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Abstract
This paper presents the study of a vibration energy harvesting system using piezoelectric generator coupled to a cantilever
beam when subjected to output loads with different electrical characteristics. The proposed analysis is based on the system
frequency response under two scenarios at the output of the piezoelectric energy harvester: a purely resistive load and a full-
wave rectifier before the load. A prototype capable of varying the amplitude and frequency of the input mechanical stimulus
was constructed in order to evaluate the energy harvester. Then system identification techniques were employed to determine
how the resonance frequency and output power are affected by the load. Experimental results showed that depending on the
load there is significant change on the operating point at which the maximum power transfer occurs.

Keywords Energy harvesting · Frequency response · Output load · Piezoelectricity

1 Introduction

In recent years, the minimization of power consumption in
electronic circuits competes with energy availability of har-
vesting sources. This concept is applied in many areas, from
health and lifestyle equipment (Platt et al. 2005), energy
supply in human body sensors to observe walking motion
(Kuang et al. 2017), automobiles (Pan et al. 2017), intelli-
gent buildings (Bao and Tang 2017), vibration monitoring
for predictive maintenance in machinery (Das et al. 2017)
and radio-frequency identification (Vullers et al. 2010).

Energy harvesting through piezoelectric transducers is
based on the property of some materials that are capable
to convert a mechanical stimulus into electrical energy. This
kind of energy source has been employed in low power appli-
cations such as sensor nodes (Beeby et al. 2006; Du et al.
2017a), and microelectromechanical systems (MEMS) (Hu
et al. 2010). In some of these applications, the integration
of piezoelectric harvesters with other energy sources such
as solar are also considered (Arms et al. 2005; Hsieh et al.
2016).
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Piezoelectric energy harvester (PEH) generates electrical
charge when mechanically strains occur in the material. As
an intrinsic characteristic, the equivalent electric circuit of a
piezoelectric material presents a capacitive response (Priya
2007; Liang and Liao 2011). Because the maximum power
transfer is obtained when the load impedance matches with
thePEH impedance (Alexander andSadiku2013), the knowl-
edge of the load characteristics is required to increase the
generation capacity of energy on the harvester output.

The mechanical stimulus needs to be dynamic in order to
generate energy on the PEH. Thus, one can expect a variable
generated voltage and a variation of equivalent impedance
of the harvester. By considering a fixed purely resistive load,
the maximum transferred power to the harvester output is
dependent of the input mechanical frequency and will reach
a maximum when the intrinsic impedance matches the load
impedance. A prototype of impact-based PEH described by
He et al. (2017) uses this concept for estimating the optimal
impedance for generation at low frequencies.

The voltage waveform generated by PEH is time-varying
and can be approximated by a sinusoidal function . However,
because the majority of electronic equipments is powered
by DC current a AC/DC converter with a full diode bridge
(Naikwad et al. 2017) is usually connected at the output of
the PEH, introducing a nonlinearity into the system. The
search for generation efficiency involves mathematical mod-
eling of AC/DC converter (Guan and Liao 2007; D’hulst and
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Driesen 2008). Again, the process to optimize the transfer
of generated power is matching the impedance between the
PEH and the nonlinear load (Brufau-Penella and Puig-Vidal
2009). In Shu and Lien (2006) results of a PEH connected
to an AC/DC converter are reported. The generated power is
analyzed, concluding that the harvested power depends on
the input vibration characteristics (frequency and accelera-
tion), themass of the generator, the electrical load, the natural
frequency, the mechanical damping ratio, and the electrome-
chanical coupling coefficient of the system. The theoretical
analysis demonstrates that, even with a nonlinear behavior,
there is an optimum load for maximizing the power delivered
to the load.

This paper presents the results of a PEH coupled to an
aluminum cantilever beam. The mechanical stimulus is per-
formed by an electromechanical transducer in order to allow
frequency and amplitude control of the cantilever beam. The
control is performed by a low power signal connected to
the input of a power amplifier driving the electromechanical
transducers. The piezoelectric energy harvester (PEH) patch
is attached on the cantilever, at strategic position, and its out-
put terminals are connected to different electrical loads.

