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This paper reports a performance exploration of a piezoelectric harvester which is positioned near an
operating induction motor. The harvester includes a magnet knob in a pendulum arrangement, which
ascertains mechanical vibrations under the varying magnetic field. This energy harvester transforms
the ambient unused magnetic energy into the electricity due to the piezoelectric layer attached to the
pendulum. It has been proven that when the motor is under operation, the varying ambient field causes
a varying magnetic force at the tip of harvester, then output voltage between the terminals of piezoelec-
tric layer is produced due to the mechanical vibrations. This output signal has some characteristics of the
operating induction motor in terms of its operation frequency, number of magnetic pole and natural fre-
quency of the harvester. Since the surrounding field of the induction motor directly depends on the cur-
rent flowing through the windings and electrical parameters, both the amplitude U and the frequency w;,
of the harvested voltage can be characterized after some certain parametrical explorations. It has been
proven that the harvested voltage strictly depends on the electrical load, which is attached to the termi-
nals of the harvester, after the rectifying circuit. The harvested power per surrounding volume can be
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increased up to 0.11 mW/cm?, if the entire surrounding volume of the motor is considered.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Energy harvesting from the ambient vibrations gets great inter-
est for the improvement of the regenerative systems in autono-
mous sensor nodes and microsystems [1,2]. Presently, harvesters
are used not only in the energy requirements of microsystems,
but also in the macrosystems such as bicycles, railways and bridges
[3-5]. Portable and wireless devices such as cell phones, MP3 play-
ers and navigators can also have efficient battery life by using dif-
ferent harvesting mechanisms. Among these mechanisms, the
conversion of mechanical energy from ambient vibrations into
electrical energy via a piezoelectric (PZT) converter is the most
common way [1,6,7]. However, it is known that the effective har-
vesting process in such a converter becomes maximum, if the sys-
tem operates in resonance frequency [8]. In reality, the energy
obtained considerably decays in frequency-varying systems due
to so-called wide-band vibrations. It is known that most of the
ambient vibrations include harmonics. Therefore, the researchers
consider to add other external strengths in order to achieve high
harvesting efficiencies at complex vibrations [1,9,10]. One is mag-
netic field which yields to wide-band spectra of harvester displace-
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ment for increasing the output power at complex media. A recent
study has proven that wide-band vibrations of the displacement
increases the power of different harvester systems [1]. Ferrari
and his colleagues [1] have proven that the wideband frequencies
of displacement, which are resulted by the permanent magnets can
improve the output power up to 250% in magnetically-excited pie-
zoelectric layers. Within this context, as in our recent paper, the ef-
fect of magnetic excitation on such harvesters has also been
explored in a pendulum-like harvester [8,11]. Although the
strength of the field increases output power, the wide-band spectra
of harvester velocity does not assist to get high powers. Therefore
many different designs under various magnetic excitation types
exist in the literature in order to clarify the dynamical and electri-
cal features of the harvesters [1,9-12]. Among them, another har-
vester including four permanent magnets in a homogeneously
exerted magnetic field can be mentioned, too [9]. Cottone et al.
[9] explored some dynamical features of stochastically nonlinear
vibrations and generated an energy output by using an external
stable magnetic media. Since they used many permanent magnets
and a stable magnetic field excitation, their system requires a large
space for installation.

In the present paper, we motivate ourselves to explore the per-
formance of alternative energy generation from the varying unused
magnetic field of an induction motor while it is operating under a
certain rotation rate. It will be shown that the power density of
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3 mW/m? can be harvested from the harvester system, when the
entire surface of the motor is considered. The vibrations stem from
the magnetic force are found to be sinusoidal and the harvester
output voltage exhibits the behavior of magnetic force.

2. Energy harvesting setup

The setup for the energy harvester is sketched in Fig. 1a and the
entire experimental system is shown in Fig. 1b. The setup mainly
consists of five units: An operating induction motor, piezoelectric
beam and permanent magnet attached to the piezoelectric thin
layer (Lead zirconate titanate, i.e. PZT), laser displacement sensor
(LDS), rectifier and storage circuit, and data acquisition and moni-
toring unit. The system arranged as a pendulum including a mag-
net knob (having 1cm x 1cm x 1 cm size) at the tip of the
pendulum. The piezoelastic layer has been positioned at the top
of the pendulum connecting the non-ferromagnetic beam to the
clamp. The permanent magnet at the beam tip has the dimensions
of 20 mm x 5 mm x 4 mm.

