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ABSTRACT Vibration energy harvesting using the piezoelectric effect has recently attracted significant
attention from scholars. The main concern in the research of piezoelectric vibration energy harvesters
is to improve the operating bandwidth and output power in low-frequency vibration environments with
random and time-varying nature. A novel piezoelectric vibration energy harvester (PVEH) with three parallel
cantilevers and repulsive magnet pair structures is proposed in this work to achieve the above goal. The
proposed PVEH has the potential to take full advantage of the synergistic effect of the multi-frequency
and magnetic nonlinear performance enhancement techniques. The characteristics of the harvester are
systematically studied by theoretical modeling, simulation, and experiments. The influence of the critical
parameters (i.e. the tip mass of the inner beam, the tip mass of the outer beam, and the magnet spacing) on
the output performance of the PVEH is discussed and optimized in detail, and then the internal mechanism of
the proposed energy harvesting method based on multi-frequency and magnetic cooperation is revealed. The
results show that the improvement rate of the output power of the fabricated prototype under the condition
of first-order and second-order operating frequency reaches 23.35% and 38.10%, respectively, compared
with the non-magnetic structure. Finally, the optimal configuration of the harvester (M; = 6.70 g, M, =
5.00 g, s = 22 mm) obtains a maximum half-power bandwidth of 1.052 Hz and a maximum output power
of 2.80 mW under 0.2g with 0.155 M2 load resistance. The proposed energy harvesting system is expected
to be a promising alternative to efficient vibration energy harvesters.

INDEX TERMS Piezoelectric, energy harvester, parallel, multimodal, magnetic coupling.

I. INTRODUCTION
For the past few years, the proliferation of mobile electronic

devices, sensor networks, and the Internet of Things (IoT) has
generated the blossom of the self-powered energy harvester.

The associate editor coordinating the review of this manuscript and

approving it for publication was Michail Kiziroglou

The energy sources of the self-powered energy harvester
are recyclable and renewable, which is different from the
environmental pollution resulting from fossil fuel consump-
tion and the limited lifespan of batteries. Vibration energy,
as a typical representative energy source of a self-powered
energy harvester, has the characteristics of environmental
protection, widespread existence, and weather resistance. So,
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it has become one of the current research emphases of energy
harvester. Based on different working principles, vibration
energy harvesters are usually divided into electromagnetic
[1], electrostatic [2], triboelectric [3], magnetostrictive [4],
and piezoelectric [5] forms. In these categories, piezoelectric
vibration energy harvester (PVEH) has attracted keen atten-
tion because of its significant advantages, such as high energy
density, strong electromechanical coupling, simple structure,
and easy integration [6], [7], [8]. Traditional PVEHs are typ-
ically designed as single-degree-of-freedom linear structures
such as cantilever beams. Among many application scenarios,
ambient vibration frequencies are low-frequency and narrow
bandwidth mostly. Therefore, a desired PVEH should own a
broadband working frequency and large output under weak
excitation. One of the effective ways to improve the output
performance of PVEH is to match its operating frequency
with the ambient frequency range. However, this general
linear piezoelectric energy harvesting system is commonly
limited to a narrow frequency bandwidth [9], [10], [11]. When
facing the above dilemma, various performance enhance-
ment techniques have been proposed and studied to help
traditional PVEH achieve broadband bandwidth and improve
energy harvesting efficiency, mainly including multimodal
[12], [13], frequency tuning [14], [15], [16], frequency up
conversion [17], [18], [19], [20] and nonlinear techniques
[21], [22], [23], [24], [25].

The multimodal technique has been a universal strategy
for piezoelectric energy harvesters to enhance output power
and expand bandwidth by designing various structures. The
main mechanisms are a multi-frequency energy harvester
through the aggregation of multiple beams [26], [27] and a
multidirectional energy harvester [28]. Toyabur et al. [29]
described a multimodal piezoelectric energy harvester with
four secondary beams attached to one primary beam with
a low excitation frequency range. Raja et al. [30] designed
a multimodal PVEH consisting of a reversed exponentially
tapered beam (primary beam) and six branched beams (sec-
ondary beams) attached to the free end of the primary beam
with a proper flange. The multimodal PVEH provided broad-
band with densely placed vibration modes while the output
voltages varied from 24.5 V to 2.69 V at mode frequen-
cies in the 8-30 Hz range. Huang et al. [31] proposed a
multi-mode broadband piezoelectric vibration energy har-
vester composed of five tip masses, two U-shaped cantilever
beams, and a straight beam. This study showed that tip
masses and the length of the cantilever beam had an essential
impact on widening the bandwidth. From the experimental
results, the harvester had five resonant frequencies of 13,
15, 18, 21, and 24 Hz, which corresponded to the maximum
output power of 52.2, 49.4, 61.3, 39.2, and 32.1 uW sever-
ally under the acceleration of 0.5g. Besides, some PVEHs
had been devised to obtain multidirectional energy. For
example, Zhou et al. [32] presented a flexible longitudinal
zigzag PVEH for obtaining multidirectional vibration energy.
Among the works mentioned above, although significant
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progress has been made towards expanding the bandwidth
of PVEH, there still exists some common problems for the
multi-frequency energy harvester: the effective bandwidth of
each peak near the natural frequency remains relatively low.
Besides, the output power of these kinds of devices could still
be enhanced further. The main reason for these devices is that
only a main cantilever beam plays a significant role in the
output power [30].

