Energy 125 (2017) 152—-161

Contents lists available at ScienceDirect -
Energy
journal homepage: www.elsevier.com/locate/energy o

A methodology for low-speed broadband rotational energy harvesting @ CroseMark
using piezoelectric transduction and frequency up-conversion

Hailing Fu’, Eric M. Yeatman

Department of Electrical and Electronic Engineering, Imperial College London, London, SW7 2AZ, United Kingdom

ARTICLE INFO

Article history:

Received 25 May 2016

Received in revised form

9 January 2017

Accepted 20 February 2017
Available online 23 February 2017

Keywords:

Rotational energy harvesting
Piezoelectric

Frequency up-conversion
Magnetic plucking
Low-speed

Broadband

ABSTRACT

Energy harvesting from vibration for low-power electronics has been investigated intensively in recent
years, but rotational energy harvesting is less investigated and still has some challenges. In this paper, a
methodology for low-speed rotational energy harvesting using piezoelectric transduction and frequency
up-conversion is analysed. The system consists of a piezoelectric cantilever beam with a tip magnet and a
rotating magnet on a revolving host. The angular kinetic energy of the host is transferred to the vibration
energy of the piezoelectric beam via magnetic coupling between the magnets. Frequency up-conversion
is achieved by magnetic plucking, converting low frequency rotation into high frequency vibration of the
piezoelectric beam. A distributed-parameter theoretical model is presented to analyse the electrome-
chanical behaviour of the rotational energy harvester. Different configurations and design parameters
were investigated to improve the output power of the device. Experimental studies were conducted to
validate the theoretical estimation. The results illustrate that the proposed method is a feasible solution
to collecting low-speed rotational energy from ambient hosts, such as vehicle tires, micro-turbines and
wristwatches.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last decade, power supplies have become a critical
bottleneck for the development of wireless sensor networks due to
the limited lifetime of batteries and the requirement of regular
replacement or recharging [1,2]. Energy harvesting from ambient
wasted energy to generate sustainable electricity for low-power
electronic devices is becoming increasingly attractive as an alter-
native to conventional batteries. By integrating energy harvesting
technologies into wireless sensor networks, the networks can
operate autonomously with maintenance costs alleviated. In
addition, recent advances in ultra-low power electronics [3] also
facilitate the idea of self-powered smart sensing using energy
harvesting for power supply.

Various types of energy sources, such as heat, light, mechanical
motion and fluid flow, are readily available in the places where
wireless sensors are installed. Among these sources, vibrational
energy has drawn great attention and has been extensively studied
for a decade. The progress and research topics on vibration energy
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harvesting are summarized in several comprehensive review pa-
pers, such as vibration energy harvesting from human motion and
machine operation in Refs. [4,5], nonlinear mechanisms for
broadband energy harvesting in Refs. [6,7] and functional materials
for energy conversion in Ref. [8]. However, as another type of ki-
netic energy, rotational energy is less investigated and harnessed
for power supply, but has unique dynamics that would be beneficial
to some applications, including tire pressure sensing [9,10], con-
dition monitoring of rotating machines [11,12] and fluid flow en-
ergy harvesting using miniature turbines [13].

The great majority of large scale electrical generation uses a
continuously rotating electromagnetic machine for transduction, in
which power is extracted from the relative motion between a sta-
tionary part, anchored in place, and a rotating part coupled to a
source of motion such as a turbine. In miniature energy harvesting,
the source of motion (the host, e.g. the human body or vibrating
machinery) is typically much larger than the intended generator,
and so the need to attach the harvester to both the moving body
and a stationary base, or to two locations moving relative to each
other (e.g. upper and lower leg [14]), places severe constraints on
both the degree of miniaturisation and on usable locations.

Instead, if the motion is reciprocating, an inertial mass can be
used in place of the fixed anchor, and this has been the basis for a
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very wide range of harvesters. Although most of these have proof
masses that move rectilinearly [5], rotating proof masses are also
possible. Pillatsch et al. developed a rotational energy harvester for
wearable devices [15]. Rotational motion was induced by human
linear motion using an eccentric semi-circular mass pivoting
around a central axis. A piezoelectric beam was clamped on the
harvester's frame on the human body and plucked by the rotating
mass in a non-continuous fashion. This kind of harvesters has the
advantage of having no fixed endstops, and can be driven by both
rotating and rectilinear motion.