The varying magnetic force which is produced by the induction
motor in operation affects the beam tip and an oscillation occurs at
the harvester, thus a measurable voltage signal is generated at the
output of PZT material. The oscillation is mainly characterized by
the varying magnetic force which is interacted by the magnetic
field of permanent magnet at the harvester tip. Since there exist
elastic force and the damping effects in this energy system, we
have focused on some nonlinear features of this system in some
of our earlier studies, when a controlled electromagnet was used
for the field excitations [8,11]. Due to the varying magnetic field

of the motor with a certain synchronous speed N;, the flux lines in-
side the stator core of the motor vary. Since the magnetic force is
greater than the damping force, the harvester fluctuates with cer-
tain amplitude by elastic restoring forces. The laser displacement
sensor (LDS) measures the displacement of the tip with a high
accuracy during the operation and the tip velocity can also be
determined by evaluating the position data at an exact time. The
generated voltage signal can be controlled, stored and observed
via a computer. Then, voltage generated by the piezoelastic har-
vester can be used to drive the load R; after it has been rectified.

The block diagram of the energy harvester is shown in Fig. 2. Be-
cause of the magnetic force, the piezoelectric layer generates volt-
age signals with certain harmonics. Then this signal is rectified by a
full-wave rectifier shown in Fig. 3. The resulting voltage can be
used to be stored in a capacitor or directly given to the load R;.
However, the load is vital to have the maximal power as will be
shown in the next section. Therefore we use a variable resistive
load in order to operate at the maximal power.

PZT layer with the sizes of 70 mm x 32 mm x 1.5 mm and the
weight of 10 g was used in the experiments. The capacitance and
stiffness values of PZT layer are 23.4 nF and 318 N/m, respectively.
The laser displacement sensor (LDS) has a head with type IL-065
and a control unit IL-1000 made by Keyence Inc. An NI USB-6250
data acquisition unit was also used in the setup. The induction mo-
tor has the dimensions of 16 cm in diameter and 20 cm in length,
the power of 373 W, with delta connection, operating under
380V and 50 Hz and having 4 poles. The laser displacement sensor
measures the displacement of the beam tip and has a sensitivity of
4 pm. This laser displacement sensor head can measure the vibra-
tions with the sampling rate of 1 ms. The data acquisition card has
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Fig. 1. (a) A sketch of energy harvester system near an operating induction motor. (b) The experimental setup with required units. Experimental setup: From left to right,
laser displacement sensor (LDS), piezoelectric layer with permanent magnet, induction motor, DAQ card, rectifier circuit, variable resistive load and laptop.
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Fig. 2. Block diagram of the piezoelectric energy harvester.
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Fig. 3. The electrical circuit to get the harvested voltage and store in the capacitor.
The diodes, capacitor and the load resistance minimal and maximal values are
1N4001, 10 uF and R, = 10 kQ to 10 MQ.

16 analog inputs, thereby it is possible to get multiple records of
different physical parameters such as displacement, output volt-
ages from the PZT layer and rectifier/storage system, synchro-
nously. For the data treatment and documentation, we collect all
experimental outputs into the LabView software.

3. Theory of energy harvesting under varying magnetic ambient

In our earlier paper [13], some mechanical features of an elastic
beam under a varying magnetic ambient were explored. However,
the effect of the magnetic field on the energy-generation mecha-
nism has not been investigated for a pendulum-like PZT harvester.
A varying field near the harvester as seen in Fig. 1b can be modeled
as an elastic beam with a permanent magnet attached to the tip of
the beam (i.e. piezoelectric layer near an electromagnet). Accord-
ing to our previous studies [13,14], a varying field could be created
near the tip of an electromagnet and this can drive the knob spatio-
temporally and this model can give efficient results in order to
compare theory with experiments.

Considering the varying magnetic force F,(x, i, t) exerted from
the stator of the induction motor, a finite element method for a
specific knob can achieve better theoretical results on the proposed
energy system, when a sufficient number of mesh nodes in hori-
zontal and vertical directions are used. In order to simplify the
magnetic field effect on the harvester, the stator part is considered
to be an electromagnet with a winding coil and a core. The force
term was found by the fitted values of the simulation together with
an electrical component indicating the temporal behavior of the
modeled stator part. Thus the total magnetic force term F,, can
be considered as a polynomial expression after the position
scaling:

Fa(t) = {(1 —0.7056/d) + 0.0623(1 — u) 4 28026d(1 — u)*
—10° d*(1 — u)®} {8 x 1078, (t)* — 10~ °i.(t)}
Ve 17 —Rct/L 0
{Rx ) 0 } 0
7 <

