from
the SEM scale to be no larger than 500 pm x 500 pm.

Resonator
| | Spring
AIHQ eledrh

Sensing
electrodes

Excitation
electrodes

unlng electrodes
I'J oo | ]
Anchor

Fig. 1.21 Schematic diagram of single comb structure (after [57])

Lee et al. [58] presented a frequency-tunable comb resonator with curved comb
fingers (Fig. 1.23). Fingers of the tuning comb were designed to be curved shape
to generate a constant electrostatic stiffness or linear electrostatic force that is inde-
pendent of the displacement of the resonator under a control voltage. Experimen-
tally, the resonant frequency of a laterally driven comb resonator with 186 pairs of
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Fig. 1.22 Experimental results of resonance tuning of single comb structure [57]
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Fig. 1.23 Schematic diagram of comb resonator with curved tuning fingers (after [58])
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curved contour fingers was reduced by 55% from the initial frequency of 19 kHz
under a bias voltage of 150 V (Fig. 1.24). The corresponding effective stiffness
was decreased by 80% from the initial value of 2.64 N/m. The total size of the
resonator is 460 um x 840 wm. It was concluded that the closed-form approach of
the comb-finger profile can be applied to other comb-shaped actuators for frequency
control while achieving linear electrostatic stiffness with respect to displacement.
Piazza et al. [59] developed a micromachined, piezoelectrically actuated and
sensed, high-Q single-crystal silicon (SCS) resonator with voltage-tunable centre
frequency (Fig. 1.25). Piezoelectric transduction was integrated with capacitive fine-
tuning of the resonator centre frequency to compensate for any process variations.
The resonant frequency could be tuned by 6 kHz based on an untuned resonant
frequency of 719 kHz by applying an electrostatic force beneath the cantilever
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Fig. 1.24 Experimental results of resonance tuning of comb resonator with curved tuning
fingers [58]

[] cantilever electrode

B oxide [] tuning layer

B zno =4 tuning capacitor

Fig. 1.25 Voltage-tunable, piezoelectrically transduced SCS resonators: Q-enhanced configura-
tion (after [59])

(Fig. 1.26). The driving voltage varied from O to 20 V. The dimensions of this
resonator are 200 um x 20 pm x 4.2 pm.

Yao and MacDonald [60] compared frequency tuning by applying either axial
force or transverse force on the resonator electrostatically as shown in Fig. 1.27.
Frequency tuning by applying transverse force was tested experimentally. It was
found that the resonant frequency may increase or decrease with the applied tun-
ing voltage depending on where the tuning electrode is placed with respect to the
excitation electrode and the resonating rod. When the tuning electrode was placed
on the same side of the excitation electrode as indicated in Fig. 1.27b, the resonant
frequency decreased with the increase of applied voltage. When the tuning electrode
was placed on the opposite side of the excitation electrode as indicated in Fig. 1.27c,
the resonant frequency increased with the increase of applied voltage.

A micromachined resonator having an out-of-plane natural resonant frequency
of 149.5 kHz was tuned to 139.5 kHz by applying a DC tuning voltage of 30 V
as shown in Fig. 1.28. The actual dimensions of these devices were not mentioned.
Similar idea was later patented by Thiesen and O’Brian [61].
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Fig. 1.26 Experimental results of resonance tuning of electrostatic fine-tuning characteristic for a
719 kHz piezo-resonator [59]
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Fig. 1.27 Schematic drawing of a simple resonator showing axial loading (a), and transverse load-
ing with the excitation and the tuning electrode on the same side (b) and on the opposite side (c)
of the resonating rod [60]
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Fig. 1.28 Measured resonant frequency versus the tuning DC voltage with an untuned resonant
frequency of 149.5 kHz (tuning mechanism as in Fig. 1.27b) [60]
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Fig. 1.29 (a) Schematic of the resonator (b) cross-section without applied voltage and (c) with
applied voltage [62]

Piezoelectric Methods

Peters et al. [62] reported a tunable resonator, shown in Fig. 1.29a, potentially
suitable as a resonator structure for vibration energy harvesting. The resonant fre-
quency is tuned by mechanically stiffening the structure using piezoelectric actu-
ators. A piezoelectric actuator was used because piezoelectric materials can gen-
erate large forces with low power consumption. Two actuators, one clamped and
one free, are connected together. The free actuator can oscillate around the axis
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of rotation if a suitable excitation is applied to the clamp. The stiffness of the
structure was increased by applying an electrical potential to both actuators which
changes the shape of the structure as shown in Fig. 1.29c. Thus, the natural fre-
quency of the rotational mass-spring system increased. The tuning voltage was
chosen to be £5 V leading to a measured resonance shift of £15% around the
initial resonant frequency of 78 Hz, i.e. the tuning range was from 66 to 89 Hz
(Fig. 1.30).

Wischke et al. [63] presented an electromagnetic vibration scavenger that
exhibits a tunable resonant frequency as shown in Fig. 1.31. The resonant frequency
can be tuned by applying a static electrical field on the piezoelectric cantilever. This
feature is originated from exploiting the elastostriction of the utilized piezoelec-
tric bimorph suspension. It is demonstrated that the resonant frequency has been
tuned from 267 to 323 Hz when a tuning voltage between —100 and 260 V is
applied.

fes M2l

@l G G G G G b5 5 4 g

Fig. 1.30 Measured resonant frequency versus applied tuning voltage [62]
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l cantilever magnets
Tuning ?I / Vibration
VﬂltTage /i direction

- / coil

Fig. 1.31 A piezoelectrically tunable electromagnetic generator (after [63])
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Magnetic Methods

Challa et al. [64] reported an intermittently tuned piezoelectric micro-generator
(Fig. 1.32), 50 cm?® in volume, with a frequency range of 22-32 Hz based on an
original resonant frequency of 26 Hz. The tuning was realized by applying a mag-
netic force perpendicular to the cantilever generator as shown in Fig. 1.33. The
resonant frequency of the generator can be tuned by changing the distance between
the two sets of tuning magnets and the fixed magnets. The maximum tuning dis-
tance was 3 cm. Experimentally, the generator produced 240-280 wW power at
0.8 m s—2 acceleration. However, the tuning mechanism had the unwanted side
effect of varying damping over the frequency range as shown in Fig. 1.33. The
device was made of discrete components. The dimension of the piezoelectric can-
tilever is 34 mm x 20 mm x 0.92 mm and the effective mass is 45.8 g.