While rotating inertial harvesters can be driven by rotating host
motion, this motion must be reciprocating, or at least varying in
some way, such as in speed or orientation. Manla et al. developed a
non-contact piezoelectric rotational energy harvester with cen-
trifugal force as the impacting force [16]. The harvester consisted of
a tube, a piezoelectric element mounted at each end of the tube, a
magnet fixed on the piezoelectric elements and a central magnet
levitated in the middle of the tube. The variation of the centrifugal
force on the central magnet and the outer magnets created the
changes of the shape of the piezoelectric elements. However, the
orientation of the tube was required to be unchanged on a rotating
host to achieve the variation of the relative direction between the
centrifugal force and the motion of magnets, which requires
attachment of part of the device to a non-rotating structure, which
greatly limits the application range.

Continuous rotation with constant speed and the generated
centrifugal force cannot be used to drive a truly inertial harvester
(i.e. one in which the transducer acts on relative motion between
the moving host and an inertial mass). However, centrifugal force
can be used for other purposes, such as frequency tuning, or posi-
tion adjusting, rather than direct energy harvesting. Gu and Liver-
more demonstrated a passive self-tuning rotational energy
harvester for variable speed situation [17]. This design consisted of
two beams arranged radially: a rigid piezoelectric harvesting beam
and a soft driving beam with a tip mass. The piezoelectric beam was
impacted by the soft beam due to the deformation caused by the
gravity of the tip mass. The centrifugal force generated on the tip
mass by rotation was utilized to adjust the natural frequency of the
driving beam. The natural frequency tracked the rotation frequency
over a range. Fu and Yeatman developed a miniaturized turbine for
low-speed airflow energy harvesting [18]. The centrifugal force
generated by the rotation of a primary magnet was exploited to
decrease the cut-in speed of a rotational airflow energy harvester.
The magnetic coupling in the harvester was passively regulated by
the centrifugal force with regard to airflow speed.

In certain situations, gravity can provide the counter-force for
energy harvesting instead of inertial force, since its direction will
vary with respect to the centrifugal force on an eccentric mass. Thus
the same structure can be used as that of a rotating inertial
harvester, although with the restriction that the plane of motion
must have a vertical component. Roundy and Tola developed a
rotational energy harvester for tire pressure monitoring applica-
tions using the gravitational field [19]. An actuator ball was
installed inside a curved track on the vehicle rim. The relative
motion between the ball and the rim was created by the gravita-
tional field. The ball rolled back and forth along the track with re-
gard to the influence of gravity, impacting two piezoelectric beams
fixed alongside the track once per cycle. Similarly, Toh et al. pre-
sented a continuous rotational electromagnetic energy harvester
using gravitational torque [20]. An off-centred mass was attached
on a conventional DC generator to create gravitational torque. This
torque generated a relative motion between the generator and its
rotating host, and then electric energy was collected from the
relative motion.

A final implementation of a miniature rotating harvester is one

that uses the motion of fluid, typically air, past a body to which the
harvester can be attached. An example is the micro-wind turbine.
Perez et al. presented a centimetre-scale electrostatic wind turbine
for airflow energy harvesting [21]. The flow motion was converted
to the rotation of turbine blades, and electrets were mounted on the
edges of blades as rotational components. The stationary electrodes
were fabricated on the turbine housing. The relative motion in this
case was induced by airflow, and electrical power was collected via
the variation of the capacitance between the rotating electrets and
the static electrodes. Fu et al. developed a footstep energy harvester
using heel-strike induced rotation [22]. An air bladder was
embedded into a shoe cushion to create airflow, and the rotational
motion was generated by a miniature turbine with a DC generator
attached.

Base on the above discussion, we can identify three classes of
rotating miniature motion energy harvesters: inertial devices
driven by varying (usually reciprocating) motion; continuously
rotating devices using gravity as the counter force; and fluid flow
turbines. The choice among these types of harvesters depends
mainly on practical constraints in particular applications.

In terms of energy transduction for rotational energy harvesting,
the dominant mechanisms are piezoelectric [15,19], electromag-
netic [20,23] and electrostatic [21]. Their pros and cons are exten-
sively investigated in vibration energy harvesting [10,24].
Electrostatic conversion requires initial charges on the electrodes.
Electret-based harvesters [25] provide a solution, in which the
material is only charged once during fabrication with a high
voltage, but the capacity of harvesting energy is still limited by the
magnitude of capacitance that can be achieved and by the charge
density of electrets. Electromagnetic transduction uses the relative
motion between coils and magnets. This method is widely used in
power generation, such as conventional DC generators, but for
small scale devices, the performance is constrained by the number
of coils, the magnetic flux gradient and the relative velocity be-
tween the components. Due to the low output voltage from this
conversion, a high energy loss happens during rectification. The
piezoelectric approach is a favourable conversion mechanism for its
simplicity in structure and high output voltage. However, the brittle
characteristic of this material [26] is detrimental to its long-term
stability. Additional considerations are required to protect it from
degradation.

