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Abstract: This paper proposes an electrostatic-piezoelectric-electromagnetic hybrid vibrational power
generator with different frequency broadening schemes. Both the nonlinear frequency broadening
mechanisms and the synergized effect of the electrostatic-piezoelectric-electromagnetic hybrid struc-
tures are investigated. The structure and performance of the composite generator are optimized
to improve the response bandwidth and performance. We propose that the electrostatic power
generation module and the electromagnetic power generation module be introduced into the can-
tilever beam to make the multifunctional cantilever beam, realizing small integrated output loss,
high output voltage, and high current characteristics. When the external load of the electrostatic
power generation module is 10 k), its peak power can reach 3.6 mW; when the external load of the
piezoelectric power generation module is 2 k(), its peak power is 2.2 mW; and when the external load
of the electromagnetic power generation module is 170 (), its peak power is 0.735 mW. This means
that under the same space utilization, the performance is improved by 90%. Moreover, an energy
management circuit (ECM) at the rear end of the device is added, through the energy conditioning
circuit, the device can directly export a 3.3 V DC voltage to supply power to most of the sensing
equipment. In this paper, the hybrid generator’s structure and performance are optimized, and
the response bandwidth and performance are improved. In general, the primary advantages of the
device in this paper are its larger bandwidth and enhanced performance.

Keywords: vibration energy harvesting; all-in-one; frequency broadening

1. Introduction

Over the past few decades, tremendous advances have been made in microelectronic
systems, with devices becoming smaller and requiring less energy [1]. However, lim-
ited by the service life and energy density of the traditional batteries, the power supply
scheme of these systems is still a challenge. Therefore, researchers hope to design some
devices to harvest the energy in the environment to power these microelectronic systems
autonomously. Meanwhile, these low-power electronic devices pose a challenge to cheap,
flexible, portable, and sustainable energy resources [2-9]. Therefore, many researchers are
devoted to the demand of these microelectronic systems, among which vibration energy
harvesting technology has become a research hotspot [10-21].

The energy conversion mechanism based on ambient vibration is electrostatic (ES),
electromagnetic (EM), piezoelectric (PE), and triboelectric [22-27]. In terms of the electro-
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static mechanism, Naruse et al. [28] present a low-frequency electrostatic micro-vibrational
energy harvester (VEH) supported by microspheres. The result shows that the output
power can reach 40 uW under the excitation of 2 Hz and 0.4 g vibration. Nobuhide Kasagi
et al. [29] present an microelectromechanical systems (MEMS) electret generator with
nonlinear spring. Additionally, the power output of 1 uW has been obtained at 63 Hz.
Ugur Erturun et al. [30] present a vibration energy harvester using push—pull electrostatic
conversion. The stored energy of ~900 uJ and the power of ~15 uW are obtained by charg-
ing a capacitor for around a minute. Additionally, the output voltage can reach 318 V.
James E. West et al. [31] demonstrate an energy harvester that combines a piezoelectric
nanogenerator and an electret-based electrostatic generator. The maximum peak—peak
voltage output of the electrostatic part is 500 V at 20 Hz. The short-circuit current output of
the electrostatic part is 1.1 pA at 10 Hz. In these studies, the electrostatic energy harvesting
method can output a large voltage, but the current generated is small.

In terms of the electromagnetic mechanism, Kulkarni et al. [32] present a miniature
electromagnetic VEH with the help of MEMS technology. By changing the structure, the
maximum output voltage and power of the device can reach 950 mV and 85 pW. Kiilah
et al. [33] present an electromagnetic VEH that converts a low-frequency vibration into
a higher-frequency vibration through frequency conversion technology. The maximum
output voltage and power obtained by VEH at a natural frequency of 64 Hz are 6 mV
and 120 nW, respectively. Peihong Wang [34] uses MEMS technology to make a new
electromagnetic VEH. When the acceleration is 0.8 g and the frequency is 280.9 Hz, the
maximum output voltage and power are 101 mV and 19.5 uW, respectively. Kankana Paul
et al. [35] present the design and performance of fully integrated EM vibration energy
harvesters on the scale of microelectromechanical systems (MEMS). The device produces
a power density as high as 52 pW/cm? at 1 g acceleration. The nonlinear counterpart
enhances the bandwidth almost six times to 25 Hz at the cost of reduced power density. In
these studies, the voltage performance of the small-size electromagnetic energy generator
in the low-frequency environment is not very prominent, but the current generated using
the electromagnetic energy harvesting method is large.