Permanent — HiH

Magnets Attractive Force d

\mﬁ
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Fig. 1.32 Schematic of the tunable piezoelectric generator [64]
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Fig. 1.33 Output power (a) and damping (b) versus resonant frequency [64]
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Fig. 1.34 Schematic diagram of a comb-shaped micro-resonator with a straight-beam for active
frequency tuning via localized stressing effects (after [65])
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Fig. 1.35 Measured frequency change versus tuning power [65]

Thermal Methods

Remtema and Lin [65] applied a thermal stress on a straight-beam spring using a
resistive heater (Fig. 1.34), which resulted in a maximum 6.5% frequency change
based on a resonant frequency of 31 kHz with a maximum temperature at 255°C.
The power consumption during the process was 25 mW. Figure 1.35 shows the per-
centage change of resonant frequency with variation of power consumed in tuning.
The size of the device is estimated to be less than 500 wm x 700 wm from the
authors’ description.

Syms [66] reported frequency tuning by applying constrained thermal expansion
on a simple unfolded resonator (Fig. 1.36). The tuning range was from —25 to
+50% with power consumption from 1.5 to 10 mW (Fig. 1.37). The tuning sen-
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sitivity obtained with this tuning method was 33% mW . It is estimated from the
annotation in Fig. 1.36 that the device is no larger than 3000 pm x 3000 pm.

L'= 1300 um

DC tuning 1 k€ limiting
voltage resistor

Fig. 1.36 Layout and connection of laterally resonant comb-drive actuator used for tuning
experiments [66]
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Fig. 1.37 Variation of resonant frequency with tuning power (a) at different electrostatic drive
voltages and (b) gas pressures [66]

The thermal approach is unlikely to be practical for energy harvesting since it
consumes too much power compared to the power generated by a kinetic energy
harvester and is a continuous tuning mechanism.

1.5.2.4 Straining the Structure

The effective stiffness of the structure can be varied by applying a stress and there-
fore placing it under strain. The following theoretical analyses focus on straining
a cantilever and a double-clamped beam. The resonant frequency of both these
structures can be tuned by applying an axial load. In vibration energy harvesting,
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most devices are based on beam structures, especially the cantilever (Fig. 1.38). An
axial tensile load applied to a beam (Figs. 1.38a and 1.39a) increases the resonant
frequency while an axial compressive load (Figs. 1.38b and 1.39b) decreases the
resonant frequency of the beam.

NN,

Fig. 1.38 Axial tensile (a) and compressive (b) loads on a cantilever

“ M R
F<:J/ \I:JI>F
P [a) b

b\.
re —M Ry
(b) J

Fig. 1.39 Axial tensile (a) and compressive (b) loads on a double-clamped beam

An approximate formula for the resonant frequency of a uniform cantilever in
mode i with an axial load, fi;, is given by [51]

/ F o
fi=fui- 1+ Fb . p (1.55)

where f; is the resonant frequency in mode i without load, F is the axial load and F,
is the axial load required to buckle the beam, i.e. to cause the fundamental resonant
frequency zero. F is positive for a tensile load and negative in the compressive
case. Variable A; is a dimensionless load parameter which is a function of the beam
boundary conditions applied to the cantilever for the ith mode of the beam. It is
given by the ith positive solution of Eq. (1.56) for a cantilever and of Eq. (1.57) for
a double-clamped beam [51].

cosA-coshA+1=0 (1.56)
cosi-coshi—1=0 (1.57)

The majority of cantilever-based energy harvesters operate in the fundamental
flexural mode (mode 1); the resonant frequency of a uniform cantilever in mode 1
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with an axial load, f;1, is given by

) | F
foo = fr- 1+Fb (1.58)

The ratio of the tuned frequency to the original frequency is

fr/l F
I iy D (1.59)
S Fy

The buckling load Fy, of a cantilever and a clamped—clamped beam are given by
Egs. (1.60) and (1.61), respectively [60]:

2 3
T<Ywh

b_can = W (1‘60)
72Y wh?

Fy_dach = 3z (1.61)

where Y is Young’s modulus of the material of the cantilever and w, & and [ are the
width, thickness and length of the cantilever, respectively.

Figure 1.40 shows the change in resonant frequency of a cantilever with an
applied axial load. It shows that a compressive load is more efficient in frequency
tuning than a tensile load. If the compressive force is larger than the buckling load,
the cantilever beam will buckle and no longer oscillate in mode 1. If a very large
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Fig. 1.40 Normalized resonant frequency with variation of axial loads
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tensile force is axially applied to the cantilever, i.e. much greater than the buckling
load, the resonant frequency will approach that of a straight-tensioned cable as the
force associated with the tension in the cantilever becomes much greater than the
beam stiffness.

Double-Clamped Beam Structures

Cabuz et al. [67] realized resonant frequency tuning by an applying axial force on
a micromachined resonant beam electrostatically as shown in Fig. 1.41. One end of
the resonator was clamped on a fixed support while the other end was connected to a
movable support. The movable support could rotate around a torsion bar as a voltage
was applied across two tuning electrodes. The torsion bar converted the vertical
tuning motion into an axial force along the resonator. Upward rotation induces a
compressive stress in the resonator while downward rotation induces a tensile stress.
The tuning range was 16 Hz based on a centre frequency of 518 Hz (Fig. 1.42) with
driving voltage from O to 16 V. The dimensions of the resonator are 1000 pm X
200 wm x 3 wm and the dimensions of the movable support are 12.5 mm? x
0.3 mm. This is an example of continuous tuning.

Leland and Wright [68] successfully tuned the resonant frequency of a vibration-
based piezoelectric generator by applying an axial compressive preload directly
on the cantilever (Fig. 1.43). The tuning range was from 200 to 250 Hz.
Experimentally, the generator produced an output power between 300 and 400 p W
at an acceleration of 9.8 m s~2. It was determined that a compressive axial preload
could reduce the resonance frequency of a vibration energy scavenger by up to 24%
but it also increased the total damping (Fig. 1.44). The piezoelectric bimorph has

Excitation/Detection
Upper Tuning Electrode Electrodes

~ L i
Lower Tuning Electrode \ lResonator
Torsion Bar

(a) Structure
Axial Force

of \_|
T Area:12.5mn?
Electrostatic Gap: 10 um
Force I DC Voltage
(b) Working Principle

Fig. 1.41 Structure for fine resonance frequency tuning at device level by an electrostatically
induced axial force [67]
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dimensions of 31.7 mm x 12.7 mm x 0.509 mm and the weight of the proof mass is
7.1 g. This is an example of intermittent tuning, but it is not automated and has to
be done manually.