The source of rotational energy is also critical for energy
harvester design, as the concerns are different for different cases.
Compared to the amount of energy collected by harvesters, rota-
tional energy source can be divided into two categories - unlimited
and limited. For unlimited sources, like rotating wheels and ma-
chines, the energy provided by the host is tremendous compared
with the energy collected by the harvesters, and the rotational
motion of the host is not significantly affected by the harvesters, so
the main considerations are the amount of energy that can be
collected from the source [20], the operating bandwidth [19], and
the compactness of the device [15]. For limited sources, such as
miniature airflow turbines, the energy stored by the rotating host is
modest and the harvesters should exploit the energy to the largest
extent. Therefore, the harvesters have an impact on the rotational
motion of the rotating host. The efficiency [27,28], the start-up
requirements [18] and the operating bandwidth [29] are the main
consideration in this case.

In this paper, we present a generalised methodology for low-
speed broadband rotational energy harvesting. A piezoelectric
rotational energy harvester using frequency up-conversion is
theoretically analysed and experimentally verified in terms of
structural configuration, electromechanical behaviour and fre-
quency respond. This study provides an in-depth understanding of
the characteristics of this design. This rotational harvester has a
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wide bandwidth at low frequency, and is feasible to be adapted to
most rotational energy harvesting scenarios, such as energy har-
vesting from human motion, rotating machines or fluid flow.

2. Design and operating principle

The schematic of the rotational energy harvester is shown in
Fig. 1 (a). It consists of a piezoelectric beam, a tip magnet and a
driving magnet on a rotating host. The beam is fixed on a stationary
structure, and the tip magnet is attached at the beam's free end. The
driving magnet is placed underneath the tip magnet on a revolving
host.

A non-contact magnetic plucking mechanism is achieved by the
magnets. The beam is contactlessly plucked once per cycle by the
magnetic force provided by the driving magnet. This mechanism
avoids the situation of an overstressed piezoelectric beam caused
by direct impacts [30,31]. Considering the brittle characteristic of
piezoelectric materials, the contactless plucking enhances the
reliability of the device by reducing the possibility of the degra-
dation of the materials.

Another special character of the harvester is the implementa-
tion of frequency up-conversion, which allows the harvester to
effectively operate in broadband, low-frequency applications. For
conventional inertial piezoelectric harvesters, most have been
resonant narrowband devices, often operating at high frequency
(100's of Hz to kHz) [32,33] and therefore are not suitable to
practical low-frequency broadband applications. The limitation is a
direct consequence of the low electromechanical coupling co-
efficients of piezoelectric transducers. Their output impedance is
dominated by the internal capacitance that cannot be tuned out
with an inductor of realistic size and efficiency. As a result the
electrical circuit cannot effectively damp the mechanical oscillation
to achieve a low Q. This explains why piezoelectric transducers
normally have a narrow bandwidth at high frequency.

(a) Z“4 V

3.' » X

Piezoelectric Beam Fmag

X Tip
@'/v Magnet

Driving
Magnet

Revolving

Host
A
(b) A y
B Magnetisation
2B
o s Vibrating " Z
@) X Direction*  2C ‘_o'z?‘ Ly
4 Le | 4
< |
Tip Magnet 2N
| |dz
ﬁV 'yl
Magnet Rotating al P O
Oy

Direction _~ 2c1

2a |

Fig. 1. (a) Schematic of the rotational energy harvester and (b) Configuration of the
magnetic coupling and structural parameters.

Frequency up-conversion is a mechanism allowing the piezo-
electric transducers to operate at their resonant frequency from any
low-frequency motion. This mechanism has been widely used in
vibration energy harvesting [34,35]. In this paper, the mechanism is
implemented by magnetic plucking of the piezoelectric beam by
the rotating driving magnet. Due to the high Q (high resonant
frequency and low electrical damping) of the beam, it can still be
vibrating from the preceding plucking. The beam oscillates at its
natural frequency with an exponential decay, before the second
plucking appears. Therefore, the low rotation frequency of the host
is converted to the high vibration frequency of the piezoelectric
beam. This technique allows the system to exhibit a wide band-
width, so that the system is capable of harnessing low-speed
rotational energy over a wide range.