Additionally, in terms of the piezoelectric mechanism, a small piezoelectric cantilever
beam type linear narrow-band generator is proposed by Bai et al. [36], which can acquire
the average power of 50 and 20 uW, respectively, when placed on the arm and top of the
human body, and the power density is 0.35 and 0.14 pW/mm?, respectively. However,
linear narrow-band generators cannot adapt to variable environmental vibrations at any
time and cannot provide a stable output. Therefore, Shahruz et al. [37] proposed an array
piezoelectric broadband generator. The different natural frequencies of the array cantilever
beams increase the bandwidth of the generator. Xue et al. [38] also proposed a piezoelectric
generator with a bimorph cantilever beam array, which uses different resonance frequencies
caused by different wafer thicknesses to increase the bandwidth of the generator. However,
the average power of the array generator is low. Leland et al. [39] proposed a clamped
beam adjustable resonant generator with axial compression preload. This generator can
change the beam stiffness to change the natural frequency and increase the bandwidth.
However, the adjustable resonant generator cannot respond quickly to changes in excitation.
In addition to the above two types of generators that achieve broadband, Li et al. [40]
proposed a hardened extrusion-type nonlinear generator that can harvest energy at a lower
vibration level. Alireza Rezaniakolaie et al. [41] proposed a trapezoid harvesting multi-
beam structure with macro-fiber-composite toward the energy conversion enhancement of
piezoelectric energy harvesters from wideband excitation signals. The power generation by
this harvester is 84% greater than a common multi-beam design at a 47%-reduced volume,
resulting in a 160% power density improvement. Additionally, Weiqun Liu et al. [42]
proposed a nonlinear generator with curved surface fixtures, effectively increasing the
bandwidth and power.

In general, there are many methods to implement broadband generators, but the
nonlinear generator is a more effective solution due to its large bandwidth when carrying
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out energy harvesting. Therefore, this paper proposes a hybrid nonlinear generator with
vibration energy harvesting technologies. On the one hand, we adopt the curved fixture
structure to increase the bandwidth. On the other hand, the electrostatic [43-48] generator
module and the electromagnetic module are integrated with the piezoelectric generator
module to improve the output power of the nonlinear generator. We propose that the
electrostatic power generation module and the electromagnetic power generation module
be introduced into the cantilever beam to make the multifunctional cantilever beam,
realizing small integrated output loss, high output voltage, and high current characteristics.

2. The Conception of Device

This paper designs a hybrid nonlinear generator that combines three power generation
methods. The structure design of the power generation is a multifunctional cantilever beam
structure composed of the piezoelectric power generation module, a partial structure of the
electrostatic power generation module, and a partial structure of the electromagnetic power
generation module. As shown in Figure 1, this paper integrates the piezoelectric power
generation module, the electrostatic power generation module, the electromagnetic power
generation module, and the energy conditioning circuit module based on the LTC3588 chip
into a package.

ES-VEH Module EMC

PE-VEH Module EM-VEH Module

Figure 1. Overall diagram of the electrostatic-piezoelectric-electromagnetic hybrid vibrational power
generator: ES-VEH module is the electrostatic power generation module, PE-VEH module is the
piezoelectric power generation module, EM-VEH module is the electromagnetic power generation
module, and EMC is the energy management circuit module.

The power generation principle of the three power generation modules is shown
in Figure 2. The piezoelectric power generation module in this paper is mainly based
on the positive piezoelectric effect of piezoelectric materials. Its working principle is as
shown in Figure 2a, if the pressure to the direction of the polarization is applied to the
piezoelectric chip, due to the compression and deformation of the piezoelectric chip, the
distance between the positive and negative charges in the piezoelectric layer will decrease
and the polarization strength of the chip will be weakened, which causes a part of the free
electrons on the surface electrode of the piezoelectric layer to be released and a discharge
phenomenon occurs. After the pressure is removed, the distance between the positive and
negative charges in the chip will increase, and the polarization strength will also increase.
At this time, a part of the free charges will be adsorbed on the surface of the upper and
lower electrodes of the piezoelectric layer and a charging phenomenon will occur.
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Figure 2. The principle and advantages of the three power generation modules.