On the other hand, the nonlinear technique has also aroused
the interest of abundant scholars in piezoelectric energy
harvesting because of its high gain ability to output per-
formance. Magnetic structures can achieve nonlinear states
such as monostable, bi-stable, and multi-stable in one system
[33], [34], [35]. Lan et al. [33] investigated a monostable
piezoelectric energy harvester consisting of a cantilever beam
with a magnet on the free end and another repulsive magnet
fixed on the base. This scheme had a power performance
enhancement and bandwidth enlargement. Wang and Tang
[34] proposed a four-magnet bi-stable piezoelectric energy
harvester consisting of a piezoelectric cantilever beam with
a tip magnet, a fixed magnet, and two movable magnets. The
results showed that FBEH can enhance harvesting perfor-
mance in low excitations by selecting suitable parameters.
Zhu et al. [35] proposed a hybrid tri-stable piezoelectric
vibration energy harvester (T-PVEH). The T-PVEH had a
cantilevered beam, a tip magnet, and two external magnets.
The study concluded that an appropriate range of the mag-
netic distance could improve the effective bandwidth and
harvested power of the global inter-well motions while the
stable global inter-well motions completely disappear beyond
this range. The above studies have indicated that the nonlinear
technique could broaden the effective bandwidth of each peak
near the natural frequency. However, the apparent problem is
that the output power of each peak near the natural frequency
has been decreased, which is the result of reducing the power
peaks to broaden the bandwidth for each peak near the natural
frequency [36].

Previous studies have shown that both the multimodal
and nonlinear techniques have merit and demerit. The
multi-frequency technique has a narrow bandwidth and high
output power for peaks near the natural frequency. In con-
trast, the nonlinear technique has a wide bandwidth and
output power for peaks near the natural frequency, which
inspires some scholars to utilize the characteristics of the
multi-frequency technique and nonlinear technique to com-
plement each other Lim and Yoo [37] had invented a
M-shaped PVEH with two sets of magnets. The PVEH had
a single prominent peak or broadband frequency response
characteristic by controlling the magnet spacing. The exper-
imental results indicated that the proposed PVEH achieved
much higher power generation performance around the natu-
ral frequency range of 15-22 Hz than the cantilever harvester.
Fan et al. [38] utilized two magnetically coupled piezoelec-
tric cantilever beams with orthogonal deflection directions
to create a compact bi-directional nonlinear PEH sensitive
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FIGURE 1. Structure and principle of the proposed PVEH: (a)The 3D diagram of the model; (b) The main view of the structure; (c) Working principle.

to two orthogonal directions. The proposed PVEH could
not only harvest energy from various directional vibrations
but also improve the output performance of the voltage as
compared to its linear counterpart. However, their effective
bandwidth was concentrated in a relatively high-frequency
band, about 35-40 Hz, and the output voltage below 25 Hz
was close to none. He and Jiang [39] proposed a complemen-
tary multi-mode low-frequency PVEH, mainly composed of
three chiral folded beams in a light hexagonal matrix. The
designed PVEH could acquire four resonant peaks in the
frequency response by importing external magnetic force.
At the same time, response peaks could move toward the
low frequency and change in values. However, this work
needs an in-depth study of the coupling relationship between
magnetic force and mechanical vibration. From the above
studies, combining multimodal and nonlinear techniques has
the apparent advantage of more comprehensive broadband
and better output performance than the single technique.
Nonetheless, it is necessary to systematically explain the
natural mechanisms regarding the synergy of the multimodal
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and nonlinear techniques that can achieve broadband and
determine the relevant parameters and laws that affect the
output power of PVEH.

A two-degree-of-freedom piezoelectric harvester based on
a parallel cantilever structure with magnetic coupling is
designed and developed to achieve the above targets. In terms
of the former studies, it has been initially determined that
the tip mass of the beams and the magnet spacing are the
key parameters affecting the output power of the PVEH. This
article systematically explores the influence of these param-
eters on the coupling mechanism and finds better methods
to optimize output power and broaden the frequency band.
The rest of this article is organized below. The second section
recommends the model structure and working principle of the
proposed PVEH. In the third section, the theoretical energy
harvester model is established to make numerical simula-
tion analysis and probe the influence regularity of critical
parameters on output performance. The fourth section con-
structs an experimental system to determine the accuracy of
theoretical analysis results and systematically optimize the
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FIGURE 2. (a) Equivalent model of the proposed PVEH;(b) The top view of the structure diagram and the analysis of the simplified model for the magnet

pair.

output performance of the proposed PVEH. The last section
concludes the work of the study.

Il. STRUCTURE AND MODELING OF THE PROPOSED
PVEH

The presented parallel PVEH is based on multi-frequency
and magnetic nonlinear techniques, which consists of two
parts: three cantilever beams with the tip masses and a pair
of repulsive magnets, as sketched in Fig. 1(a) and Fig. 1(b).
Three cantilever beams can be divided into the inner beam and
the outer beams, which means the PVEH integrates at least
two frequencies. With the change of the mass block loaded
on the free end of the beams, the effect of tip mass on the
output performance of the PVEH can be explored. A pair
of repulsive magnets are placed at the free end of the inner
and outer beams, respectively, to enhance the amplitudes, and
a suitable magnet spacing can be selected by adjusting the
position of the inner beam.