3. Modelling and analysis
3.1. Modelling of the magnetic coupling

The magnetic force exerted on the piezoelectric beam is critical
to the performance of the energy harvester. In order to analyse and
to optimize the magnetic coupling, a theoretical model is built
according to the theory developed by Akoun and Yonnet [36]. The
configuration and structural parameters of the magnetic coupling
are presented in Fig. 1(b).

The magnetic force between two cuboidal magnets in the beam
vibrating direction can be calculated using

b1 1 1 1 1 1 o
Fhag = 4]77{10 Z Z Z Z Z Z (—1)iIrktpra Py (1)

where ] and J' are the magnetization of the magnets, pq is the
magnetic constant, and ¢, is a function of the magnet dimensions
and their gaps in 3 axes. The function is given by

; L ~1( UiV
¢y = j <U5 — qu> ll‘l(r — VI(I) + jrvk, + Uiijq tan 1 <r‘l/]v7m)

+ U,-jV,dln(r — UU)’

(2)
where
Uj =dx+ (~1YA— (-1)'a, (3a)
Ve = dy + (=1)'B— (=1)*b, (3b)
Wpq =d; + (-1)9C — (-1)Pc, (30)

r=/Ul+VE+ Wi, (3d)

These lengths, Uy, Viy and Wy, correspond to the distance be-
tween the cube corners and their projections on the axes. The pa-
rameters i, j, k, [, p and g, are equal to 0 or 1 according to the specific
corner. dy, dy and d, are the gaps between the two magnets in three
axes. Assuming the rotational frequency of the host is wy, then the
gaps can be expressed as

dy = m + dxo — rmCOS(Wpt — Amp), (4a)

dy = rm sin(wpt — o) — w(L, t), (4b)
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dZ = dZO ) (4C)

where d,y and d,g are the initial gaps along the x-axis and z-axis
when the rotor is static, with the driving magnet's angular position
amo = 0, w(L, t) is the tip displacement of the piezoelectric beam in
the y direction, namely the beam bending direction, and rp, is the
rotational radius of the driving magnet.

3.2. Modelling of the piezoelectric beam

Lumped parameter modelling and distributed parameter
modelling are two dominant analytical modelling methods for the
dynamic analysis of piezoelectric beams. The lumped parameter
model describes the dynamics of a certain point by calculating the
equivalent mass, stiffness and damping of a beam to the concerned
point [24,37]. The process of equivalence limits the model to a
single-degree-of-freedom system, and a correction factor is
required when the tip mass is considered at the beam's free end
[38]. Compared with the lumped parameter model, the distributed
parameter model has higher accuracy by avoiding the process of
equivalence and by considering the structure as a series of infinitely
small elements in a continuous fashion [38,39].

In this study, the distributed parameter model is used according
to the work established by Erturk and Inman [38,40]. Adaptation
has been made to the rotational energy harvester model in terms of
the excitation method. The direct-force load at the beam's free end
is used instead of base excitation. The analysis is based on the case
of a bimorph connected in series with a load resistance, as shown in
Fig. 2.

The dynamic equation of the piezoelectric beam under magnetic
plucking at the free end can be written as

tw(x, 1) Pwix,t)  dw(x,t) ?w(x, t)
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Fig. 2. Schematic of the piezoelectric beam. (a) Bimorph piezoelectric beam configu-
ration with the series connection, (b) the cross-sectional view and (c) the equivalent
circuit.
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where YI is the bending stiffness, w(x,t) is the transverse defor-
mation of the beam, ¢l is the internal damping, c, is the viscous
deformation damping, m is the mass per unit length of the beam,
0(x) is the Dirac delta function, ¢ is the piezoelectric coupling term
in physical coordinates, v(t) is the voltage across a resistive load R,
G is the inherent capacitance of the piezoelectric beam, e3; is the
piezoelectric constant, h¢ is (hp + hs)/2, b is the width of the beam
and L is the length of the beam.

3.3. Arrangements of magnets and piezoelectric beam

In order to maximize the input power from the revolving host to
the piezoelectric cantilever, the arrangements of magnetic coupling
and the beam orientation are investigated in terms of the beam
bending direction, the magnet rotation direction, the magnetiza-
tion direction and the initial relative position of the two magnets.
Four potentially achievable arrangements are chosen as shown in
Fig. 3. In all cases, the cantilever is oriented along the x-axis di-
rection and the beam bending direction is along the y-axis. There
are other possible configurations, but they are either equivalent or
inferior compared with the illustrated four configurations. The
details about the configurations are described below.