In the actual working process, the device’s piezoelectric layer constantly repeats the
charging and discharging process under the influence of the alternating forces provided
by the external vibration environment in order to realize the conversion of mechanical
energy into electrical energy. The working principle of the electrostatic power generation
module is to convert external mechanical disturbances into capacitance changes of variable
capacitors under a constant bias voltage, which causes the charge flow between the two
electrodes, thereby converting mechanical energy into electrical energy under external
excitation. The FEP is a dielectric with permanent charge or dipole polarization. It can
form a permanent electric field around it; therefore, it can be used as a constant voltage
source to provide a bias voltage for the electrostatic power generation module.

The working principle of the electrostatic power generation module based on out-
of-plane motion is shown in Figure 2b. Due to the electrostatic induction, the negative
charge in the electret material on the movable electrode will generate the corresponding
positive charge on the fixed electrode, and the positive charge will flow back and forth
with external disturbances, thereby converting the mechanical energy into electric energy.

The working principle of the electromagnetic power generation module in this paper
is based on the electromagnetic induction, which converts the change of the magnetic flux
in the coil into the induced current. It is generally composed of a permanent magnet, a coil,
and an elastic unit. When the outside vibrates, the elastic unit will induce the vibration
of the outside, causing relative movement between the magnet and the coil, and the coil
will sense the changing magnetic flux to generate the output of the electrical energy. The
relative movement between the permanent magnet and the coil can be either the permanent
magnet moving without the coil moving, or the coil moving without the permanent magnet
moving (Figure 2c). The electromagnetic power generation module of this paper uses the
electromagnetic power generation method that the permanent magnet moves, and the coil
does not move.

Among them, the piezoelectric power generation module uses an MEMS piezoelectric
vibration energy harvester design scheme. The dual-crystal cantilever beam of this module
uses a metal substrate piezoelectric film multilayer composite structure preparation process,
which mainly includes the surface polishing of the material to be bonded, the hot-press
bonding of conductive silver glue, the mechanical thinning of the piezoelectric layer, metal
electrode sputtering, laser cutting, fixing of the cantilever beam, and the lead process. To
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enhance the electrical performance, the piezoelectric power generation module adopts the
bonding and thinning technology based on the intermediate layer to fabricate the film with
excellent piezoelectric properties. At the same time, the mass block is attached to the free
end of the cantilever beam, thus, further improving the output performance.

In the piezoelectric power generation module, the PZT piezoelectric material is used
as the piezoelectric functional layer. The piezoelectric cantilever beam is used as the main
structure of the energy harvester, and a mass block is added at the free end of the beam.
The electrostatic power generation module is composed of a movable electrode and a fixed
electrode. The fixed electrode is a Cu material layer attached to the top of the internal side
of the package shell. The movable electrode is the pre-charged electret material film (FEP)
attached to the Cu material layer and bonded to the piezoelectric ceramic generating layer.
The electromagnetic power generation module is composed of an inductance coil and a
cylindrical permanent magnet. The inductance coil is placed in the center of the package
shell base, and the permanent magnet is glued under the cantilever beam to provide a
magnetic field for the electromagnetic power generation module.

In this way, the piezoelectric power generation module, the electret layer of the electro-
static power generation module, and the permanent magnet of the electromagnetic power
generation module are integrated into a multifunctional cantilever beam that incorpo-
rates three power generation methods. The manufacturing process of the multifunctional
cantilever beam is shown in Figure 3.

— i

— ]

Bonding
Adding ES 1 Rolling-over & T
Adding EM
— —
PZT Conductive adhesive Copper Double tap
PET Hotmelt adhesive Neodymium magnet - Tungsten

Figure 3. The manufacturing process of the multifunctional cantilever beam.

The energy conditioning circuit mainly consists of LTC3588-1, which integrates a
full-wave bridge rectifier with low loss and a buck converter with high efficiency. The
package is a 3D printed shell made of resin material. The entire device collects vibration
energy in the environment by piezoelectric and electrostatic power generations. It then
converts into a well-regulated output to power application microcontrollers, sensors, data
converters, and wireless transmission components.