A schematic diagram (Fig. 1(c)) illustrates the working
principle of the parallel PVEH. Under the excitation of the
sinusoidal signal, this PVEH has four states of motion in one
cycle, as shown below.

Step 1: When r = 0 s at point one, the PVEH is in
state @, which means the inner and outer beams are in the
central equilibrium position. From ¢t = 0 s tot = T/4 s,
a downward and increasing excitation acceleration acts on
the harvester. At this time, the outer beams deform and bend
upward because the tip mass blocks on the outer beams are
heavier than the inner beams. In contrast, the inner beams
bend downward due to the repulsive magnetic force exerted.

Step 2: When ¢+ = T/4 s at point two, the PVEH lies in
state @. At this moment, a downward bending deformation
of the inner beam reaches the lowest limit position. Mean-
while, the outer beams with an upward bending deformation
reach the highest limit position. From the t = T/4 stot =
T/2 s, a downward and decreasing excitation acceleration
plays a role in the harvester. By this time, the inner beam
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moves upwards and tends to the central equilibrium position.
At the same time, the outer beams move downward and tend
to the central equilibrium position either.

Step 3: When ¢ = T/2 s at point three, the PVEH is at state
®. The motor process of this stage is an inverse process of
Step 1.

Step 4: When t = 3 T/4 s at point four, the PVEH is located
in state @. The movement of this stage rolls back the process
of Step 2. Finally, it returns to the state at point one.

So far, above is the working condition of the energy har-
vester in a single working cycle. The presented PVEH will
repeat the operation depending on this work cycle.

The equivalent model of the harvester and magnetic simpli-
fied model has been established as shown in Fig. 2 from the
structure of this parallel PVEH, where the subscripts about
ol, 02, i express the first outer beam, second outer beam,
and inner beam severally. Based on the equivalent model, the
mechanical and electrical governing equations of the parallel
PVEH are written as follows, where D, and D; are the tip
displacement of the cantilever beams. Uy1, Uy2, and U; are
the output voltage across the external resistive load Ro1, Ro2,
and R;. In addition, some equivalent parameters of the system
are included in governing equations (1). The equivalent tip
masses of the

Mobo = ko1 (Do—Dp) — koa (Do—Dp) —co1 (Do_bb)
—Co2 (Do - Db) —alUo —alUy — Fum

MiD; = —k; (D; — Dy) — ¢ (Di — Dv) — aU; + Fym
Uot/Ro1 =« (Do - Db) — Cpol Uol

Up2/Ro2 = (Do - Db) - Cpo2 UOZ

Ui/Ri = o (Di — Dy) — CpiU;

ey

cantilever beams are M, and M;. ko1, ko2, and k; express the
equivalent stiffness. co1, co2, and ¢ are represented as the
damping of the beam and & means the electromechanical cou-
pling coefficient. Cpo1, Cpoz, and Cy; refer to the capacitance
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of the piezoelectric beams. Besides, Dy and Fj; denote the
displacement of the base and the repulsive force between the
two magnets.

Apart from the magnetic force, some related references
[40], [41] indicate that the vast majority of the equivalent
parameters can be computed from the following equations
combined with the basic structural and material parameters
of the cantilever beam (keq = 3EIL3, Meq = 33/140mL+M,,
Ceq = 28 /keq/meqmep, o = 2e31bhpey, Cp = 2e53bLIhy),
of which M., 833, b, e31, hpep and hy, successively signify the
tip mass, the clamped dielectric constant, the width of the
beam, the piezoelectric constant in stress form, the distance
from the center of the piezoelectric layer to the central axis
of the beam, the thickness of piezoelectric layer.

Some magnetic force relationships must be established for
derivation to obtain the magnetic force. Reference [42] shows
that magnetism is related to the spacing between two mag-
nets. Especially, there is a direct, intimate correlation between
the spacing (s) and the displacement of the inner beam. From
the simplified model that consists of three cantilever beams
with a pair of magnets fixed on their free end, as shown in
Fig. 2(b), some relevant formulas about magnetic force can
be built. The magnetic flux density generated by magnet B
on magnet A is expressed as (2), and the magnetic interaction
potential energy is acquired as (3) [43], where p is the
vacuumed permeability, u 5 and g are the magnetic moment
vectors, and rpa is the distance from the source of gg to p .

Mo o B - TBA
Bpy=-—V—22 )
47 Tpa
Upn = —Bpa - iy 3

The magnetic force that dipole B produces on dipole A is
obtained from potential energy as follows (4) [44]. Substi-
tuting (2) and (3) into (4), thus the force expression can be
derived as (5).

F=-VU, 4

F—_Myly w s 5)
4 Tpa

From the reference [42], (5) can be simplified to (6), where
FBa represents the unit vectors in the orientation of rga. The
correlative angles in Fig. 2(b) can replace each vector in (6),
and (7) can be obtained through conversions. The vertical
component of magnetic force in the y direction is expressed
as (8), equal to Fyp.