Ve p—Ret/L
R €

ic(t) =

NN
~ e

t
t

Here u, d, V., R, L denote the mass displacement, the distance from
the stator to the pendulum equilibrium, voltage, resistance and
inductance of stator coil, respectively. For the simplicity, we con-
sider a purely resistive load directly connected to PZT as in many
other studies [15-17]. The quantities in Eq. (1) define the electrical
features of this electromagnet. Such a finite element analysis clari-
fies a magnetostatic solution at first, whereas the resulting mag-
netic force values can be generalized as functions of time and
winding current inside the coil as will be shown later. Table 1 gives
the parameters, which are stated in Eq. (1) and used in the
experiments.

By the inclusion of varying field to the model, the harvester
model should include the mechanical and electrical aspects as in
Fig. 4. Strictly speaking, the entire system can be modeled as a
mass-spring, a damper and a capacitor. Here the rigid mass m,
and the stiffness constant k determine the mechanical structure
under a damper y which gives the mechanical losses.

If a mass displacement u occurs inside the piezoelectric mate-
rial, an electrical current i and a voltage V are generated. Therefore
a relation between the mechanical and electrical units can be writ-
ten as,

Frora = ku + oV + Fpy,

. du dv
i=o dr C i (2)
where C is the clamped capacitance and « is the force factor. The to-

tal dynamic equation of the harvester can be written as follows:

dx_ (L du o du
a2\ dn "

1

1
(m+my)

— ku; — acV—Fm(t)> (3)
Here uy(t) and x,(t) indicates the mass displacement inside PZT and
the pendulum displacement, respectively, whereas m denotes the
total mass with magnet and PZT. By considering the varying field
F., the overall dynamics and electrical equations can be stated as
follows:

d’x; v dy 1 d*y k » o
de’ (m+my) dti  (GE+1) dtf  (m+my) (m +my)
1
———Fpn(t),
(m + my) m(£),
Table 1
Experimental parameters.
d Between 2.7 and 3.3 mm
Ve 380V
R 203 Q
L 158 mH
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Fig. 4. Energy harvester model of a piezoelectric beam under magnetic excitation
Fin(t).
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Above F,, indicates the periodically changing magnetic force re-
ferred in Eq. (1). Here the mechanical losses are shown proportional
to the velocity of the pendulum as in many other studies [1,8,12].
Since the amplitude x is directly proportional to the displacement
u, one reads as u; = x;. Thus, the resulting equation can be simplified
as,

2
dui Y dy k " x 1 Fu(t),

dr? T m+2m,dt; m+2m, ' m+2m, m+2m,

WR 02N {(m + my)N? — Fo(I?) + Fy <. >}

Thus, the first equation of Eq. (4) yields to

UR OGN { (m + my)NZ — Fo(I2) + F1 ()}
(=7iNg = mpNZ — k)(1 + R.GiN,) — 02RyjN;
+ higher order terms, (8)

V=

after an arithmetic manipulation, since the harvester is driven by
the synchronous speed N; (i.e. 25 Hz). The linear terms of the
piezoelectric amplitude u are considered in order to have an expres-
sion on generating power by using the above equations. Above (I.)
and (I?) denote the time-averaged values of Eq. (1) as indicated
below:

Ve Vlon _Ren _Re2m
<IC>_T&+ 27'ER§ <2€Lm7176Lm)7
o V2 Vo, ey L ger
{7 ’2R§+ s (1 et )+ - <e ; 1), (9)

after the time integration during a certain period. Note that the
electrical parameters above belong to the coil while a certain volt-
age V. with a frequency of w,,=2nf (f=50Hz) is applied to the
windings of the stator. In that case, one can arrive at the power rela-
tion as follows:

(10)

P) =
P IZ(1 + C*RINZ) + 2kN2 (m, + 02CR; + C*mpREN?) + N2 {202yRy + 04R} + 202Cm,RIN? +92(1 + CRIN) + m2NZ (1 + CRIN?)}
dV,' o du,- i 5
dt; —Cdt; C () From the linear part of Eq. (8) w.r.t. u and its complex conjugate

Eq. (5) can then be used for the overall determination of the system
in mechanical and electrical manner.