Figure 4 shows the movement of the three power generation modules when the
device is subjected to vibration. When affected by the external vibration, the free end
mass of the multifunctional cantilever beam vibrates the cantilever beam up and down.
The piezoelectric crystal produces the piezoelectric effect. The distance between the FEP
movable electrode layer on the piezoelectric layer and the fixed electrode on the top of the
shell changes, and thus the electrostatic effect is generated. The permanent magnet at the
bottom of the cantilever beam starts to move up and down in the inner ring of the inductor
coil to generate electromagnetic induction to complete the power generation process. At
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the same time, this article explores the nonlinear effect, and uses the bending fixture to
broaden the frequency band. The advantages of the bending fixture will be given in the
experimental section.

Electrostatic Effect

! } Piezoelectric Effect

Curved fixture | 1 Electromagnetic Effect

Figure 4. The movement of the three power generation modules.

The vibration of the multifunctional cantilever beam causes the piezoelectric, electro-
static, and electromagnetic power generation modules to start working at the same time.
The power generation of the three power generation modules is based on the movement of
the multifunctional cantilever beam, which simplifies the complexity of the device.

3. Experimental Design

Firstly, this paper explores the nonlinear effect and designs two fixtures; one is an
ordinary linear fixture, the other is a curved fixture. The design will test the respective
characteristics of the two fixtures in an experiment for comparative analysis. First of
all, based on these two fixtures, stoppers will be added at the middle and the end of
the ordinary linear fixtures to explore the nonlinear effects of piezoelectric cantilever
beams under three different structures. When the cantilever beam is deformed by external
excitation, the cantilever beam will come into contact with the fixture, the effective length of
the beam will be shortened, and the rigidity of the system will increase, thereby introducing
nonlinear effects.

As shown in Figure 5, it shows the mechanical structure of the cantilever beam with
stoppers at the middle and end of the cantilever on the basis of ordinary linear clamps and
the use of curved clamps. The two cases of the ordinary linear fixture setting stoppers are
shown in Figure 5a,b. The stoppers are, respectively, set at the middle and the end of the
cantilever beam. When the cantilever beam is deformed due to vibration, the cantilever
beam contacts the stopper; at this time, the effective length of the cantilever beam will
change greatly, but this change is fixed. Figure 5c shows a curved fixture, which makes
the effective length of the cantilever beam have different changes in one working cycle.
Therefore, the nonlinear effect curves of the three structures are also significantly different.

(a) Middle - stopper  (b) End-stopper (c) Curved fixture

Figure 5. The mechanical structure of three non-linear test structures.

Additionally, this paper has carried on a certain theoretical derivation. In the general
linear piezoelectric vibration power generation theoretical model, ng is the equivalent
mass of the piezoelectric power generation module, ¢ is the damping coefficient, K is
the equivalent stiffness of the piezoelectric power generation module, u(t) is the vibration
of the cantilever piezoelectric vibrator displacement, d is the electromechanical coupling
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coefficient of the piezoelectric power generation module, and R is a purely resistive load.

When the external excitation F(t) affects, the dynamic equation of the equivalent mass

block can be obtained according to Newton’s second law, and the lumped parameter

equivalent model of the piezoelectric power generation module shown in the following

Equation (1) can be obtained according to Kirchhoff’s law:

Megui(t) + Gu(t) + Kequ(t) +0Vo(t) = F(t) )
du(t) = CpVo(t) + Vo(t) /Ry

where Vj(t) is the output voltage of the piezoelectric power generation module, and 0Vj(#)
reflects the reaction force of inverse piezoelectric effect on the cantilever piezoelectric
vibrator.

In the three fixtures shown in Figure 5, a theoretical model is established for two struc-
tures of the nonlinear piezoelectric power generation module with a stopper in Figure 5a,b.
The damping coefficient, equivalent stiffness, and electromechanical coupling coefficient
are expressed as a function of vibration displacement ¢(u), Keq (1), and @(u), in order to ob-
tain the general form of the system model of the nonlinear piezoelectric power generation
module, as shown in the following Equation (2):

Meqii(t) + &(u)u(t) + Keg(u)u(t) +@(u)Q(t)/Cp = F(t)

O(u)u(t) = CpQ(H)Rr + Q(t)

$(u) = ay + az | @)
Kgq = b1+ bhu

O(u) = dy +dy\/u

where Q(t) is the charge generated at both ends of the electrode; ¢(u) is the square damp-
ing, where a; is the linear damping coefficient, and &, is the nonlinear damping coefficient;
Keq(u) is the nonlinear stiffness, where b; is the linear stiffness coefficient, b, is the non-
linear stiffness coefficient; and ©(u) is nonlinear electromechanical coupling coefficient,
where d; is the linear electromechanical coupling coefficient, and d; is the nonlinear elec-
tromechanical coupling coefficient.