Firstly, the paper presents the mathematical model of the
system and their theoretical modal frequencies. The load val-
ues representing themaximumdelivered power are identified
at each natural resonance frequency by connecting resistive
loads to the output. The same analysis is done to a nonlinear
load, by using the equivalent impedance, composed by a full
bridge diode. The voltage and current generated from PEH
are measured to determine the load equivalent impedance,
as well as the generated power and DC voltage. Both cases
are analyzed and compared when the output varies over a
limited range of resistive values, representing a generic load,
powered by different mechanical stimulus.

2 Energy Harvest System

Figure 1 shows the energy flow in a vibration-based genera-
tion system, where the source of vibration is coupled to the
PEH. In the mechanical domain, the energy obtained from
the source of vibration is partially converted into deforma-
tion, and partially dissipated in the form of heat (mechanical
dissipation). After the conversion to electrical energy by the
PEH, three effects can be noted regarding resulting energy:
part is dissipated as heat (electrical dissipation); part returns
to the mechanical domain due to the dual characteristic of
the PEH; the remainder corresponds to the harvested energy
effectively delivered to the load. In this context, the load value
and characteristics alters the relation between the branches,
i.e., altering the produced power and the mechanical charac-
teristics of the energy harvester (Liang and Liao 2011).

Fig. 1 Energy flow chart of a vibration energy harvester system

Fig. 2 Structure used for piezoelectric energy harvester

In thiswork, the effects of the output load in both electrical
and mechanical domains will be analyzed with respect to the
energy harvester illustrated in Fig. 2. A piezoelectric actuator
attached to a aluminum beam and driven by a controlled
oscillator is used as vibration source, where it is possible
to regulate both amplitude and frequency. Our mechanical
system consists of a flexible beam clamped to a fixed base at
one of its ends. Finally, the PEH is the piezoelectric harvester
attached at the opposite side of the vibration stimulus driven
by the piezoelectric actuator.

2.1 Mechanical Model

The input stimulus is the voltage applied to the piezoelectric
actuator, and the output is the measured voltage produced by
the PEH.

The cantilever beam with a coupled piezoelectric actu-
ator can be modeled through Euler–Bernoulli equations
as described in Halim and Moheimani (2001), Moheimani
and Fleming (2006) and Luemchamloey and Kuntanapreeda
(2014):

EI
∂4z(x, t)

∂x4
+ ρ A

∂2z(x, t)

∂t2
= ∂2

∂x2
Mp(x, t) (1)

where I is the moment of inertia of the beam, A is the
cross-sectional area, Mp(x, t) is the moment generated by
the piezoelectric actuator in the point x (in relation to the
length L of the beam) at time t , z(x, t) is the beam displace-
ment at (x, t),ρ is the bulk density, and E is the beamYoung’s
constant. The following boundary conditions are considered:
no displacement and inclination on the clamp end and the
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absence of the bending moment and shear stress on the free
end (Moheimani et al. 2003; Rao 2011). A set of decoupled
ordinary differential equations can be obtained from (1) using
the properties of the Dirac delta function and orthogonality.
Thus, the differential equation of the beam/actuator system
is described by Moheimani and Fleming (2006):

d2ri (t)

dt2
+ 2ζiωi

dri (t)

dt
+ ω2

i ri (t) = k̄

ρ A
ψi Va(t) (2)

where i = 1, 2, . . . is the vibration ith mode, ζi denotes the
damping coefficient associated to this mode,ωi is the natural
oscillation frequency, ri (t) is the generalized coordinate of
the ithmode of vibration, andψi is the function dependent on
the piezoelectric actuator relative position (Moheimani et al.
2003).

The frequency response that relates the piezoelectric
transducer voltage Vp(iω) with respect to the controlled
piezoelectric actuator (driving themechanical stimulus) volt-
age Va( jω) can be obtained from (2) and is given by Henrion
et al. (2004):

Ḡv( jω) = Vp( jω)

Va( jω)
= Pv

∞∑

i=1

ΨiΨ
T

i

( jω)2 + 2ζiωi ( jω) + ω2
i

(3)

where Ψi describes the actuator position and Pv is a constant
depending on the beam structural properties. Note that (3)
considers infinite vibration modes; nevertheless, it is well
known from the literature that this relation can be approx-
imated by assuming that the most of the output energy is
concentrated in a finite number M of harmonic components
as follows (Henrion et al. 2004; Moheimani and Fleming
2006):

Gv( jω) = ks

∏M
i=1

[
( jω)2 + 2ζ̄i ω̄i ( jω) + ω̂2

i

]
∏M

i=1

[
( jω)2 + 2ζiωi ( jω) + ω2

i

] (4)

where ks is a proportional gain derived from Pv, Ψi , ζi

and ω1. Parameters ζ̄i and ω̄i denote the natural oscillation
frequency and damping coefficient associated with the zeros
of the ith vibration mode.