For the dimensionless form of Eq. (5), t; = tt, y; = yd/7, u; = ud and
Vi = VoV are introduced for time, velocity, position and voltage scal-
ing, respectively. T determines the natural period of the pendulum
and cannot be confused by the excitation period of the magnetic
field T. To avoid the misunderstanding, d in later two expressions
refers to the distance between the equilibrium point of harvester
and the stator core. Then the dimensionless form can be stated
as follows:

du _
dt_y,
dy ot kT u_(m+mp)rsz(t)_V
dt  m+2m,” m+2m, (m—+2my,)d
y otV
(m+2mp)d’
av_ ad du_ v 6
dt  CVodt VoCR' )

The position difference d transfers the coordinate system into
the equilibrium point since the amplitude of the pendulum is rep-
resented by u. To find out the averaged power output as a theoret-
ical assumption, Eq. (4) is considered in frequency domain. While
the second equation in Eq. (4) is written as,

_ jRiaNsu
14 jCR Ny’ (7)

divided by load resistance R; (i.e. (P) = (VV*)/R;), Eq. (10) gives a
complete relation between the output harvester power and both
the electrical and mechanical parameters of the system. By using
Eq. (10), it is also possible to find out the optimal load resistance,
analytically. If the derivative of this equation w.r.t R; is taken, the
optimal load resistance can also be estimated as (N, C)~! (for a de-
tailed approximation in the case of different system, see [3]). Here
N; gives the synchronous frequency of magnetic flux steaming

44

Theoretical
e Experimental

Power (uW)

10' 162 16’ 10*
Load (kO)

Fig. 5. The comparison of experimental (from Fig. 8) and theoretical output powers
as functions of load resistance R;. The distance d from the equilibrium point to the
motor is 0.3 cm and the voltage over the stator winding is 380 V throughout the
experiment.
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from coils and C is the capacitance of the piezoelectric layer,
respectively.

To prove the consistence of the theoretical model with the
experimental data obtained from the experimental system in
Fig. 1, a comparison between the power generations from theoret-
ical model and experimental study is shown in Fig. 5. Here the load
resistance R; connected to the output of the piezoelectric layer
plays an important role to obtain the maximal power from the sys-
tem. The theoretical results in the plot have been obtained from Eq.
(10). In this equation, the amplitude of piezoelectric layer
u = 0.3 mm, the force/voltage ratio « = 0.0001 N/V, Ns =25 Hz, total
mass m =15 g, piezoelectric layer mass m, =10 g, magnetic force
coefficients Fp=5000, and F; = 7200, elastic stiffness coefficient
k =318 N/m, piezoelectric layer capacitance C=23.4 nF, damping
ratio y = 10.44, inductance of winding L =158 mH and resistance
of winding R.=20.3 Q are used, respectively. Fig. 5 proves that
the optimal power is obtained for a specific load resistance about
R, = 1.5 MQ in both theory and experiment. The detailed observa-
tions have shown that above and below of this load, the output
power substantially decreases.
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4. Results and discussion

In this section, the experimental results on the harvested elec-
trical energy from the induction motor are discussed. We refer to
one of our previous study [8] for some preliminary studies on
the nonlinear responses under a varying field generated by an elec-
tromagnet in terms of different excitation frequencies. It has been
found that the main energy producing mechanism is strictly re-
lated to the displacement of the PZT layer from the equilibrium
point in such a system. In Fig. 6a and b, we present some represen-
tative generated voltage plots. Since the harvester tip oscillates
regularly with respect to the time-variance of the magnetic flux in-
side the induction motor, we have a sinusoidal harvested voltage.
The voltage is not fully sinusoidal, since the negative alternance
of the generated voltage is taken to the positive side. Without
capacitance, the negative part of the signal is destroyed and the
signal has certain ripples at the minimal points due to the voltage
drops in diodes. In addition, this harvested signal can be trans-
formed into a direct current if an appropriate capacitor is used
after the rectifier as seen in Fig. 6b. A corresponding FFT of the gen-
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Fig. 6. (a) The generated voltage before and after the rectifier unit at the lack of the capacitor and (b) with capacitor. (c) The displacement of harvester tip as function of time.
(d) The FFT of the generated voltage signal in (b) before the rectifier, when the capacitor exists.
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erated voltage just after the harvester output is shown at Fig. 6d.
According to FFT, the main frequency is found to be f= 18 Hz. This
frequency is the nonlinear combination of the natural oscillation
frequency of the harvester (i.e. fo = 23.2 Hz) and the synchronous
speed of the induction motor N =25 Hz). One clarifies that the
synchronous speed of the motor, Ny =25 Hz can be found by the
flux varying frequency of 4 poled motor as given in the formulation
of [18]:

(11)

Here N; is synchronous speed, fis supply frequency and p is number
of poles for which the stator winding is positioned and p cannot be
confused with power in the (Eq. (10)). According to the above for-
mulation, N; is found to be 1500 rpm and it is converted to 25 Hz,
which is close to the main frequency in FFT of voltage. According
to our unpublished studies, the excitation frequency of the field
cannot drive the harvester with the excited frequency, since the
amplitude of the magnetic force is small. Therefore the effect of
the natural frequency fy increases in order to change the frequency
of the generated voltage from the synchronous speed value Ns = 25 -
Hz. Note that there also exist certain higher harmonics (i.e. 36 Hz,
54 Hz, 90 Hz and 126 Hz) in the harvested signal just after the
PZT layer. Therefore an efficient rectifying mechanism is required
in order to harvest a regular electrical energy from this system.

According to one of the previous studies, the frequency of the
magnetic force causes certain harmonics in the tip velocity in such
systems [8]. In fact, when the frequency of the magnetic force be-
comes different from the natural frequency of the system, there ex-
ists a number of harmonics in the velocity data. The nonlinear
character in the output signal increases, when the magnetic force
decreases. However the harmonicity in velocity data does not af-
fect the generated voltage in the earlier experiments. In addition,
we consider that the flux inhomogeneties can also produce higher
harmonics in such a system. Fig. 6¢ represents the periodic dis-
placement of the harvester tip around the equilibrium point.
Although the displacement is periodic, the harvester voltage is
skipped to positive part in Fig. 6a and b, when the rectifier unit
is attached to the harvester.

At the left hand-side of Fig. 7, the stored electrical energy is
plotted as function of time in terms of different resistive loads. This
plot proves that a certain resistance value is needed in order to har-
vest the optimum energy from such a system due to the fact that
the material structure of the PZT layer includes capacitive and
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Fig. 8. Experimental generated power as function of resistive loads.

resistive features. The right graph shows the stored energy in
capacitor without any electrical load. According to our results,
nearly 0.18 mJ energy can be stored in the harvester capacitor in
100 s. This energy amount is obtained from only one PZT layer with
the dimensions of 70 mm x 32 mm x 1.5 mm. In order to have a
much comprehensive idea on the energy generation, we have plot-
ted the harvested power in Fig. 8.

When the resistive load is adjusted about R; = 1.5 MQ, a certain
maxima in power is obtained. This maximal value is observed to be
P =3.8 uW. According to our experiments, the power density of the
PZT layer Ps = 1.13 uW/cm? can be available, if a unit volume of PZT
is considered. However, if the total surrounding area of the motor
is considered to be covered by this PZT layer, the amount of
0.11 mW/cm? power can be available from such a small induction
motor, when nearly 100 PZT layer is wrapped on the motor surface.

5. Conclusions

The feasibility of harvesting mechanism on an operating induc-
tion motor has been explored experimentally and analytically. The
motor operates without any mechanical load. The harvester is de-
signed and manufactured in a pendulum type with a magnet knob,
which can be affected by a variable magnetic field occurred by the
motor surroundings. It has been observed that the resistive load at-
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Fig. 7. (a) Harvested voltages as function of time after the rectifier circuit in the cases of different resistive loads. (b) Electrical energy stored in the capacitor as function of

time.
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tached at the output of the rectifier plays an important role to har-
vest the maximal power from this system. The output signal in-
cludes a number of harmonics. The experiments prove that at
least 0.11 mW/cm? power per surrounding volume can be avail-
able from this harvester. In fact, the effects of magnetic flux outside
the motor can be increased further, when the motor operates un-
der a mechanical load. The current flowing in the stator should
be increased for a certain amount, if it is on the mechanical load.
Thus the system can be used as an alternative energy source con-
verting the magneto-mechanical energy into the electrical energy
in factories, dams, etc. Since electromagnetic and electrostatic sys-
tems are alternative to the magneto-piezoelectric systems, one can
make a comparison on those systems. It has been known that en-
ergy density of piezoelectric systems under magnetic media can
lead to higher energy densities compared to the ones consisting
of pure electromagnetic or electrostatic systems and piezoelectric
systems can generate higher voltages up to 10 V compared to the
electromagnetic energy converting systems. Therefore it can be
stated that the piezoelectric harvesters are much promising, when
they are configured as a compact system on the surrounding area
of magnetic devices.
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