Cantilever Structures

Mukherjee [69] patented the idea of applying axial force to a vibrating cantilever
beam sensing element using electrostatic force. The resonator consisted of two sets
of comb-like structures (Fig. 1.45). The set closer to the anchor was used for sensing
while the other set was used for frequency tuning. A voltage was applied between
the two fixed tuning electrodes and the structure at the free end to apply an axial
tensile or compressive end load to the cantilever. The resonant frequency of the
beam was approximately 15.5 kHz. This is an example of continuous tuning which
achieved a tuning range of —0.6 to 3.3% of its untuned resonant frequency, i.e. about
600 Hz. The cantilever buckled when 50 Vpc was applied to provide a compressive
force. This is an example of continuous tuning.

Tuning
electrode =~ - Motion

Sensing \
electrode ,’\\ Tuning
fingers
75
y Tuning
: electrode

Anchor

l

Fig. 1.45 Resonator with actuator at the free end

b Sensing
Sensing 4 4 electrode
fingers

Hu et al. [70] theoretically investigated an axial preloading technique to adjust
the behaviour of a piezoelectric bimorph. It was found analytically that this mecha-
nism can improve the performance of the piezoelectric bimorph at varying frequency
vibrations. A method for applying an axial preload to a piezoelectric bimorph was
suggested and is shown in Fig. 1.46. It comprises a mechanical bolt running through
the central metal layer and fixed at the left-hand side edge wall. A capped stiff metal
plate was attached to the bolt at the free end of the cantilever. A clockwise torsion
of the bolt can produce a compressive preload to the bimorph and, conversely, an
anticlockwise torsion of the bolt produces a force to pull the capping plate towards
the right-hand side, which can generate a tensile preload to the bimorph. This is an
example of manual intermittent tuning.
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Fig. 1.46 A method to apply axial preload to a piezoelectric bimorph [70]
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Fig. 1.47 Schematic diagram of the test device [71]

This principle was demonstrated by Eichhorn et al. [71]. Figure 1.47 shows a
schematic diagram of the test device. The piezoelectric generator consisted of a
piezo-polymer-composite cantilever beam with arms on both sides to enable the
application of an axial force to the free end of the beam. The arms were connected
to the base with two wings. These wings were used to transmit the force to the
arms, which in turn apply the load to the free end of the beam. The tuning force
was applied by a screw and a steel spring. The axial load depends linearly on the
deflection of the spring, which in turn was proportional to the number of revolutions
of the screw. The spring pushes the whole generator base against two blocks of
which the counter-pressure generates the pre-stress in the arms and the stabilizing
wings. The screw, spring and generator were all mounted on the same aluminium
frame. This is another example of manual intermittent tuning.

In tests only a compressive load was applied. Figure 1.48 shows the test results
of this generator under vibration level of 63.7 m s~2. It was found that with
the increase of compressive load, the resonant frequency, output voltage and the
Q-factor reduced. By cutting notches on the wings the tuning efficiency could be
increased. With notches in the wings, a resonant frequency shift of more than 20%
was achieved with a total force of 22.75 N (Fig. 1.49). The tuning range was from
290 to 380 Hz with compressive load up to 22.75 N. The dimensions of the can-
tilever are 20 mm x 5 mm x 0.44 mm and the overall width of the device including
arms is 13 mm.

A non-contact method of applying axial load to a cantilever-based micro-
generator is reported by Zhu et al. [72, 73] who presented a tunable electromagnetic
vibration-based micro-generator with closed-loop frequency tuning. Frequency
tuning was realized by applying an axial tensile magnetic force to the micro-
generator (Fig. 1.50).
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Fig. 1.50 Schematic diagram of the tuning mechanism [72]

The tuning force was provided by the attractive force between two tuning mag-
nets with opposite poles facing each other. One magnet was fixed at the free end of
a cantilever while the other was attached to an actuator and placed axially in line
with the cantilever. The distance between the two tuning magnets was adjusted by
the linear actuator. Thus, the axial load on the cantilever and hence the resonant
frequency was changed. The areas where the two magnets face each other were
curved to maintain a constant gap between them over the amplitude range of the
generator. Figure 1.51 shows the test results of the resonant frequency variation of
distance between the two tuning magnets. The tuning range of the proposed micro-
generator was from 67.6 to 98 Hz based on the original resonant frequency of 45 Hz
by changing the distance between two tuning magnets from 5 to 1.2 mm.

Experimentally, the generator produced a power of 61.6-156.6 wW over the tun-
ing range when it was excited at a constant vibration acceleration level of 0.59 m
s72. It was also found that the tuning mechanism does not affect the damping of
the micro-generator over 60% of the tuning range. However, when the tuning force
becomes larger than the inertial force caused by vibration, total damping is increased
and the output power is less than expected from theory (see resonant peaks at 92 and
98 Hz in Fig. 1.52).

1.5.3 Electrical Tuning Methods

All the frequency tuning methods mentioned above are based on mechanical meth-
ods. In this section, methods to tune the resonant frequency of a vibration-based
micro-generator electrically will be detailed.
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Fig. 1.52 Power spectrum of the micro-generator (excited at 0.59 m s~2) [72]
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1.5.3.1 Principles

The basic principle of electrical tuning is to change the electrical damping by adjust-
ing the electrical load. As all reported generators using electrical tuning are piezo-
electric, in this section, only the piezoelectric micro-generator will be addressed.
As resistive loads reduce the efficiency of power transfer and load inductances are
difficult to be varied, it is most feasible to adjust capacitive loads to realize electrical
tuning.

Figure 1.53 shows a schematic diagram of a bimorph piezoelectric generator
with a mass, m, on the tip. Iy, and [, are the effective length of the cantilever and
mass, respectively. w is the width of the cantilever. £, and  are the thickness of the
piezoelectric layer and substrate layer, respectively, and #, is the distance from the
centre of the substrate layer to the centre of the piezoelectric layer. Electrodes of the
generator have been omitted in Fig. 1.53.

e
le— b

Bl mass

t, Il Piezoelectric layer

I [ Substrate layer

[

Fig. 1.53 Piezoelectric bimorph generator

This bimorph piezoelectric generator can be represented using an equivalent cir-
cuit as shown in Fig. 1.54. Ly, Ry, and Cy, represent the mass, damping, and spring
in the mechanical part, respectively. Cj, is the capacitance of the piezoelectric layer,
CL and Ry, are the capacitive and resistive loads, respectively. V is the RMS voltage
across the resistive load.