2.2 PEH Equivalent Circuit

In the previous section, the frequency response of the can-
tilever beam was included in Gv( jω). Thus, the PEH stage
can be modeled by an equivalent circuit composed of a series
RC network with a voltage source for supplying the power
to the circuit as illustrated in Fig. 3 (Priya 2007). Assum-
ing that Vp is generated through the conditions described
in the previous section, Cs and Rs denote the PEH internal

Vp

Cs
Rs

Rd

+

−

Vo

Fig. 3 PEH equivalent output circuit

capacitance and resistance, respectively, Rd is the dissipation
resistance, and Vo represents the output voltage delivered to
the load. The connection between this circuit and the load
will be detailed in the next section.

2.3 Load

The PEH was subject to two different types of loads to eval-
uate its effects on the resonance frequencies and the output
power: purely resistive load, composed of a single resistor
and a full-wave rectifier in parallel with a RC load, charac-
terizing a nonlinear load.

2.3.1 Purely Resistive Load

This case considers a purely resistive load RL connected
directly to the PEH equivalent circuit output Vo. From ele-
mentary circuit theory, it follows that the relation between
the PEH voltage Vp( jω) and voltage delivered to the load
VL(( jω)) = Vo( jω) is given by:

GL( jω) = Vo( jω)

Vp( jω)
=

Kr
(1+Kr )

( jω)

( jω) + pr
(1+Kr )

,

Kr = RdRL

Rs(Rd + RL)
, pr = 1

RsCs
. (5)

The equivalent circuit frequency response disregarding the
output load can be derived from (5) assuming RL → ∞.

2.3.2 Nonlinear Load

The inclusion of a full-wave rectifier introduces a nonlinear
behavior at the equivalent circuit of the PEH, as presented
in Fig. 4. In order to approximate the rectifier circuit by a
linear load, the high-order harmonics in voltage signal are
assumed to have insignificant contribution in output power

123



Journal of Control, Automation and Electrical Systems (2018) 29:480–488 483

Fig. 4 Nonlinear load: full-wave rectifier connected to a load

Fig. 5 Non-dimensional current, voltage and fundamental harmonic of
the voltage in the PEH output connected to a full-wave rectifier

and only the fundamental harmonic has influence on the sys-
tem dynamics (Liang and Liao 2012; Du et al. 2017b).

In this case, the PEH current can be approximated by a
sinusoidal wave (Priya and Inman 2009). Figure 5 shows
the non-dimensional characteristics of the current (Ip) and
voltage (Vp) at the PEH output, with the voltage Vo being
the value of the first harmonic of Vp. The rectifier nonlinear
behavior is characterized by the constant voltageVL (rectified
voltage) after the cutoff angle (θ ) that depends from load
capacitance (CL) and resistance (RL). The rectified voltage
VL is the sum of voltage on capacitor CL minus the voltage
losses in the diodes.

The voltage Vo(t) fundamental harmonic is given by
(Liang and Liao 2012):

Vef(t) = I0
2πωCs

{[sen(2θ) − 2θ ]cos(ωt)

+2sen2(θ)sen(ωt)
}

(6)

where Vef(t) is the fundamental harmonic of Vo(t), I0 is
current magnitude, and θ is the diode cutoff angle.

From (6), we obtain the equivalent impedance. Thus, only
the fundamental component of the rectifier input Vo( jω) is
considered in such a way that the impedance of the load seen
by the PEH patch (Zef ) is the ratio between this voltage and
PEH output current (Ip( jω)) (Liang and Liao 2012). Thus,

Table 1 Cantilever beam and piezoelectric propriety

Beam length, L (m) 0.71

Beam width, W (m) 0.05

Beam thickness, h (m) 0.003

Beam young’s constant, E (N/m2) 7 × 1010

Beam bulk density, ρ (kg/m3) 2770

Beam stand (kg) 30.11

Piezoelectric length, Lp (mm) 45.97

Piezoelectric width, Wp (mm) 33.27

Piezoelectric thickness, hp (mm) 0.864

Vo( jω) = Vef( jω):

Zef( jω) = Vef( jω)

Ip( jω)

= 1

πωCs

[
sen2(θ) + j (sen(θ)cos(θ) − θ)

]
(7)

Assuming Cs constant, the impedance (Zef ) depends only
on ω and θ and is not dependent on the voltage source. The
power delivered Pef to the load Zef is described by (Liang
and Liao 2012):

Pef = 1

T

T∫

0

Vo(t)Ip(t)dt = 1

T

T∫

0

Vef(t)Ip(t)dt (8)

where T is the period in s.