(a) The beam bending direction (y-axis) is parallel to the mag-
netic rotation direction (y-axis) and perpendicular to the
magnetization direction (z-axis). The magnet rotation di-
rection is perpendicular to the magnetization direction. The
plane composed by the centroids of the two magnets and the
magnet rotation direction is parallel to the y-z plane.

(b) The beam bending direction (y-axis) is perpendicular to the
magnet rotation direction (x-axis) and the magnetization
direction (z-axis). The magnet rotation direction is perpen-
dicular to the magnetization direction. The plane composed
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Fig. 3. Arrangements of the magnetic coupling in terms of magnetization direction,
beam bending direction and magnetic moving direction.
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by the centroids of the two magnets and the magnet rotation
direction is the x-y plane.

(c) The beam bending direction (y-axis) is parallel to the magnet
rotation direction (y-axis) and the magnetization direction
(y-axis). The magnet rotation direction is in parallel with the
magnetization direction. The plane composed by the cen-
troids of the two magnets and the magnet rotation direction
is parallel to the y-z plane.

(d) The beam bending direction (y-axis) is perpendicular to the
magnet rotation direction (x-axis) and parallel to the
magnetization direction (y-axis). The magnet rotation di-
rection is parallel to the magnetization direction. The plane
composed by the centroids of two magnets and the magnet
rotation direction is the x-y plane.

The magnetic force for each configuration is calculated using the
theory provided above. The design parameters of the harvester are
summarized in Table 1. In order to validate the theoretical model,
the finite element method (FEM) is also adopted to compare with
the theoretical results.

The results for specific configurations are listed in Table 2. The
theoretical results are close to the results from FEM with errors less
than 3%. This verifies the validity of the theoretical model for
further analysing the performance of different arrangements. The
magnetic force in the beam bending direction against the angular
position of the rotating magnet for different arrangements is
illustrated in Fig. 4. For arrangement (a) and (c), the direction of
magnetic force is changing during each excitation cycle, but the
direction for arrangement (b) and (d) is almost uniform during the
whole excitation period. The magnetic force for arrangement (d) is
much higher than that for other arrangements, which shows the
potential option for the rotational energy harvester.

The average output power of the piezoelectric transducer is
determined by the input power rather than the input magnetic
force. In order to determine the best arrangement, the input power
is calculated using the magnetic force and the vibration velocity of
the piezoelectric beam. The average input power is given as
follows:

ST
Fingg - @(L, t)dt

Paug = %7 (7)

where F,"m,g is the magnetic force in the beam bending direction (i-
axis, i =x,y,z) and w(L,t) is the transverse velocity of the piezo-
electric beam's free end. ty and t; are the time considered for
averaging. The duration should be long enough to alleviate the
influence of the variation of the input power during one cycle. In
this calculation, one full rotation cycle is considered for averaging.

Fig. 5 shows the beam tip velocity, the magnetic force in the

Table 1
Design parameters of the piezoelectric harvester.
Symbol Description Value
Lxb Beam size 26.5 mm x 1.5 mm
hp Thickness of piezo layer 0.1 mm
hg Thickness of substrate 0.1 mm
'm Magnet rotation radius 12 mm
axbxc Driving magnet size 15x%x 1.5 x 1.5 mm3
AxBxC Tip magnet size 0.5 x 0.5 x 0.5 mm3
dy Initial gap in z-axis 3.2 mm
J Magnetization of magnets 117T
Pm Density of magnets 7400 kg/m?3
€31 Piezoelectric constant —222V-m/N

beam bending direction and the input power for different magnetic
field arrangements with the excitation frequency of 30 Hz. As
illustrated, the input power is determined by both the magnetic
force and the beam tip velocity. When their phases are the same,
work is done on the piezoelectric beam. However, the energy is
extracted from the piezoelectric beam by the rotating magnet,
when the magnetic force direction is opposite to the direction of
beam tip velocity.

The phase difference between the magnetic force and the beam
tip velocity is mainly caused by the different operating frequencies
of the vibrational beam and the rotating magnet. In this design, the
beam is under a pulse excitation by the magnetic force and works in
a damped-free-vibration form, in which the operating frequency of
the beam is its natural frequency. The frequency variation of the
driving magnet generates the fluctuation of the phase difference,
leading to the variation of the input energy per excitation cycle.
Hence, although the first arrangement in Fig. 5(a) has a higher input
power at 30 Hz, it is worth investigating the dependence of the
input power on frequency in detail.