-

Mechanical domain : 1 Electrical domain

Fig. 1.54 Equivalent circuit of piezoelectric generator with capacitive and resistive loads
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The transformer relates the mechanical domain to the electrical domain accord-
ing to the model of the piezoelectric effect. Specifically, it relates stress (o) to elec-
tric field (E) at zero strain or electrical displacement (D) to strain () at zero electric
field. Rewriting equations for piezoelectric effect, which have been described in Egs.
(1.31) and (1.32), leads to the equations for the transformer as

D = —d31Ypd (1.62)

where d3 is the piezoelectric strain coefficient in 31 mode and Y}, is Young’s mod-
ulus of the piezoelectric material.
Hence, the transform ratio N is given by

N = —d31Y, (1.63)

Equation (1.64) can be derived to present the mechanical dynamics of the system
with electrical coupling. Detailed derivation of this model can be found in [21].

24
A(s? + 20 ans + ) = ‘“f2—31av +b* A (1.64)

C

where A is Laplace transform of strain, §, Ajj, is the vibration acceleration, ¢ is the
damping factor, w; is the untuned resonant frequency, a = 1 if the two piezoelectric
layers are connected in series and a = 2 if they are connected in parallel and s is
the Laplace variable. b* is given by

3ty 2y +1m —1
bt =% # (1.65)
B 20+ 3

where /¢ is the length of the electrodes.
Furthermore, analysis in the electrical domain gives the following equation:

1 VCoL
A=(s+ (1.66)
RLCpL s

where CpL = Cp+CL and X' = —a-d31-Yc-le-w. [ is the length of the electrodes.
Combining Eqgs. (1.64) and (1.66) gives the transfer function of the system as

sXb*

1%
Ain B (_ 1\ 2 2w aZedds o2
§ + RLCpL+2§wr $ + Cl)r + RLCpL 2t¢ s + RLCpL

(1.67)

which leads to the expression of the voltage across the resistive load given by
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JjoXb*Ai,
V((,()) = w2 1 ) 2{'60[ az‘deSl
(4 — (4 +200Cp) 02| + jo (@ —w?)Cp + Bx — 22520
(1.68)
The power in the resistive load is given by
V(w)?
P =

(@) R

1 (@ XZb* Ain)?

TR [ 2ds, 7>

L I:;;_L - (RLL + 2fwGCL) “’2] + ot [(“’2 — )Gt + T — axg)—z“]

(1.69)

It is known that f(x, y) = x2 + y% < 2xy and that f(x, y) becomes a minimum
only if x = y (i.e. ﬁ is maximum only if x = y). Therefore, Eq. (1.69) reaches
maximum when

2 2
w 1 ) 2 2 2twr aXw:d3
7~ (g vacmen) o =o @t -t s 2 -] a0

Rearranging Eq. (1.70) leads to a cubic function of the form
o+ X +Yo+Z=0 (1.71)

where

2
Ry CpL 2 wr)

( 2¢ wy aZ‘a)rzd31>
w?

RLCpL B 2tcCpL

RLCpL

The real solution of Eq. (1.71) gives the function of resonant frequency with
respect to the load capacitance as

Joarnve  2r-%)  x

w(CL) = S “Yorne 3 (1.72)

where Q = 36XY — 108Z — 8X3 and W = 12Y3 — 3X2y? — 54XYZ + 8122 +
12Xx3Z.

Equations (1.69) and (1.72) indicate that output power and the resonant fre-
quency of a bimorph piezoelectric generator vary with variations of the load capac-
itance. Figure 1.55 compares the resonant frequencies and power output of elec-
trically tunable piezoelectric generators of different piezoelectric materials with
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Fig. 1.55 Performance of a piezoelectric generator with different piezoelectric materials: (a) Res-
onant frequency (b) output power; and (¢) output power versus resonant frequency

variation of load capacitances. These generators are identical except for the piezo-
electric material. The coefficients used in the simulation are listed in Table 1.2.

The resonant frequency as well as the output power reduces with increasing load
capacitance. It was found that PZT-5H is the best of these four piezoelectric mate-
rials for an electrically tunable piezoelectric generator. Important considerations
relating to the tunability of the piezoelectric generator are as follows:

e The material of the substrate layer and mass does not affect the tunability.

e A piezoelectric material with higher Young’s modulus, strain coefficient and
smaller permittivity provides a larger tuning range.

e The ratio of the thickness of the piezoelectric layer to the thickness of the sub-
strate layer should be small to increase the tuning range.

e The capacitance of the piezoelectric layer should be minimized to increase the
tuning range.
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e If both piezoelectric layers are used for tuning, connection of these two layers in
parallel gives a larger tuning range than connection in series.
e The total damping should be kept low to increase the tuning range.

1.5.3.2 Examples of Electrically Tunable Micro-generators

Wau et al. [74] used this method to tune the resonant frequency of a generator com-
posed of a piezoelectric bimorph cantilever. The upper piezoelectric layer was used
for frequency tuning while the lower layer was used for energy harvesting. The tun-
able bandwidth of this generator was 3 Hz between 91.5 and 94.5 Hz. The charging
time of the generator was compared with and without the tuning system. Experimen-
tally, it was found that, when the device was excited under random frequencies from
80 to 115 Hz, the average harvesting output power of the generator with tuning was
about 27.4% higher than that without tuning and the charging time was shortened
by using tuning system. These results showed a significant improvement of average
harvested power output by using an electrical tuning method.

Charnegie [75] presented another piezoelectric micro-generator based on a
bimorph structure and adjusted its load capacitance. Again, one piezoelectric layer
was designed for energy harvesting while the other is used for frequency tuning
(Fig. 1.56).

7

? Tuning layer /

vibration ;

Harvesting layer

electrodes

Fig. 1.56 Piezoelectric bimorph used for electrical frequency tuning

The test results showed that if only one layer was used for frequency tuning
(Fig. 1.57a), the resonant frequency can be tuned an average of 4 Hz with respect
to the untuned frequency of 350 Hz, i.e. 1.14% tuning by adjusting the load capac-
itance from O to 10 mF (Fig. 1.58a). If both layers were used for frequency tuning
(Fig. 1.57b), the tuning range was an average of 6.5 Hz, i.e. 1.86% of tuning by
adjusting the same amount of the load capacitance (Fig. 1.59a). It was found that if
one layer was used for tuning and the other for energy harvesting (Fig. 1.57a), the
output power did not reduce with the increase of the load capacitance (Fig. 1.58b).
However, if both frequency tuning and energy harvesting were achieved using the
same layer (Fig. 1.57b), the output power decreased when the load capacitance
became larger (Fig. 1.59b).