After integration and dimensionless processing, the vibration displacement, output
charge, and time are standardized through the following Equation (3), and the theoretical
general model of the nonlinear piezoelectric power generation module is obtained, as

shown in Equation (4):
u(t) = cz(71)
{szwﬂﬂ )
t=1vm/by

where c; and ¢; are standardization coefficients in units of m and C, respectively. T is the
standardization time.

. C L | byc;? ¢
B+ (gt SRR + (2+ 37 20) + gl (d + d2y/e22])g

= F(t/m/by)/ (bicz) )
CoRui/% — & (dy +do/ezlel)z +4 = 0

Simplified:

= F(ty/m/by)/ (bic) ©)
pq— (O +pBVIzDz+q=0

Making 2y = ay/\/mby, 1 = czap/m, ¢ = byc2/by, & = cé/(blcgcp), 0 = dic./cq,
B = daczy/cz/cq, and p = C,Rp /by /m. z is the dimensionless vibration displacement,  is
the dimensionless linear damping coefficient, 7 is the dimensionless nonlinear damping co-

{ Z+ (2uz+1z|2) + (z+ ¢2%) +e(0+ BV/]2])g
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efficient, ¢ is the dimensionless nonlinear stiffness coefficient, 6 is the dimensionless linear
electromechanical coupling coefficient, § is the dimensionless nonlinear electromechanical
coupling coefficient, g is the dimensionless output charge, and p is the dimensionless pure
resistance load.

When the input excitation is F(t) = Fysin(Q)'t), the normalized formula on the right
side of Equation (5) is as follows:

E(t) = Fy/ (bicz)sin(Q'/m/byT) = ysin(wT) (6)

where v = Fy/(bic;) and w = v/m /b Q). Equation (5) is further transformed into the
following:

= ysin(wT) (7)
pq— (O +pyIzDz+q=0

Then, the average power in a period T is as follows:

{ 24 (2uz +1|z|2) + (z + 92%) + (6 + B/]z])q

~ 1T 2
Puvg = T/O P‘](T) dt (8)

which, when converted to dimensional average power, is as follows:

2 b ~
Pavg:é alpuvg (9)

Figure 5c shows the designed nonlinear piezoelectric power generation module of
the bending fixture. The elastic restoring force F, = Keq(u)u(t) is added to the established
theoretical general model of the nonlinear piezoelectric power generation module to
obtain the theoretical model of the nonlinear piezoelectric power generation module of the
bending fixture, as shown in Equation (6).

Megit(t) + Git(t) + F + Vo (t) = F(t)
ou(t) = RLCPVQ(t) + WVo(t)

F = fiu(t) + fou(t)®

k = dF/du(t) = fi + 3fu(t)?

(10)

where k is the nonlinear stiffness, where fi is the linear stiffness coefficient, and f; is the
nonlinear stiffness coefficient.

Secondly, this paper also designs the experiment of the coupling characteristics among
the three power generation modules, and explores the respective power generation charac-
teristics of the three power generation modules and discusses the effect that the coupling
can achieve.

4. Testing Results

Firstly, this paper explores the influence of the ordinary linear fixture and the curved
fixture on the performance of piezoelectric power generation structures. As shown in
Figure 6, when the external load is 10 k() and the excitation amplitude increases from 1.5
to 4 m/s?, the non-linear effect exhibited by the curved fixture makes the frequency band
continue to expand, which shows the good non-linear effect of the curved fixture. It can
be seen that the bandwidth of the curved fixture is 25 to 33 Hz under 3 m/s2, while the
bandwidth of the ordinary linear fixture is 22 to 27 Hz. The curved fixture bandwidth
under 3.5 m/s? is 26 to 35 Hz, and the bandwidth of the ordinary linear fixture is 22 to
27 Hz. At 3 and 3.5 m/s?, the curved fixture has an expanded bandwidth compared to
the ordinary linear fixture. Compared with the ordinary linear fixture, the curved fixture’s
bandwidth increased by 60 and 80%, respectively. At this time, the power of the curved
fixture is 112 and 120% of the ordinary linear fixture.
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12
------Ordinary fixture ——Curved fixture
e 1,5ms? 2m/s? 2.5mis?
e 3m/s’ ——3.5m/s’ amis®
10 4
8 4

Frequency(Hz)
Figure 6. Ordinary fixture and curved fixture test comparison.