First, the achievable energy by the piezoelectric beam per
excitation cycle is calculated against rotational frequency of the
driving magnet, as shown in Fig. 6. The harvester has a wide
bandwidth compared to conventional vibration energy harvesters.
Meanwhile, the input energy has significant variations with regard
to different excitation frequencies for different arrangements. The
general trend is upward with ripples when the frequency is high. At
low frequencies (below 30 Hz), arrangement (a) has the highest
input energy; at high frequencies (above 30 Hz), arrangement (d) is
the best.

The ripples of the input energy at high frequencies are caused by
the interaction between the beam vibration generated by two ex-
citations, as shown in Fig. 7. When the excitation frequency is low
(20 Hz in Fig. 7(a)), the beam has already rung down before the
second excitation comes, but at high frequency (60 Hz in Fig. 7(b)),
the beam is still vibrating when the second excitation comes. When
the beam vibrating direction and the magnetic rotation direction
are in the same direction, the input energy is enhanced, but when
their motions are opposite, the input energy is decreased. 30 Hz (i.e.
T = 33 ms) corresponds to the duration of the ring-down process.

In order to determine the best arrangement of the magnetic
coupling for the piezoelectric rotational energy harvester, the
average input power is calculated, as shown in Fig. 8(a). Arrange-
ment (a) also has the highest average input power at frequencies
below 30 Hz and the average input power of arrangement (d)
surpasses that of arrangement (a) when the frequency is over
30 Hz, and the advantage of arrangement (d) is more evident at
high frequencies.

In terms of the magnetic force, it can be attractive or repulsive.
Different directions of the force also affect the dynamics of the
piezoelectric beam and the performance of power extraction. In the
following analysis, different directions of the magnetic force for
arrangement (a) and arrangement (d) are considered. Fig. 8(b) il-
lustrates the average input power to the piezoelectric beam against
rotational frequency for different configurations. For arrangement
(d), when the magnetic force is attractive, the input power is always
much higher than that of other configurations.

However, there is a drawback to this configuration. As shown in
Fig. 3(d), when the magnetic force is attractive, the beam is pulled
towards the driving magnet initially. Then the gap between the
magnets is reduced. As a result, the attractive force is stronger. In
some case, there is a risk of collision between the driving magnet
and the tip magnet, which has a negative effect on the reliability of
the system. Therefore, some protection mechanism should be
designed before using this arrangement, which might increase the
complexity of the harvester. For arrangement (a), the possibility of
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Arrangement Theory [mN] FEM [mN] Error Initial Gaps [mm] (dx, dy, dz) Beam Bending Direction ~Magnetization Direction ~Magnet Rotation Direction
(a) 7.24 7.20 0.55% (0,0, 5) Y - Axis Z - Axis Y - Axis
(b) 7.73 7.51 2.85% (0, 5,0) Y - Axis Z - Axis X - Axis
(©) 5.12 5.24 229% (0, 5,0) Z - Axis Y - Axis Z - Axis
(d) 15.45 1538 045% (0,0, 5) Z - Axis Y - Axis X - Axis
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Fig. 4. Theoretically achieved magnetic force in the beam bending direction against angular position of the rotating magnet for different arrangements.
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Fig. 5. Beam tip velocity, magnetic force in the beam bending direction and beam input power for different arrangements, operating at 30 Hz.

collision is eliminated by maintaining the piezoelectric beam and
the driving magnet moving in two parallel planes.

3.4. Electrical behaviours of the harvester

The mechanical strain in the cantilever beam is converted to
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constant acceleration against time. The acceleration is small
enough to ensure the accuracy of the response for specific
frequencies.

Fluctuation of the output voltage is also exhibited in this figure.
The reason has been shown in Fig. 7. There is a relationship be-
tween the frequency of each peak and the natural frequency (f;) of
the beam. For ease of discussion, the peaks from right to left in
Fig. 10 are called the first peak, the second peak, etc. The frequency
of the it" peak can be expressed as

_ I

nt

fi (8)
where n is the number of driving magnets on the revolving host.
The output voltage at the natural frequency is not the highest, as
shown in Fig. 10. This is caused by the complicated form of the
magnetic force for arrangement (a) (shown in Fig. 4). In addition,
the RMS output voltages at low frequencies are reasonable high,
which shows the device has a broad bandwidth at low frequencies.