3ponAlB

4
drga

+ia (mp - PBA) — 5FBA (A -FBA) (M -FBA)]  (6)
_ 3UOMAMUB [

F = — [rBAcos (B+ o)+ pmgcosa + pacosp
drga

—5Fga cos a cos B @)
_ 3uomauB

F, =
Yy 4
drgy

F = [FBA (1B - ) + 1p (Ba - FBA)

[(cos (B + a) — Scosacos B)sin (0 — «)
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+ cosa siny + cos B sin ¢] ®)

The (9) to (12) can be established based on the simplified
structure model in Fig. 2(b).

La
li=OA=Li+7 )
Lp
lO=OB=L0+7 (10)
Ln Ly
d=CD=CBy—DByp=¢+ 7+7+Li - (1 — cos )
—Ly- (1 —cosy) (11

rea = BA =/ (xi + x0)* + d? (12)

According to the trigonometric relations, (9)—(12) [42] can
be substituted into (8), where x; and x,, represent the distance
of the AC and BD separately. Therefore, the expression of F
can be given as (13) [42].

Substituting the expression of Fy into (1), then (1) will
become a system of equations with five unknown vari-
ables and five equations, which means Equation 1 can be
solved. After that, the numerical solution could be gained by
employing the software Maple to calculate these governing
equations.

3
M = JHORAKE |:2xix0 (i + xo) + xid /12 — x2

N 4nr§Alilo

—xodyJ 2 =52+ xirg:" (5% (2 = 4 (i +x0)?)
B =32~ (4~ i+ x?)
+5d (x; + x0) (x(,\/zi2 N —xg))] (13)

Ill. SIMULATION OF THE PROPOSED PVEH

According to the theoretical analysis, (1) and (13) respec-
tively show that tip masses and magnet spacing are the critical
factors affecting the multi-frequency and magnetic nonlinear
characterizations of the PVEH. This section mainly explored
the influence law of the tip masses and magnet spacing on
the open-circuit output voltages. In this simulation, the output
voltages are the peak-to-peak values. Fig. 3 shows the sim-
ulation results of the open-circuit output voltages about the
different tip masses of the beams under the ideal conditions
of ignoring the voltage loss caused by the phase difference,
where M; and M, express the tip mass of the inner beam and
outer beams severally, U; and U, are the voltage of the inner
beam and outer beam respectively and U represents the sum
of the voltage of the inner beam and outer beams.

The frequency scans from 5 Hz to 15 Hz under the excita-
tion of 0.2 g. Fig. 3al shows that the natural frequency of
the inner beam has declined from 14.2 Hz to 9 Hz under
changing the M; from 2.5 g to 6.7 g. Both the first and second
open-circuit output voltage peaks grow. As shown in Fig. 3a2,
the natural frequency of the outer beam has little change while
the first open-circuit output voltage peak gradually decreases
and the second open-circuit output voltage peak increases.
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FIGURE 3. The simulation open-circuit output voltage under changing the tip mass of beams where s = 25 mm: (a1) The output voltage of the inner beam
under changing the tip mass of the inner beam; (a2) The output voltage of the outer beam under changing the tip mass of the inner beam; (a3) The total
output voltage of the inner beam and outer beams under changing the tip mass of the inner beam; (b1) The output voltage of the inner beam under
changing the tip mass of the outer beam; (b2) The output voltage of the outer beam under changing the tip mass of the outer beam; (b3) The total output
voltage of the inner beam and outer beams under changing the tip mass of the outer beam.

Generally, the increase of the tip mass of the inner beam can
improve its output voltage and reduce the natural frequency.
The output voltage under the M; = 6.7 g is better than the
output voltage under the other tip mass of the inner beam in
Fig. 3(a3). Thus, M; = 6.7 g has been a quality condition in
the simulation experiment of exploring the effect of M, on
the output performance of PVEH.

As shown in Fig. 3(b2), the natural frequency of the outer
beam decreases from 7.4 Hz to 6 Hz when M,, increases from
3.2 g to 5.2 g. The first open-circuit output voltage peak
caused by the outer beams increases significantly, and the
second open-circuit output voltage peak decreases. However,
the first and second open-circuit output voltage peaks caused
by the inner beam reduce slowly, as shown in Fig. 3(bl).
Therefore, with the tip masses of the outer beam increase, the
open-circuit output voltage produced by the outer beam at its
natural frequency will be added. But it has little inhibitory
effects on the inner beam. Fig. 3(b3) compares the output
voltage under M, = 5.0 g and M, = 5.2 g, the output voltage
of the entire system is similar. Considering the portability
of the system, M, = 5.0 g is selected and has been an
initial condition on the simulation experiment of Fig. 4.
Fig. 3(al)-(b3) expresses that both the open-circuit output
voltage of the inner beam and outer beams have two peaks.
The first voltage peak in Fig. 3(al) and Fig. 3(b1) is created
by the vibration of the inner beam, which is produced by
the resonant of the outer beam under the effect of mag-
netic coupling. While the second peak in Fig. 3(al), (bl) is
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made by the resonant of the inner beam. On the contrary,
the resonant of the outer beam produces the first peak in
Fig. 3(a2) and Fig. 3(b2). The resonance of the outer beam
strengthens the vibration of the inner beam with the effect of
magnetic coupling, which creates the second voltage peak.
It can be found that both the natural frequency of the inner
beam and the outer beam are included in the sweep frequency
(5 Hz-15 Hz).