Secondly, based on the ordinary linear fixture, the experiment set stoppers at the
middle and the end of the cantilever, and the nonlinear effects of the cantilever caused by
these two structures and using the curved fixture are tested in Figure 7. It can be seen in the
figure that although the non-linearity of placing the stopper at the end may not be obvious
due to the small acceleration, it can be seen that the nonlinear effect of placing the stopper
at the middle and using the curved fixture is more obvious. Obviously, the bandwidth
and performance of using the curved fixture have been greatly improved compared to the
ordinary linear fixture of setting stoppers. Using the curved fixture, the performance of the
device is improved by nearly two times.

10
|[—a—middle stap
—a&— End stop
I—@—Curved fixture
8 4
S 61
o
(=)}
8
S 41
=
2 4
0 -
10 20 30 40 50
Frequency(Hz}

Figure 7. Three structural non-linear tests.

After exploring the advantages of the curved fixture, the experiment adds the elec-
trostatic power generation module on this basis. The result is shown in Figure 8. After
adding the electrostatic power generation module, because of the structure design of the
electrostatic power generation module, it also shows a nonlinear effect. The half-power
bandwidth of the piezoelectric cantilever beam is 14 to 19 Hz, and the half-power band-
width of the electrostatic power generation module is 14 to 19.5 Hz. At this time, the
electrostatic external load is 10 k() and the peak power is 3.6 mW, while the piezoelectric
external load is 2 k() and the peak power is 2.2 mW. It can be seen that although the
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addition of the electrostatic power generation module does not expand the frequency
bandwidth, it improves the performance of the generator. This means that under the same
space utilization, the performance is improved by 60%.

4
—o— Electrostatic For.
—a— Electrostatic Rev.
—a— Piezoelectric For.
3 —a— Piezoelectric Rev.
/0
; ] 0/
1= 9
=24 /\
:
o &
o /J
1
A\
29/ b
o el
04 E&;&’ 3/ ‘3-3 iaisia;&:{)ﬁ:ﬂz;}:mo
T T T T T
10 20 30
Frequency(Hz)

Figure 8. Non-linear curve with electrostatic structure added. For. is forward sweep and Rev. is
reverse sweep.

In addition, this paper also explores the specific performance of the electromagnetic
power generation module. After testing, the contribution of the electromagnetic module is
0.5V of the voltage. The voltage test is shown in Figure 9. Although the electromagnetic
power generation module has no nonlinear effect and does not broaden the frequency band
of the device, its high current characteristics can improve the output current of the device.

0.50 4

~ 0.25-
)
)

& 0.00-
©
>

-0.25 4

-0.50 4

0.38 0.40 0.42 0.44
Time(s)

Figure 9. The voltage test of the electromagnetic power generation module.

To explore the influence of the high current characteristics of the electromagnetic
module on the output current of the device, a design experiment is designed to test the
current of the three modules and the current of the entire device. As shown in Figure 10,
the electromagnetic high-current characteristics are well preserved, which greatly improves
the current output of the device. The electrostatic module current can reach 28 uA, the
piezoelectric module current can reach 7 pA, and the electromagnetic module current can
reach 764 pA. Although the hybrid current of the three modules has a loss, it can still be
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seen that the electromagnetic module has increased the device current. The hybrid current
can reach 653 pA.

1.0x10°
= Electromagnetic
Electrostatic
B Piezoelectric
8.0x107 1 - Hybrid
. 6.0x10%
<
=
4.0x102 1
2.0x102
0.0 4

Figure 10. Three kinds of module current comparison and hybrid current.

In this paper, three kinds of power generation modules are integrated and encapsu-
lated in the 3D printing shell together with the energy conditioning circuit. Figure 11 shows
the appearance of the device after packaging and the energy management strategy used in
this paper. In the paper, the impedance of PE is 2 k(), the impedance of ES is 10 k(}, and the
impedance of EM is only 170 (); the electrical impedance of the EM is significantly different
from the PE and ES part. To overcome the problem, an additional impedance matching
circuit needs to be incorporated in PE and ES after the AC-DC conversion, respectively.
The impedance matching circuit is capable of adjusting the impedance of PE and ES to
the same level of EM. After that, the DC signals from three mechanisms are superposed
together for an improved performance.