4. Experimental validation
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Fig. 7. Magnetic force and beam tip displacement of arrangement (d) at different excitation frequencies, showing the interaction between the beam vibrations between two

excitation cycles. (a) 20 Hz and (b) 60 Hz.

electrical energy by the piezoelectric effect. The conversion is
considered theoretically in Eq. (5) and Eq. (6). Using the above
theories, the electrical behaviour of the harvester is studied for
arrangement (a)-repulsive. Fig. 9 shows the output voltage of the
beam on a 100 kQ load under magnetic plucking. The rotational
frequency of the driving magnet is 20 Hz (50 ms), whereas the
beam vibrates at approximately 300 Hz (3.35 ms), which is its
natural frequency (f). Frequency up-conversion is, therefore, ach-
ieved by this plucking mechanism, allowing the device to harvest
low speed rotational energy with a broad bandwidth.

Another special behaviour of the harvester is the ring-down
pattern. For the first four peaks (shown in the red circle in Fig. 9)
after the initial plucking, they are not typical damped free vibra-
tions, as the driving magnet still affects the tip magnet during this
period. The input power of the driving magnet varies with time, as
shown in the figure. After that period, there is no interaction be-
tween the magnets, and the vibration is then in a damped-free-
vibration form.

In order to understand the behaviour of the piezoelectric beam
under different rotational frequencies, a frequency sweep is pre-
sented in Fig. 10. This figure shows the instantaneous and RMS
output voltage versus rotational frequency of the driving magnet.
The rotational frequency of the driving magnet is increased with a

4.1. Experimental set-up

In order to verify the accuracy of the theoretical model, an
experimental validation was carried out. The experimental set-up is
demonstrated in Fig. 11. The piezoelectric beam is clamped on a
beam holder at one end. The holder is installed on an adjustable
platform which is capable of precisely controlling the position of
the piezoelectric beam in three directions. A high speed stepper
motor (Phidgets 3303) with the step angle of 1.8° is placed un-
derneath the beam with a revolving plate mounted on the motor's
shaft. The motor is driven by a bipolar motor control circuit
(Phidgets 1067) which has a position resolution of 1/16 step. The
acceleration is also programmable to achieve any desired rotational
speed. The maximum achievable speed is 4800 rpm (or 80 Hz),
which is not usually attainable using stepper motors. A magnet is
mounted on the revolving plate as the driving magnet. Magnet
plucking is formed by the driving magnet and the tip magnet at the
beam's free end. The relative position of the magnets is regulated
by the adjustable platform. A laser displacement sensor is also
adopted in the experiment to measure the vibration of the piezo-
electric beam. The output of the piezoelectric beam is directly
connected with a 100 kQ resistive load. In this experiment,
arrangement (a)-repulsive was used due to its advantage of high
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output power and no potential risk of collision between the mag-
nets. The parameters of the harvester are the same as those listed in
Table 1.

In this experiment, due to the high driving torque of the stepper
motor, the rotor's motion is not affected by the interaction of the
magnets. Therefore, the instantaneous velocity of the rotor is un-
affected by the magnetic force, whereas in some cases, such as
miniature turbines, the torque provided by the rotating host is
limited. In this case, the instantaneous velocity of the rotor is
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Fig. 10. Instantaneous and RMS output voltage on a 100 kQ load against rotational
frequency of driving magnet for arrangement (a)-repulsive.
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Fig. 11. Experimental set-up of the rotational energy harvester for the arrangement of
(a)-repulsive.

affected by the subsequent transduction methods, and the rota-
tional velocity is not constant within one rotation.

The experimental set-up was well designed. The factors that
might cause experimental errors were eliminated in the design
process. Therefore, data repeatability is not a significant issue in
this experiment. Still, the possible errors could be from the varia-
tion of the magnetic plucking force, variation of the clamping
condition of the beam or the inaccuracy of the driving frequency of
the motor. These potential issues were addressed respectively in
the design process.

The magnetic plucking force is determined by the relative po-
sition between the driving magnet and the tip magnet. The relative
position remained the same for each plucking by rigidly fixing the
motor and the piezoelectric beam on the same anti-vibration test
bench. The beam was firmly clamped on a platform and the
clamping condition was not changed during the whole test. For
driving frequency of the motor, the rotating speed was controlled
by the control circuit. The rotating frequency can be accurately
adjusted as the experiment requires.