When the magnet spacing between the magnets gradually
decreases from 35 mm to 22 mm, the first and the second
open-circuit output voltage peak of the inner beam increases
rapidly in Fig. 4(a). The spacing between the outer and the
inner beam is 22 mm when no magnet is used. Fig. 4(b) shows
that the first voltage peak of the outer beams decreases slowly,
and the second voltage peak grows steadily. In Fig. 4(c),
as the magnet spacing gradually decreases to a suitable range
from s = 25 mm to s = 22 mm, the second voltage peak
increases significantly because the magnetic force strongly
affects the inner beam. In contrast, the change of magnet spac-
ing has little effect on the output voltage of the outer beam.
Therefore, PVEH could obtain a high output voltage and an
appropriate magnetic spacing range. The second open-circuit
output voltage peak in Fig. 4(a) is significantly weakened,
and the first open-circuit output voltage peak in Fig. 4(b) is
enhanced, compared to the PVEH in different magnet spacing
on the output voltage and working bandwidth, s = 22 mm is
selected due to the obvious gains act in output performance
as shown in Fig. 4(d).
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FIGURE 4. The simulation results of changing the magnet spacing: (a)The output voltage of the inner beam;(b) The output voltage of outer beams;(c) The
total output voltage of the inner and outer beams; (d) The comparison between the proposed PVEH under the magnetic spacing is 22 mm and the PVEH

without magnets.

IV. EXPERIMENTS AND DISCUSSION

The experimental setup is shown in Fig. 5(a) and mainly
consists of a power amplifier (L800A), a vibrator (LT-50),
a vibration control system (VT-9008), and a PC. The work-
flow diagram of the experimental system is shown in
Fig. 5(b). First, the control software in the PC generates a
sweep signal to control the power amplifier, which acts on the
shaker to produce a vibration source. Then, the accelerometer
will be used to monitor the acceleration of the shaker and send
the acceleration signal back to the vibration control system.
At the same time, the output voltage signal generated by
the prototype is measured by the vibration control system.
Finally, the experimental data of the prototype in the vibration
control system is transmitted to the PC for further processing
and storage. The prototype production process in Fig. 5(c) is
as follows: first, this experiment uses CAD to establish the
overall structure model of the prototype, uses the engraving
machine to process the acrylic plate, and uses 3D printing
to print the connectors, and finally assembles each part (i.e.
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TABLE 1. Structural parameters of the PVEH.

Parameter Symbol Value
Inner beam length L; 80 mm
Inner beam width W; 10 mm

Inner beam thickness T; 0.55 mm
Outer beam length L, 80 mm
Outer beam width W, 10 mm

Outer beam thickness T 0.55 mm

Connection block mass M, 140 g
Magnetic spacing s 15 mm-50 mm
Inner beam tip mass M; 1.80g420 g
Outer beam tip mass M, 1.80g-420¢g

the tip masses, the piezoelectric sheets, and the magnets).
The prototype Table 1 shows the Structural parameters of the
PVEH. The material of the piezoelectric beam is shown in
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FIGURE 5. (a) Experimental setup;(b) Flow diagram with experimental devices; (c) The proposed prototype of a parallel PVEH based on multi-frequency

technique and magnetic nonlinear technique.

Table 2. Besides, the combination of multimodal and non-
linear techniques generates complex output voltage waves,
which creates challenges to subsequent energy circuit man-
agement. However, this article focuses on the synergy of
these two techniques in improving the output performance
of the PVEH. Although it is very interesting to explore the
circuits that make these two techniques synergistic for energy
management work, this article focuses on the coupling coor-
dination of the two techniques.

Fig. 6(al)-(b3) shows the frequency sweep experimental
results of the open-circuit output voltage peak-to-peak value
of the inner beam, the outer beam, and the sum of them
under different tip masses of the inner and outer beams. When
the tip mass of the inner beam (M;) increases from 2.5 g to
6.7 g in Fig. 6(al), the second open-circuit output voltage
peak made by the resonance of the inner beam moves to the
left (8.95 Hz-12.01 Hz) and turns to higher than the original
state (31.15 V-49.05 V). With the increase of the tip mass
of the inner beam, not only does the natural frequency of
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the inner beam but also the output voltage is increased by
the growth of the kinetic energy of the system under the
condition that the acceleration of the vibration source remains
unchanged. Fig. 6(a2) shows that the resonance of the inner
beam strengthens the vibration of the outer beam under the
action of magnetic coupling, which creates the second voltage
peak. Therefore, with the increase of M;, the second voltage
peak of the outer beam also changes like the second peak
of the inner beam under this magnetic coupling relationship,
which results in the corresponding natural frequency decreas-
ing and the peak voltage increasing. Besides, the first voltage
peak produced by the resonance of the outer beam has been
restrained, and its natural frequency has little effect. The
increase of M; plays a gain effect on the first voltage peak
(31.15 V-49.05 V) in Fig. 6(al), which is produced by the
vibration of the inner beam driven by the resonance of the
outer beam. In the sweep frequency range, when M; = 6.7 g,
the open-circuit output voltage of the inner beam reaches a
maximum of 49.05 V, while the maximum open-circuit output