3 Experimental Setup

In this section, the experimental setup is detailed and a com-
plete frequency response is presented.

The cantilever beam constructive characteristics and
the piezoelectric transducers’ parameters are presented in
Table 1, where the beam material was made from aluminum
and both piezoelectric transducers were commercially avail-
able. More specifically, the piezoelectric actuator (used
as mechanical stimulator) and harvester reference models
are QP20W and V20W, respectively. These parameters are
approximated and will be experimentally estimated through
the system identification process to be described.

Figure 6 presents a descriptive block diagram of the exper-
imental setup. A computer drives a real-time control board
DS1104 in order to generate the input voltage to the piezo-
electric transducer to mechanically stimulate the cantilever
beam. The signal from the control board is conditioned by a
low-pass filter with cutoff frequency of 400 Hz to attenuate
any possible quantization noise. The frequency response of
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Fig. 6 Experimental diagram

this filter is given by:

GLP1( jω) = 2π400

( jω) + 2π400
. (9)

In order to generate the maximum beam deformation, the
filter output signal is amplified 50 times by a power amplifier
(modelQPA3202), assumed to be linear in the used frequency
range, and connected to the electromechanical transducer.
The piezoelectric harvester is attached to the cantilever beam
and connected to the load, where the output voltagemeasure-
ment is attenuated 10× to adequate signal level. To avoid
aliasing problems, this signal is filtered by a second-order
filter with cutoff frequency of 1 kHz and frequency response
given by:

GLP2( jω) = (2π1000)2

( jω)2 + (2π1000)
√
2( jω) + (2π1000)2

.

(10)

In terms of signal propagation and frequency response, the
experimental setup can be represented as in Fig. 7, where V̄a

and V̄o denote the input and output signals of the dSpace card,
respectively. By combining (4), (5), (9) and (10), it follows
that the frequency response between V̄a and V̄o is given by:

G( jω) = V̄o( jω)

V̄a( jω)

= kampkatnGv( jω)GL( jω)GLP1( jω)GLP2( jω) (11)

As described by (11), both Gv( jω) and GL( jω) depend
on constructive parameters and may vary with the load
connected to the harvester output; hence, its precise charac-
terization is not a trivial task. To determine these parameters
as well as to take into account the tolerance in the nomi-
nal value of the components in kamp, katn, GLP1( jω) and
GLP2( jω), a system identification procedure is presented to
determine G( jω).

Fig. 7 The block diagram of the experimental setup in terms of signal
propagation
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Fig. 8 PRBS input signal and the measured output signal

4 Results

Firstly the PEH frequency response is analyzed at open cir-
cuit. Thus, each load scenario is analyzed with respect to the
measured output power.

4.1 System Identification at Open Circuit

The excitation signal, the number of poles and zeros of
the desired model and the parameters and the optimization
method should be defined in order to proceedwith the system
identification. In this work, a pseudorandom binary sequence
(PRBS—persistently exciting signal in a given range of
frequency) (Ljung 1999) ranging of ±4V with adjustable
period was considered as input signal. Figure 8 illustrates
the PRBS stimulus on the input piezoelectric transducer and
from the PEH output measured signals.

Figure 9 shows the Power Spectral Density (PSD) func-
tion of signal measured on the PEH output from Fig. 8,
where is possible to identify four (M = 4) natural vibra-
tion frequencies of Gv( jω). Because the low-pass filter with
cutoff frequency at 400 Hz it follows that higher-order vibra-
tion modes are significantly attenuated and therefore can be
neglected
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Fig. 9 PSD function of the output signal

The model to be identified corresponds to G( jω) in (11)
with M = 4, presenting nine zeros and twelve poles dis-
tributed as follows:

– a pair of complex zeros for each vibration mode;
– one zero derived from the equivalent circuit model;
– a pair of complex zeros for each vibration mode;
– one pole from the equivalent circuit model;
– three poles from the conditioning filters.