4.2. Design of experiments

This work aimed to implement the rotational harvester design
and to verify the electromechanical dynamics found in the theo-
retical study. Therefore, two experimental tests were designed and
conducted.
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Fig. 12. Comparison of the electromechanical behaviours of the harvester acquired in
theory and in experiment, showing the accuracy of the theoretical model. (a) Com-
parison of the tip displacement and (b) comparison of the output voltage.

The first test was to examine the capability of the theoretical
model in predicting the performance of the harvester. Fig. 12 shows
the output voltage and tip displacement of the harvester operating
at the rotating frequency of 30 Hz. Similar fitting between the
theoretical prediction and experimental results can be obtained as
well for different driving frequencies. For simplicity, only 30 Hz is
illustrated in this paper. The second test was designed to examine
the bandwidth and to verify the theoretically proposed relationship
between the frequency and the peak output power. Therefore, in
this test a frequency sweep was conducted. The rotating frequency
of the rotor increased with a constant angular acceleration (0.16 r/
s%). Both of these tests also demonstrate the advantages of the
broadband rotational energy harvester design.

Since the purpose of the experiments is to validate the general
trend and form of behaviour predicted by the model rather than the
models precision, experimental precision was not quantitatively
estimated. Likely sources of errors include the variation of the
magnetic plucking force, instability of the beam clamping condition
or inaccuracy of the motor driving frequency. These potential issues
have already considered and addressed via design process
respectively.

4.3. Results and discussion

Fig. 12 shows the theoretical and experimental tip displacement
and output voltage of the rotational energy harvester. In this
comparison, the stepper motor rotates at 30 Hz and the resonant
frequency (f) of the piezoelectric beam is about 300 Hz. It is shown
that the tip displacement and voltage fit well between the theo-
retical simulation and the experimental results in terms of

amplitude, frequency and damping. The mismatching at the
beginning of each plucking could be caused by the phase difference
generated in the experiment. Overall, this comparison indicates the
capability of the theoretical model in analysing the performance of
the harvester.

Then, a frequency sweep analysis was conducted to examine the
behaviour of the harvester under different rotational speeds. In the
experiment, the motor rotated from static to 55 Hz with a constant
acceleration. The instantaneous output voltage and RMS voltage
against rotational frequency of the driving magnet is illustrated in
Fig. 13. Fluctuation of the output voltage can be observed as well
from both the instantaneous and RMS voltage in experimental re-
sults. The frequencies of the peaks from right to left are 50 Hz,
42.5 Hz, 37.5 Hz, etc. They are 1/n of the natural frequency of the
beam (n = 6,7,8, ...). The result verifies the conclusion made in Eq.
(8). From the RMS output voltage, it is seen that the system has a
wide bandwidth at low frequency with high power output. The
RMS voltage is higher than 1.5 V between 15 Hz and 35 Hz, so that
the output power is more than 20 pW in this range.

5. Conclusion

In this paper, a methodology for low-speed broadband rota-
tional energy harvesting is presented. Frequency up-conversion, a
mechanism to convert low rotational frequency to high vibration
frequency, is implemented by magnetic plucking of the piezoelec-
tric beam. Two magnets, installed on a revolving host and the free
end of the piezoelectric beam, are employed in the harvester to
facilitate the magnetic plucking. The non-contact plucking mech-
anism improves the reliability of the system.

A theoretical model was established based on the distributed-
parameter method to analyse and optimize the harvester.
Different configurations of harvesters in terms of beam bending
direction, magnetization, magnet rotation direction and initial
relative position of the driving magnet were considered. The
arrangement of (a)-repulsive was chosen as the best due to its
merits of high output power and no potential collision of the
magnets. The electrical behaviours of the harvesters were also
examined. The analysis shows that the harvester has a wide
bandwidth at low rotational speeds, and the ripples at high fre-
quencies are related to the beam's natural frequency.

An experimental validation was carried out to verify the theo-
retical model. The experimental results fit well with the theoretical
analysis. The harvester had more than 20 pW output power in the
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Fig. 13. Instantaneous and RMS output voltage of the harvester for a 100 kQ resistive
load versus rotational frequency of the driving magnet.
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rotational frequency range from 15 Hz to 35 Hz. This rotational
harvester has the advantage of compactness, simplicity in struc-
ture, high reliability (due to the non-contact plucking) and wide
operating bandwidth at low frequency. It can be used in the sce-
narios of tire condition monitoring, flow energy harvesting using
turbines and condition monitoring of rotating machinery.
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