Cammarano et al. [76] presented a vibration-based energy harvester whose res-
onant frequency can be tuned by varying its electrical load (containing both real
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Fig. 1.57 Frequency tuning and energy harvesting using (a) the same layers and (b) different layers

and reactive impedances). It was found experimentally that the —3 dB (half-power)
bandwidth of the energy harvester (16 Hz) is over three times greater when presented
with an optimized load impedance compared to that for the same harvester presented
with an optimized resistive-only load (4.5 Hz). They also developed an analytical
model of the system. Readers may refer to their paper for more details if interested.

1.6 Strategies to Widen Bandwidth

The other commonly used solution to increase the operational frequency range of
kinetic energy harvesters is to widen the bandwidth. To date, strategies to widen
the bandwidth include using a generator array consisting of small generators with
different resonant frequencies, introducing an amplitude limiter to the device, using
coupled oscillators, employing non-linear and bi-stable structures and designing a
large generator with a large inertial mass and high degree of damping. In this section,
details of generator array, amplitude limiter and non-linear and bi-stable structures
will be covered. The strategy of employing a single large generator will not be
detailed as it can be simply described using Eq. (1.14) while it will be considered in
the comparison of different strategies later in Section 1.7.

1.6.1 Generator Array

A generator array consists of multiple small generators, each of which has different
dimensions and mass and hence different resonant frequencies (Fig. 1.60). Thus,
the assembled generator has a wide operational frequency range while the Q-factor
does not decrease. Figure 1.61 shows the power spectrum of a generator array which
is a combination of the power spectra of each small generator. The operational fre-
quency band of the generator is thus essentially increased. The drawback of this
approach is the added complexity of fabricating an array of generators and the
increased total volume of the device depending upon the number of devices in the
array.
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Xue et al. [77] presented a broadband piezoelectric harvesters consisting of mul-
tiple piezoelectric bimorphs with different thicknesses of piezoelectric layers. It was
found analytically that the bandwidth of a generator can be widened by connecting
multiple piezoelectric bimorphs with different dimensions in series. In addition,
the bandwidth of the generator can be shifted to the dominant frequency domain
of the ambient vibrations by increasing or decreasing the number of piezoelectric
bimorphs in parallel. Numerical results showed that the bandwidth of the piezo-
electric energy harvesting devices can be tailored by the connection patterns (i.e. in
series and in parallel) among piezoelectric bimorphs (Figs. 1.62 and 1.63).
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Fig. 1.62 Comparison of power spectrum for a single piezoelectric bimorph and 10 piezoelectric
bimorphs in series with various thicknesses of piezoelectric layer [77]

Feng and Hung [78] presented a micromachined piezoelectric generator with a
wide bandwidth. The device was designed to achieve an optimal figure of merit
(FOM) which is defined as (bandwidth)?x (the maximum displacement of can-
tilever structures under a given acceleration under static conditions). The generator
consisted of four cantilever structures connected in parallel and has dimensions of
3 mm x 3 mm x 5 mm. These cantilevers had different masses or centre of gravity
and hence different resonant frequencies (Fig. 1.64). The designed generator was
targeted at producing microwatts to milliwatts in a wide mechanical vibration range
from 300 to 800 Hz (Fig. 1.65) but no test results were reported to date.

A multifrequency piezoelectric generator intended for powering autonomous
sensors from background vibrations was presented by Ferrari et al. [79]. The
generator consisted of multiple bimorph cantilevers with different natural frequen-
cies of which the rectified outputs were fed to a single storage capacitor. A generator
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Fig. 1.63 Effect of piezoelectric bimorphs in parallel on harvester performance [77]

with three commercially available piezoelectric bimorph cantilevers was examined.
Each cantilever has the same dimensions of 15 mm x 1.5 mm x 0.6 mm and dif-
ferent masses, 1.4, 0.7, and 0.6 g, respectively. The generator was used to power a
battery-less sensor module. It was concluded that a generator array operating with
wideband frequency vibrations provides improved overall energy conversion over a
single generator at the expense of larger volume.

Sari et al. [80] reported a micromachined electromagnetic generator with a wide
bandwidth. The generator consists of a series of cantilevers with various lengths and
hence resonant frequencies (Fig. 1.66). These cantilevers are distributed in a 12.5
mm X 14 mm area. The length of the cantilevers increased gradually so that the
cantilevers have overlapping frequency spectra with the peak powers at similar but
different frequencies. This resulted in a widened bandwidth as well as an increase in
the overall output power. Experimentally, the device generated 0.5 wW continuous
power at 20 mV voltage between 3.3 and 3.6 kHz of ambient vibration. Figure 1.67
shows the power spectrum of this generator.

Lin et al. [81] reported a multi-cantilever piezoelectric MEMS generator, which
has the ability to scavenge mechanical energy of ambient vibrations and transforms
it into useful electrical power. The generator comprises four cantilever-type devices,
two mode 31 devices and two mode 33 devices, which were made by a silicon
process in a single die. The four cantilever devices can be connected in series or in
parallel so as to possess different output characteristics. The measurement results
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Fig. 1.67 Power spectrum of Sari’s generator [80]

show that the prototype device possesses resonance frequencies between 237 and
244.5 Hz. However, no information of output power has been given.

1.6.2 Amplitude Limiter

Another method of increasing the bandwidth of a vibration-based micro-generator
was reported by Soliman et al. [82, 83]. The bandwidth of the device was increased
by using a mechanical stopper (amplitude limiter) to limit the amplitude of the res-
onator (Figs. 1.68 and 1.69). The theory behind this method is complex and details
can be found in [82]. This method can increase the bandwidth of the generator
when the excitation frequency was gradually increased. However, the bandwidth
remained the same when excitation frequency was gradually reduced. Experimental
measurements showed that the bandwidth was 240% wider than that of the archi-
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tecture without a stopper at the half-power level but the maximum output voltage
was 30% less (Fig. 1.70) in the case when the excitation frequency was increased.
The dimensions of the cantilever are 45.3 mm x 10 mm x 1.02 mm and the mass
is extrapolated to be 2.92 g. It should be noted that since this principle relies on
continuous physical contact with the cantilever, it is unlikely to provide a reliable
long-term solution for increasing bandwidth.