The system identification problem was solved in MAT-
LAB with the system identification toolbox considering a
continuous-timemodel, instrumental variables and nonlinear
least squares as optimization method. The resulting transfer
function (in the Laplace domain for simplicity) is

G(s) = 2.56 × 103

s + 2.56 × 103
× 50 × 1

24.83

× s2 + 2 × 0.0046 × 35.06s + 35.062

s2 + 2 × 0.0045 × 34.05s + 34.052

× s2 + 2 × 0.004 × 214.25s + 214.252

s2 + 2 × 0.004 × 209.23s + 209.232

× s2 + 2 × 0.0039 × 588.23s + 588.232

s2 + 2 × 0.0040 × 579.62s + 579.622

× s2 + 2 · 0.0042 × 1125.82s + 1125.822

s2 + 2 × 0.0039 × 1117.71s + 1117.712

× s

s + 2598
× 0.1 × 65972

s2 + 6597
√
2s + 65972

(12)

Figure 10 presents the frequency response magnitude
of G(s), where four vibration modes at frequencies f1 =
5.42Hz, f2 = 33.38Hz, f3 = 92.258Hz and f4 =
177.898Hz can be observed. We can also notice a zero at
ω = 0 and a pole at f ≈ 2.58Hz associated to the PEH
equivalent circuit.
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Fig. 11 Measured output power with resistive loads as function of fre-
quency

4.2 PEH Output Power Analysis on a Connected Load

The piezoelectric harvester works with an intrinsic impe-
dance. Thus, the power delivered to the load depends on the
equivalent circuit from the terminals of the harvester device.
One can expect that by changing the type of load, the power
delivered also changes. We tested this hypothesis by using
pure resistive load directly connected to the harvester ter-
minals and by using the same resistive loads connected to
a full-wave rectifier. A sine wave source with peak voltage
in the range of ±4V and a variable frequency of 0.1 Hz
to 1 kHz was used to drive the piezoelectric transducer in
order to mechanically stimulate the four identified modes of
vibration.

Figure 11 shows the experimental results of the depen-
dency of power delivered to resistances loads with respect to
variation in the input frequency and load values.We observed
that, as expected, the largest amplitudes of generation are
concentrated in the natural vibration modes of the beam,
where the mechanical deformation and the power generation
of the PEH are high.

The PEH has an intrinsic capacitive impedance which
directly influences the power delivered to the load. At low
frequencies, the internal impedance of the PEH has a large
value which falls with increasing the frequency (Xc =
1/( jωC)).

The instantaneous power values for purely resistive load
as function of the natural vibration modes are shown in
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Table 2 Instant power (mW)
with resistive load as function
the four natural vibration modes

Resistance (
) 1st mode 2nd mode 3rd mode 4th mode Pulse

1k 0.126 2.772 1.266 16.94 16.01

5k 0.611 1.223 4.757 45.95 3.46

10k 1.108 23.04 70.68 47.49 1.67

20k 2.257 38.68 69.08 33.72 0.828

50k 4.677 41.78 35.97 13.83 0.306

100k 9.571 24.95 16.97 6.491 0.156

200k 9.997 13.41 8.507 3.238 0.078

500k 7.914 5.043 3.229 1.281 0.032

1M 3.194 2.753 1.636 0.661 0.015

Table 2. The natural vibration modes correlate with the iden-
tified model in Sect. 4.1. Figure 10 is a slice of Fig. 11 with
RL → ∞.

One can notice the highest power delivered to the purely
resistive load is not obtained in the first mode of vibration
(highest deformation) to resistors smaller than 200 k
. That
occurs because of the intrinsic impedance of the piezoelec-
tric harvester. The maximum power on the load occurs in the
first mode of vibration to large resistors (500 k
 and 1 M
),
decreasing in higher vibration modes because these loads are
much higher than the intrinsic impedance from the source.
The highest power occurs to the load resistance of 200 k

for the first mode of vibration (5.42 Hz), close to the the-
oretical intrinsic impedance of the PEH (229.35 k
). The
maximum power occurs to resistances of: 50 k
, 20 k
 and
10 k
 for the second, third and fourth modes, respectively.
These results show that the source impedance decreases with
increasing frequency.