144609



IEEE Access

Y. Hu et al.: Development and Optimization of a Two-Degree-of-Freedom Piezoelectric Harvester

(al) s0

i (@) 15 (a3) 60
. >r T J} [\ — M=2.7g —M=27g
AL = |
40
> > >
~ 30 ~ <
S ) S)
= 5 = =
g g 2
10
0 L L 1 0 L L L
5 7 9 11 13 15 5 7 9 11 13 15
Frequency f/ Hz Frequency f/ Hz
(bl) 55 (b2) 3 (b3)

— M,~63¢

v g [ el
* § Wy
.3 ]"‘r‘ﬁ: A

Voltage U,/ V
Voltage U,/ V

Voltage U/ V

5 7 9 11 13 15
Frequency f/ Hz

Frequency f/ Hz

7 9 11 13 15
Frequency f/ Hz

FIGURE 6. The open-circuit output voltage under changing the tip mass of beams: (a1) The output voltage of the inner beam under changing the tip mass
of the inner beam; (a2) The output voltage of the outer beam under changing the tip mass of the inner beam; (a3) The total output voltage of the inner
beam and outer beams under changing the tip mass of the inner beam; (b1) The output voltage of the inner beam under changing the tip mass of the
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and outer beams under changing the tip mass of the outer beam.

voltage of the outer beam is at 12.84 V. Fig. 6(a3) presents
the change of the overall voltage of the harvester in the range
of frequency sweep, which is consistent with the simulation
results from Fig. 3(a3) in the third section of this paper. From
the point of view of improving the overall output performance
of the system, M; = 6.7 g is the optimized mass parameter of
the inner beam configuration so that the maximum voltage
of the first peak and the second peak can reach 39.65 V and
56.12 V, respectively. Therefore, M; = 6.7 g has been a quality
condition in the experiment of exploring the effect of M, on
the output performance of PVEH. Fig. 6(b1)-(b3) explores the
influence of the tip mass of the outer beam (M,) on the output
voltage of the proposed PVEH. When the tip mass of the
outer beam increases from 3.2 g to 5.2 g, the first open-circuit
output voltage peak of the outer beams in Fig. 6(b2) caused
by the resonance of the outer beam moves from 5.16 Hz to
5.75 Hz and increases from 12.66 V t025.76 V. The reason
for this change is similar to the rule of increasing M;.

On the one hand, the natural frequency of the outer
beam turns smaller; on the other hand, the growth of the
kinetic energy of the system under the unchanged accelera-
tion of the vibration source enhances the output voltage by
adding the tip mass of the outer beam. Fig. 6(b1) expresses
that the resonance of the outer beam strengthens the vibration
of the inner beam under the action of magnetic coupling,
which produces the first voltage peak of the inner beam.
The voltage (17.52 V-15.98 V) and its natural frequency
(5.59 Hz-6.69 Hz) decreased by adding the tip mass of the
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TABLE 2. Material parameters of the PVEH.

Properties Inner beam Outer beam
Thlckness'of the 0.2 mm*2 0.2 mm*2
piezoelectric layer
Thickness of substrate 0.15 mm 0.15 mm
Material of substrate Cu Cu
Material of the piezoelectric PZT PZT
layer

The material of the magnet NdFeB magnet NdFeB magnet

outer beam. Moreover, the second voltage peak in Fig. 6(b2)
created by the vibration of the outer beam, which is driven by
the resonance of the outer beam under the magnetic coupling,
decreases from 3.64 V to 2.47 V, and its natural frequency
changes little. It can be found that the increase of M, will play
an inhibitory role in this second peak. In the sweep frequency
range, the maximum open-circuit voltage of the inner beam
is 48.32 V when M,, is 5.2 g, and the maximum open-circuit
output voltage of the outer beam is 25.76 V. Therefore, the
same conclusion can be gained as in the third section simula-
tion. When the tip mass of the cantilever beam increases, the
voltage peak of this beam at its resonant frequency increases.
Because the tip mass of the inner beam accounts for a large
proportion of the total mass, the inner beam plays an impor-
tant role in the open-circuit output voltage, and the increase
of M; initially has an inhibition effect on the outer beam.
With the further increase of the tip mass of the inner beams,
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spacing is 22 mm and the PVEH without magnets.

it augments the output voltage of the outer beam. At the same
time, the growth of the M, has little effect on the output
inner beam. It concludes from Fig. 6(b3) that the open circuit
output voltage of the first peak is 62.71 V when M, =5.0 g
and the open circuit output voltage of the second peak is
52.87 V. The two peaks are slightly higher than the voltage
at M, =5.2g. M, =5.0 g was selected as a quality condition
in the experiment of exploring the effect of s on the output
performance of PVEH to obtain high output performance and
the portability of the system.