1.6.3 Coupled Oscillators

The method of widening the operational bandwidth of the MEMS generator using
coupled oscillators was reported by Petropoulos et al. [84]. The proposed generator
has a pair of coupled oscillators that consist of two springs, two masses and two
dampers. The first spring connects the inertial frame and the first mass while the
second spring connects the two mass while each mass has a damper to the frame
as shown in Fig. 1.71. The analytic model shows that this type of generators has
flat response for power generation over a wider frequency range. However, the
maximum output power of the generator is significantly decreased than that of the
generator with one mass (Fig. 1.72).

1.6.4 Non-linear Generators
The theory of vibration energy harvesting using non-linear generators was investi-

gated by Ramlan et al. [85]. Instead of using conventional second-order model as
Eq. (1.1), non-linear generators were modelled using Duffing’s equation as follows:

[

Wi

__ Electrical connection

1em coil

Fig. 1.68 Top and side views of the device [82]
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where the spring force is the combination of linear force,
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where « is proportional to the non-linear spring factor, k,,, Z is the amplitude of the
proof mass, ¢ is the damping factor and a is the normalized excitation acceleration.

Such devices have a hardening spring which has the effect of shifting the resonant
frequency. Numerical and analytical studies showed that a device with a hardening
spring has a larger bandwidth over which power can be harvested due to the shift
in the resonance frequency. Analytical results also showed that the bandwidth of
the hardening system depends on the damping ratio, the non-linearity and the input
acceleration (Fig. 1.73). Ideally, the maximum amount of power harvested by a
non-linear system with a hardening stiffness is the same as the maximum power
harvested by a linear system. The maximum power occurs at a different frequency
depending on the non-linearity. It is important to mention that the output power and
bandwidth of the non-linear generators depend on the direction of approach of the
vibration frequency to the resonant frequency. For a hard non-linearity, bandwidth
only increases when approaching the device-resonant frequency from a lower fre-
quency while for a soft non-linearity, bandwidth only increases when approaching
the device-resonant frequency from a higher frequency. It is unlikely that these con-
ditions can be guaranteed in real applications.

MNormalized power
MNormalized power

R L 1 i | i Wi i i i i i i
L] 02 04 06 08 1 12 14 16 18 2 1] 1 2 k] 1 5 6 7 8 9
Normalized frequency MNormalized frequency

(a) (b)

Mormalized power

1
U] 0.5 1 1.5 2 25 3 35

(©

Fig. 1.73 Power spectrum of non-linear generators: (a) various damping ratio; (b) various non-
linearity; and (c) various input acceleration
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Non-linear generators can be realized by replacing using a conventional spring
with a magnetic spring. Spreemann et al. [86] reported a tunable electromag-
netic vibration energy harvester with a magnetic spring, which combined a tuning
mechanism with the non-linear structure. Instead of using a linear suspension, this
device was implemented using a rotary suspension (Fig. 1.74). The use of magnetic
spring magnets resulted in a non-linear restoring force. As shown experimentally in
Fig. 1.75, the resonant frequency shifted by about 30 Hz for a displacement of 1.5
mm of each spring magnet. The maximum output decreased with the increase of the
magnet spacing, i.e. as the resonant frequency decreased. Also the bandwidth of the
device increased as the space between magnets became smaller, i.e. non-linearity
increased. This agrees with the analysis result shown in Fig. 1.73. The generator has
a volume of approximately 2.5 cm?>.

In addition, the design and analysis of an energy harvesting device with mag-
netic restoring forces to levitate an oscillating centre magnet was presented by
Mann and Sims [87]. Figure 1.76 shows the schematic diagram of the device. The
device has two magnets that were mechanically attached to the generator housing.
A centre magnet was placed between the two fixed magnets and the magnetic poles
were oriented to repel the centre magnet, thus suspending the centre magnet with a
non-linear restoring force. The non-linearity allows the linear resonance to be tuned
by simply changing the spacing between outer and centre magnets.

It was found theoretically and experimentally that the response for both linear
and non-linear systems scales almost linearly within some regimes of excitation
amplitudes (Fig. 1.77a). However, once the non-linearities have been sufficiently
engaged, as shown in Fig. 1.77b, the peak response of the non-linear system does not
occur at its linear resonant frequency. In the frequency response for the non-linear
system, relatively large amplitudes persist over a much larger range of frequencies,
which could prove beneficial for applications with either fixed or varying excitation
inputs. Furthermore, the maximum output power of such devices is delivered to the
electrical load at a frequency away from linear resonance.

Burrow et al. [88, 89] reported a non-linear generator that consisted of a lin-
ear spring with the non-linearity caused by the addition of magnetic reluctance
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Fig. 1.77 Experimental velocity response amplitudes from forward (dots) and reverse frequency
sweeps (circles) are compared with theory. Theoretical predictions are separated into stable solu-
tions (solid line) and unstable solutions (dashed line): (a) Excitation level of m s=2 (b) excitation
level of 8.4 and m s=2 [87]

forces. Figure 1.78 shows the schematic diagram of the non-linear generator. The
flux concentrator guides the magnetic flux through the coil. The vibration of the
magnets causes a change in direction of the magnetic flux, which induces a voltage
across the coil. The reluctance force between the magnets and the flux concentrator
resulted in the non-linearity. It is found experimentally that the generator has a wider
bandwidth during an up-sweep, i.e. when the excitation frequency was gradually

cantilever motion coil

% flux

concentrator

Fig. 1.78 Schematic diagram of a non-linear generator (after [89])
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increased while the bandwidth was much narrower during a down-sweep, i.e. when
the excitation frequency was gradually decreased.

Tvedt et al. [90] studied non-linear behaviour in an electrostatic vibration energy
harvester. The measured non-linear phenomena were described by a lumped model
with a non-linear beam displaying both spring softening and hardening. Experimen-
tal results show that considerable bandwidth enhancements can be achieved by using
non-linear springs without relying on mechanical stopper impacts, resonance tuning
or large electromechanical coupling.

1.6.5 Bi-stable Generators

Ramlan et al. [85] studied a bi-stable structure for energy harvesting (also termed the
snap-through mechanism). These structures employ a negative stiffness which has
the effect of steepening the displacement response of the resonator as a function of
time resulting in a higher velocity for a given input excitation. Analysis revealed that
the amount of power harvested by a bi-stable device is 4/m greater than that of the
tuned linear device provided the device produces a square wave output for a given
sinusoidal input. Numerical results also showed that more power is harvested by the
mechanism if the excitation frequency is much less than the generator’s resonant
frequency. Although the bi-stable mechanism cannot produce a square wave like
response under all operating conditions, it offers better performance than the linear
mechanism at lower frequencies than the resonant frequency of the linear device.
Bi-stable devices also have the potential to cope with mismatch between resonant
frequency and vibration frequency.