This paper integrates the three power generation modules and the energy conditioning
circuit in a small-sized package shell. Under ensuring its good performance, the size of
the device is reduced as much as possible so that the device can adapt to more application
scenes. According to the calculation, the circuit power consumption of the current system
is calculated up to 3 mW, and the overall converted energy before the power conditioning
circuit is about 6.5 mW. The conversion efficiency of mechanical energy to electrical energy
ratio is calculated as 0.12/1.6 = 0.075, 7.5%.

Three kinds of power generation modules are effectively integrated into the confined
space. During the working process of the device, the electromagnetic power generation
module actively participates in the contribution in the low-frequency domain, and its high
current characteristic is fully utilized. In the high-frequency domain, the electrostatic power
generation module and the piezoelectric power generation module actively participate in
the contribution, and the high-voltage characteristics are fully exerted. Therefore, the device
has a wider working frequency domain and achieves a higher energy conversion efficiency
in multiple vibration frequency bands. In the same time domain, the multifunctional
cantilever beam structure means that the output of the piezoelectric, electrostatic, and
electromagnetic power generation modules is basically in the same phase. The integrated
output loss is small, and the characteristics of high voltage and high current are realized.
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Figure 11. The physical map of the device and the energy conditioning circuit.

Finally, there is an energy conditioning circuit at the rear end of the device. The output
of the three power generation modules is adjusted by the energy conditioning circuit and
the AC is converted into the DC that most sensors can directly use. The conversion effect is
shown in Figure 12. After the conditioning of the energy conditioning circuit, it can finally

output a 3.3 V DC voltage.
15
— |nput voltage
Output Voltage
10—\
ANOANANANN
o
O
S
o 0
>
AUUVVU U
-104
425 430 435
Time(s)

Figure 12. The conversion effect of the energy conditioning circuit.

5. Conclusions

This paper proposes a hybrid nonlinear generator with the following three power
generation modules: piezoelectric, electrostatic, and electromagnetic. The influence of the
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ordinary linear fixture and the curved fixture on the performance of the generator has been
explored. It has been verified that compared with the ordinary linear fixture, the curved
fixture has excellent bandwidth expansion capabilities and can improve the performance
by 25% compared with the ordinary stopper structure. While exploring the nonlinear effect
of the piezoelectric cantilever beam, we have integrated the electrostatic power generation
module and the electromagnetic power generation module into the piezoelectric power
generation module. After adding the electrostatic power generation module, the half-power
bandwidth of the piezoelectric cantilever beam has been increased from 16 to 20 Hz. The
peak power of 3.6 mW has been achieved. The half-power bandwidth of the electrostatic
structure has been increased from 14.5 to 19.5 Hz, and the peak power is 2.2 mW. Although
the addition of electrostatic energy generation module does not expand the frequency
bandwidth, it improves the performance of the generator. This means that under the same
space utilization, the performance is improved by 60%. In addition, the electromagnetic
energy generation module is introduced into the cantilever beam structure, which also
contributes to the device. Finally, we have optimized the structure and performance of the
hybrid generator and have achieved the improvement of the bandwidth and performance.
Moreover, an energy conditioning circuit at the rear end of the device is added. Through
the energy conditioning circuit, the device can directly output a DC voltage to supply
power to most of the sensing equipment.

In general, the device designed in this paper has the advantages of a larger bandwidth,
better performance, and smaller size, and can be used in many vibration environments
in limited spaces. Additionally, the device can overcome the shortcomings of the single
energy harvesting device, such as the low current of piezoelectric and electrostatic power
generation, and the low voltage of electromagnetic power generation, etc., the output
performance is better than the single energy harvesting device. Although the hybrid energy
harvesting device has these advantages, it also has some problems, such as difficulty in
coupling multiple power generation units, large size, and high cost. Therefore, further
improving the coupling performance of multiple units of the hybrid energy harvesting
device, designing new structures to improve integration and reduce the device size, and
reducing costs are things that need to be considered.
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