In order to evaluate a transitory response of the system, a
22 ms voltage pulse was applied to the piezoelectric actua-
tor, resulting a mechanical pulse excitation. The dependency
of the generated RMS power to different load resistors is
shown in the last column of Table 2. The maximum power
transfer occurs at 1 k
 resistance load. As the pulse signal
has two distinct limits—rising and falling edge—where the
power spectral presents high energy, the generated power
at these points is much higher then the rest of the range.
This happens because the PEH intrinsic capacitance presents
low impedance at high frequencies. Thus, the optimum load
resistance for generation tends to be the lowest because the
internal impedance of the harvester is low.

The maximum power trend is shown in the contour plot
of Fig. 12, of the measured power on the load. The arrow
indicates the path of the maximum power as function of fre-
quency and resistance. This trend depends on the harvester
intrinsic impedance. The higher the excitation frequency of
the system, the lower the impedance of the series capaci-
tor. Therefore, the power transfer to the load (even the purely
resistive load) is also dependent of the frequency. The instan-

Fig. 12 Contour plot of output power with resistive loads as a function
of frequency

taneous power generated at the vibration modes maintains
this same behavior, as shown in Table 2.

Table 3 shows the equivalent impedance Zef (7) of the
piezoelectric generator and the respective output powers
when the PEH is connected to a full-wave rectifier before
the load. Table 3 also shows that the equivalent impedance
decreases with increasing the frequency.

By increasing the frequency, a large number of volt-
age/current cycles are rectified, also increasing the average
voltage on the load. Table 3 also shows the voltage values
on the load as a function of the load resistance and vibration
modes. The voltage in the first mode of vibration is almost
zero to 1 k
 , raising to 5.82V in the fourth mode. This
behavior is followed by the loads of 10 and 100 k
. The
load of 1 M
 is much higher than the intrinsic impedance of
the PEH, and the output voltage does not present significant
change with different modes of vibration.

One can expect that the vibration frequency of the can-
tilever beam changes with the load. The observed change in
resonant frequency of the vibration modes was about 0.2%
(considering the experiment of only one PEH). This phe-
nomenon occurs because the coupling factor ki j and the
elastic conformity coefficients of the piezoelectric element
increase the mechanical rigidity, thus changing the equiva-
lent electric circuit parameters. Although this effect is not
significant with only one PEH, we can expect that with a
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Table 3 Equivalent impedance Zef , output power P as function of frequency and resistance (mW) and continuous voltage in the load (V) (capacitor
CL = 10µF

Resistance (
) 1st mode 2nd mode 3rd mode 4th mode

Zef P Vref Zef P Vref Zef P Vref Zef P Vref

1k 1.808 0.001 0.03 1.707 0.204 0.452 1.623 0.568 0.754 1.528 0.636 0.798

10k 9.328 0.041 0.64 7.817 1.661 4.075 5.953 2.943 5.425 4.420 2.073 4.553

100k 63.25 0.237 4.87 27.31 2.544 15.95 12.24 1.814 13.47 6.725 0.752 8.673

1M 98.56 0.161 12.68 36.07 0.505 22.47 13.35 0.261 16.15 6.950 0.089 9.452

large number of harvesters driving a load we will observe a
larger change in the vibration frequency modes.

The presented results suggest that, in order to increase
the power on a load, either after a rectifier (usual way) or
directly connected to the PEH output we need to compensate
the internal impedance from the harvesting device. This can
be done by designing a PEH with a low intrinsic impedance
or externally tune the impedance.

5 Conclusion

In this paper, we evaluated a piezoelectric energy harvester
system directly connected to a resistive load and connected
to a load through a rectifier circuit. Experimental results have
showed that the insertion of the rectifier causes no significant
change in the observationsmade on the purely resistive loads.

Also, the presented results showed that there is a depen-
dency of the maximum power transfer with mechanical
excitation frequency and load impedance. The maximum
power transfer occurswhenmatching the intrinsic impedance
of the piezoelectric energy harvesterwith the load. The intrin-
sic impedance of the piezoelectric harvester depends on the
excitation frequency, and so the power transfer maximum to
the load point.

As the results have shown, the parameters of equivalent
circuit are dynamic, leading to the conclusion that the inser-
tion of dynamic elements in the circuit can modify these
parameters in order to increase power transfer, decreasing
losses and increasing the efficiency of the system. This can
be done, for instance by an external inductor in series with
the load.
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