Galcheyv et al. [91] reported an electromagnetic generator with a bi-stable struc-
ture for scavenging low-frequency non-periodic vibrations. The bi-stable mechan-
ical structure is used to initiate high-frequency mechanical oscillations in an elec-
tromagnetic transducer. The fabricated device generated a peak power of 288 pW
and an average power of 5.8 wW from an input acceleration of 9.8 m s~2 at 10
Hz. The device operates over a frequency range of 20 Hz. The internal volume
of the generator is 2.1 cm?® (3.7 cm? including casing), half of a standard AA
battery.

Mann and Owens [92] investigated a non-linear energy harvester that uses
magnetic interactions to create an inertial generator with a bi-stable potential
well. Both theoretical and experimental results show that the potential well
escape phenomenon can be used to broaden the frequency response of an energy
harvester.

Both Ferrari et al. [93] and Stanton et al. [94] studied the bi-stable structure
as shown in Fig. 1.79. Both generators have piezoelectric cantilevers and were
tested in vibration with random frequencies. Their experimental results show that
bi-stable structure can increase output power of the generator in a wider frequency
range.
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Fig. 1.79 A bi-stable piezoelectric cantilever

1.7 Comparisons of Different Strategies for Adaptive Kinetic
Energy Harvesting

It has been proven theoretically and experimentally that both tuning resonant fre-
quency and widening the bandwidth of kinetic energy harvesters can increase their
operational frequency range.

To compare the performance of a single generator with a wide bandwidth, a gen-
erator array and a single tunable generator with constant damping, typical specifica-
tions of these three types of generators have been chosen. G1, G2 and G3, listed in
Table 1.7, represent a single generator with a wide bandwidth, a generator array and
a single tunable generator with constant damping, respectively. Figure 1.80 shows
the comparison of power spectra of these three types of generator.

Table 1.7 List of specifications in Fig. 1.80

Figure 1.80a 1.80b 1.80c 1.80d

Operational frequency 90.5-110.5% 90.5-110.5% 61-160.5% 61-160.5%
range

Q-factor of G1 5 5 1 1

Q-factor of G2 50 80 10 50

Number of individual 14 20 33 100
generator in G2, n

Resonant frequencies 90%+nx1.4% 90%+n x 1% 60%+n x3% 60%+nx1%
of individual
generators in G2

Q-factor of G3 110 110 160 160

Mass ratio 40:2:1 40:1.3:1 200:4:1 200:1.3:1

In Fig. 1.80a, curves 1 and 3 are both single generators. Curve 2 consists of a
generator array of 14 generators of Q-factor of 50. In Fig. 1.80b, curves 1 and 3 are
identical to Fig. 1.80a. Curve 2 now consists of a generator array of 20 generators
of Q-factor of 80. In Fig. 1.80c, for curve 1, the Q-factor has been reduced to 1.
Curve 2 shows a generator array of 33 generators of Q-factor of 10. Curve 3 has the
same Q-factor as in Fig. 1.80a and b but with higher mass. In Fig. 1.80d, curves 1
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Fig. 1.80 Comparison of a single generator with a wide bandwidth, a generator array and a single
tunable generator with constant damping

and 3 are identical to Fig. 1.80c. Curve 2 now consists of a generator array of 100
generators of Q-factor of 50.

When the Q-factor of a single generator decreases, its bandwidth increases. To
generate the same amount of output power as the original bandwidth, a single gen-
erator has to be larger as the bandwidth increases.

If a generator array is used to widen the operational frequency range, one can
design a few larger individual generators with low Q-factor with large resonant
frequency gap between generators or many smaller individual generators with high
Q-factor but small resonant frequency gap between generators. By contrast, it is
much easier to design small tunable generators with constant damping to cover the
same amount of operational frequency range at the cost of extra energy to power the
frequency-tuning mechanisms.

Table 1.8 compares the advantages and disadvantages of different strategies to
realize adaptive kinetic energy harvesters.

1.8 Summary

Several power supply strategies for wireless sensor networks have been intro-
duced in this chapter. Attention has been paid especially to vibration-based micro-
generators. A particular transduction mechanism is used to extract electrical energy
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Table 1.8 Comparisons of different strategies

Strategies

Advantages

Disadvantages

Mechanical tuning

< Change dimension

<> Change centre of gravity

<> Change spring stiffness
continuously

< Apply axial load

(change spring stiffness
intermittently)

Electrical tuning

Widen bandwidth

< Generator array

< Use mechanical stopper

<& Coupled oscillators

< Non-linear generators

<> Bi-stable structure

e High efficiency

e Does not affect damping

e Does not affect damping
o Suitable for in situ tuning

Easy to implement
Suitable for in situ tuning

No energy is required when
generators work at resonance

Damping is not affected when
tensile load is applied

Easy to implement

No energy is required when
generators work at resonance

Suitable for in situ tuning

No tuning mechanism required
Respond to different frequen-
cies at the same time
Immediate response to change
in vibration frequency

e Damping is not affected

e Easy to implement

e Easy to implement

e Better performance at excitation

frequencies higher than
resonant frequency

e Better performance at excitation

frequencies much lower than
resonant frequency

o Extra system and energy are
required

o Responds to only one frequency
at a time

o Slow response to change in
vibration frequency

o Difficult to implement

o Not suitable for tuning in situ®

o Not suitable for tuning in situ

o Consumes energy when
generators work at resonance

o Increased damping when
compressive load is applied

o Low tuning efficiency
o Complexity in designing the
generator

o Complexity in design

o Complexity in design

o Low volume efficiency

o Fatigue problem

o Decrease in maximum output
power

o Decrease in maximum output
power

o Complexity in design

o Hysteresis

o Complexity in design

4In situ tuning: Tuning while the generator is mounted on the vibration source and working
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from motion. The main transduction mechanisms are electromagnetic, electrostatic,
piezoelectric and magnetostrictive.

Equation (1.21) gives a good guideline in designing kinetic energy harvesters. It
is found that the maximum power converted from the mechanical domain to the elec-
trical domain is proportional to the mass and vibration acceleration and inversely
proportional to resonant frequency as well as mechanical (electrical) damping fac-
tor. This means that more power can be extracted if the inertial mass is increased or
the generator can work in the environment where the vibration level is high. For a
fixed resonant frequency, the generator has to be designed to make the mechanical
damping as small as possible. For a generator with constant mechanical damping,
the generated electrical power drops with an increase of the resonant frequency.