Fig. 7 shows the influence of the spacing between the
magnets on the peak-to-peak value of the open-circuit out-
put voltage of the inner beam, the outer beam, and the
sum of them. In the frequency sweep range, as shown in
Fig. 7(a) and 7(b), there is only one peak in the voltage curve
of the inner and outer beams without magnets, but there are
two peaks under magnetic force. As the spacing between the
magnets gradually decreases from 35 mm to 22 mm, the first
voltage peak of the inner beam increases from 6.89 V to
21.26 V. In contrast, the second one increases from 21.91 V to
50.85V, as shown in Fig. 7(a). However, the first voltage peak
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of the outer beam slowly decreases from 28.19 V to 21.54 V.
In contrast, the second one increases from 1.61 V to 3.77 V
in Fig. 7(b). The above results indicate that the magnetic
repulsive force has a positive gain impact on the voltage and
bandwidth of the inner beam but has an inhibiting effect on
the outer beams when the magnetic spacing is within the gain
range of 22 mm to 35 mm. Fig. 7(c) shows the total voltage
change of the harvester with and without magnets, which
indicates that the output performance of the second peak
caused by the inner beam is significantly enhanced. However,
the magnetic force has relatively little effect on the output
performance of the first peak determined by the outer beams.
The above consequences are consistent with the results from
the simulation part. Because the influence of magnet non-
linear coupling on the inner beam is much stronger than
on the outer beams. It causes the maximum value on the
second peak of the harvester to reach 57.92 V, and the first
voltage peak to reach 56.88 V when s = 22 mm. Fig. 7(d)
shows the output voltage comparison of the harvester under
non-magnetic and magnetic conditions (s = 22 mm). Com-
pared with the non-magnetic condition, the overall output
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performance of the harvester has been significantly improved
when s = 22 mm, which is in good agreement with the sim-
ulation results in Fig. 4(d). In detail, the operating bandwidth
increases from 1.06 Hz to 1.11 Hz at the first-order operating
frequency, and from 1.35 Hz to 1.76 Hz at the second one.
Although the voltage decreases slightly near the peak position
of the first-order operating frequency, it is improved at the
second-order operating frequency. The voltage near the peak
position of the second-order operating frequency increases by
30.37 % compared to that of the harvester without magnets.
In addition, it should be noted that when the magnet spacing is
further reduced to 15 mm or less, the effective vibration of the
harvester in experiments is significantly suppressed, resulting
in a sharp decrease in the output voltage. Because the mag-
netic force is too large, the harvester falls into a potential well
and hardly achieves efficient power conversion. Therefore,
the optimized magnet spacing parameter is selected as 22 mm
for obtaining the high-level output performance of the system.

To further explore the influence of the tip mass of beams
and magnet spacing on the output performance of the PVEH,
the open-circuit voltage peak values of the inner beam and
single outer beam under different conditions of tip mass and
magnet spacing are shown in Fig. 8. Fig. 8(al) expresses the
variation of the first peak value of voltage curve with the
increase of the tip mass of the inner beam. Results show that
the output voltage of the outer beam tends to decrease first at
the range from M; = 5.2 g to M; = 6.0 g and then increase,
while the one of the inner beam is stable. In Fig. 8(a2), the
second voltage peak values of the inner beam and the outer
beams increase sharply at first and then tend to be flat with
the increasing tip mass of the inner beam from 2.7 g to
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6.7 g. Besides, the second peak value of the voltage of the
inner beam is much larger than that of the outer beams. So,
the increase of the tip mass of the inner beam significantly
improves its output voltage at the second-order operating
frequency, which corresponds to the natural frequency of the
inner beam.

Fig. 8(bl) shows the voltage curve with the increase of
the tip mass of the outer beam. The output voltage of the
outer beam at the first-order frequency increases significantly
in the range from M, = 6.3 g to M, = 7.7 g and then
tends to be stable, while the voltage of the inner beam does
not change much. The increase of the tip mass blocks will
strengthen the vibration of the beams, improving the output
voltages. Besides, Fig. 8(b2) indicates that the output voltage
of the inner and outer beams at the second-order operating
frequency is almost unchanged.

Fig. 8(cl) and Fig. 8(c2) show the output voltage of the
beams at the first-order and second-order operating frequen-
cies, respectively, when the magnet spacing changes. With
the decrease of the magnet spacing, the output voltage of the
inner beam at the first-order operating frequency increases,
while the output voltage of the outer beam slightly decreases.
At the first-order operating frequency, the outer beam will be
driven to vibrate due to the resonance of the inner beam. Con-
versely, the inner beam is driven to vibrate at the second-order
frequency because of the resonance of the outer beam. This
phenomenon will obviously increase the output voltage of the
PVEH when the magnetic spacing decreases. The reason is
that the magnetic force will bring a gain effect to the vibration
or deformation of the beam in most cases when the magnetic
force increases. The magnetic spacing becomes close and the
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magnetic force will increase, which expands this gain effect,
therefore the output performance of the PVEH increases.
Combined with (5), it can be found that the magnet spacing
decreases and the magnetic force will increase.