As most practical applications for kinetic energy harvesters exhibit frequency
variations over time, it is not possible to guarantee that fixed frequency generators
will always work at resonance and produce maximum output power. Mechanisms
have to be employed to increase the operational frequency range of kinetic energy
harvesters. Therefore, adaptive kinetic energy harvesters are developed. Generally,
there are two possible solutions to adaptive kinetic energy harvesting. One is to tune
the resonant frequency of a single generator and the other is to widen the bandwidth
of the generator.

To tune the resonant frequency of a single generator, a certain mechanism has to
be employed to periodically adjust the resonant frequency to match the frequency
of ambient vibration at all times. Maximum power can then be generated at various
frequencies without reducing the Q-factor and with high efficiency per unit volume.
Tuning mechanisms can be classified as intermittent tuning and continuous tun-
ing. Intermittent tuning has advantages over continuous tuning; in intermittent tun-
ing, mechanism is turned off when the generator operates at the desired frequency
thereby consuming negligible energy, which makes producing a net output power
more probable. There are two methods to tune the resonant frequency: mechanical
tuning and electrical tuning.

Among mechanical methods of frequency tuning, changing the dimensions of the
structure and the position of the centre of gravity are potentially suitable for intermit-
tent tuning. However, it is problematic to change and maintain the new dimensions
of the structure or the centre of gravity of the proof mass during operation. The
most suitable approach to changing the dimensions of the structure is to change
its length. This requires that the structure clamp is removed, the length adjusted
and then the structure re-clamped. If the structure cannot be clamped properly after
tuning finishes, the performance of the generator will be severely affected by intro-
ducing damping effects through the supports. To change the position of the centre
of gravity of the mass during operation, an actuator has to be embedded in the mass,
which increases the complexity of the device. Therefore, these two methods are not
suitable for in situ tuning (tuning while the generator is mounted on the vibration
source and working) or tuning with automatic control.

Alternatively the frequency can be tuned by changing the spring stiffness inter-
mittently or continuously. They are both suitable for in situ tuning but intermittently
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changing the spring stiffness is always preferred for efficiency reasons. However,
extra systems and energy are required to realize tuning using mechanical methods.

It is important to mention that the efficiency of mechanical tuning methods also
depends on the size of the structure. The smaller the resonator, the higher the effi-
ciency of the tuning mechanism.

Resonant frequency tuning by adjusting the electrical load has been practically
shown to be feasible. This method consumes little energy as it does not involve any
change in mechanical properties. Energy is only consumed in electronic switches
and control unit, which is typically far less than that consumed in mechanical tuning
methods. In addition, it is much easier to be implemented than mechanical methods.
However, the tuning efficiency of electrical tuning method to date is quite low and
this method cannot achieve a large tuning range. It is a more suitable method when
tunable frequency range required is small. An extra closed-loop system also has to
be introduced to control the tuning process.

It is concluded that when choosing frequency method for a certain application,
following factors need to be taken into consideration:

e The energy consumed by the tuning mechanism should be as small as possible
and must not exceed the energy produced by the generator.

e The mechanism should achieve a sufficient operational frequency range.

e The tuning mechanism should achieve a suitable degree of frequency resolution.

e The generator should have as high as possible Q-factor to achieve maximum
power output and the strategy applied should not increase the damping, i.e.
decrease Q-factor, over the entire operational frequency range.

For the second solution, i.e. to widen the bandwidth, there is a trade-off between
the system bandwidth and the Q-factor. Wider bandwidth means, for a single res-
onator, a lower Q-factor, which reduces the maximum output power. Bandwidth
can also be effectively widened by designing a generator consisting of an array of
small generators, each of which works at a different frequency. Thus, the assem-
bled generator has a wide operational frequency range while the Q-factor does
not decrease. However, this assembled generator must be carefully designed so that
each individual generator does not affect the others. This makes it more complex to
design and fabricate. Additionally, at a particular vibration frequency, only a single
or a few individual generators contribute to power output so the approach is volume
inefficient.

Another method used to increase the bandwidth is to use an amplitude limiter to
limit the amplitude of the resonator. The drawbacks are that this method causes the
maximum output power to drop by limiting vibration amplitude and the repeating
mechanical contact between the cantilever and the mechanical stopper may result in
earlier fatigue-induced failure in the cantilever beam.

Employing a coupled oscillator can also increase the operational bandwidth of
the generator. It can achieve flat response over a wide frequency range. However,
the maximum output power of a coupled oscillator generator is significantly lower
than a generator with a single mass.
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Furthermore, non-linear generators and generators with bi-stable structures are
two further potential solutions to increase the operational frequency range of kinetic
energy harvesters. They can improve performance of the generator at higher and
lower frequency bands relative to its resonant frequency, respectively. However, the
mathematical modelling of these generators is more complicated than that of linear
generators, which increases the complexity in design and implementation. Besides,
there is hysteresis in non-linear generators. Performance during down-sweep (or
up-sweep) can be worse than that during up-sweep (or down-sweep) or worse than
the linear region depending on sweep direction as explained in Section 1.6.

In conclusion, for vibration energy harvesting, possible strategies to increase the
operation frequency range include

changing spring stiffness intermittently (preferred) or continuously;
straining the structure intermittently (preferred) or continuously;
adjusting capacitive load;

using generator array; and

employing non-linear and bi-stable structures.

To realize these strategies properly, the following issues have to be considered.
For intermittent mechanical tuning, the tuning system has to be designed to consume
as little energy as possible and not to affect the damping so as to make the generator
harvest maximum power. In addition, currently commercially available linear actu-
ators are still large in size compared to millimetre-scale micro-generator. To keep
tunable generators of reasonable size, it is important to use miniature actuators. Gen-
erators capable of electrical tuning must have strong electromechanical coupling to
enable larger tuning ranges. Moreover, theoretical analyses of non-linear generators
and generators with bi-stable structures have not been sufficiently developed and
further attention should be paid to practically implement them.

Kinetic energy harvesting has been well studied in the past decade. It has been
regarded as one of the best alternatives to energy source for wireless sensor net-
works. However, its drawback of narrow operational frequency bandwidth severely
limits its application. With the recent development of adaptive kinetic energy har-
vesting, this drawback will eventually overcome, which will bring kinetic energy
harvesting to much broader applications.
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