Fig. 9. shows the output voltage and power of the pro-
posed PVEH connected with different load resistances under
optimized structural parameters (s 22 mm, M;j = 6.7 g,

o = 5.0 g). With the increase of load resistance, the sum
of the output voltages firstly increases and then approaches
a stable value, which is 79.68 V at the first-order operating
frequency in Fig. 9(al), and 50.11 V at the second-order
operating frequency in Fig. 9(a2). When the excitation fre-
quency is 6.2 Hz, as given in Fig. 9(al), the output power
rises rapidly and declines. The maximum sum of the output
power of the three piezoelectric beams reaches 2.80 mW
under the optimal load resistance of 0.155 M. In addition,
when the excitation frequency is 8.6 Hz, and the optimal
load resistance is 0.155 MS2, the sum of the output power
of the three piezoelectric beams is 1.44 mW. From the above
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results, the output power at the first-order operating frequency
is much greater than at the second-order operating frequency.
The reason is that the magnet coupling has an obvious pro-
motion of enhancing the output voltage of the inner beam.
Lastly, the load resistance of the inner and outer beams is
selected as 0.155 MS2. As shown in Fig. 9(b1l), the output
power with the magnetic structure at the first-order operating
frequency is rapidly improved from 2.27 mW to 2.80 mW
compared to the non-magnetic structure. When the excitation
frequency is equal to the second-order operating frequency,
the output power in the magnetic structure is improved from
0.88 mW to 1.42 mW compared to the non- magnetic struc-
ture. From Fig. 9(b2), comparing the proposed PVEH with
the non-magnetic mode, the half-power bandwidth of the
PVEH increases from 0.396 Hz to 0.439 Hz at the first-order
operating frequency, and from 0.863 Hz to 1.052 Hz at
the second-order operating frequency. Thus, the bandwidth
increases by 9.70% and 21.90% at the first-order and second-
order operating frequencies, respectively. At the same time,
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TABLE 3. Output performance comparison of similar structures.

Ref. V;\lll(ﬁ:::;f:f Accel:rz_ition(g Mg(?::l;lm Prnex- Maximum Pmax/V3 Pmax/a Pmax/V}/a
(mm?’) m/s?) voltage (V) power (mW) (LW/mm°) (mW/g) (WW/mm’/g)

[45] 3064 0.3 / 1.70 5.5%10"! 5.67 1.83
[46] 155 0.3 8 / / / /

[47] 3609 / 22 1.90 5.3*%10"! / /

[48] 1520 0.2 60 5 %107 3.0%10? 2.5%10"! 1.5%10™
[49] / 0.2 / 1.00 / 5.00 /

[50] 564 0.1 2%1073 1.5*10* 2.7%10* 1.5%103 2.7%1073
[51] 1520 0.1 28.4 / / / /
vl;gi 1320 0.2 80 2.80 2.12 14.00 1.06*10

the half-output power of the proposed harvester increases
from 1.14 mW to 1.46 mW at the first-order operating fre-
quency and increases from 0.44 mW to 0.724 mW at the
second-order operating frequency. This means that the output
power increases by 28.07% and 64.54% at the first-order and
second-order operating frequencies, respectively. Hence, the
proposed parallel piezoelectric vibration energy harvester has
higher output power and a better broadband effect than the
PVEH without magnets.

In addition, Table 3 shows the results that compared with
other similar structures, the volume part in the table is calcu-
lated as the volume sum of all power generation beams, and
the maximum output voltage or power is the sum of maximum
output voltage or power of all the beams. The maximum
output power per unit volume and the maximum output power
per unit acceleration are calculated, and the data manifests
that the parallel PVEH proposed in this paper also has great
advantages on average output power. Comparing the max-
imum output power per unit volume and unit acceleration,
the results of the proposed harvester are better than the other
articles listed. The maximum output power of this paper is
64.70% higher than that of the reference [45]. All the results
discussed above indicate the designed parallel PVEH in this
work obtains higher output power and bandwidth compared
to the counterparts consisting of similar multi-beams parallel
structures with magnets. The essential reason for the signif-
icant improvement of the output performance of the device
stems from the cooperative utilization of the advantages of
the multi-frequency technique and the magnetic nonlinear
technique and the systematic optimization of the structure
parameters.

V. CONCLUSION

A piezoelectric vibration energy harvester combining
multi-frequency and magnetic nonlinear techniques is pro-
posed in this paper to reveal the coupling mechanism of these

144614

two techniques. The three key parameters of the harvester
(i.e. the tip mass of the inner beam, the tip mass of the outer
beam, and magnet spacing) are first obtained through the
theoretical model analysis. The results of the simulation and
experiment indicate that an increase in the tip mass of the
beams improves the output performance of the corresponding
beam. Besides, the decrease of the magnetic spacing results
in the increase of the magnetic force, and the output power
and half-power bandwidth of the proposed energy harvester
can be enhanced when the magnet spacing is within the
gain range. The maximum output power of the proposed
PVEH reaches 2.80 mW at the first-order operating frequency
and 1.42 mW at the second-order operating frequency by
optimizing the parameters of the system, which enhances by
23.35% and 38.10% compared to the non-magnetic structure.
The maximum output power and half-power bandwidth of
this harvester have great advantages compared with other
same-type harvesters with similar structures. This paper
provides meaningful guidance for the design and practical
application of this vibration energy harvester.
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