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ABSTRACT There are many difficulties in the power supply of the wireless monitoring system for coal
mine mechanical equipment. Vibration energy scavenging is a green and effective way to solve this problem
considering the intense and continuous vibration of coal mechanical equipment. In this paper, a novel hybrid
vibration energy harvester was designed and manufactured, which combined electromagnetic and piezo-
electric transduction units. Vibration drives the two units to move in the vertical and horizontal directions
to realize the energy conversion. The mathematic model was built to calculate and predict the performance
while the simulation on the distribution of magnetic field and piezoelectricity potential provided the details
in the design. Besides, the output signal generated by the vibration excitation of the electromagnetic unit,
piezoelectric unit and the whole energy harvester were studied simultaneously. Moreover, the resonance
frequency was tested to be 14Hz, and the optimum matching impedance was measured to be 1k€2 and 10kS2
with the parallel and series connection of PH and EH, respectively. The maximum output power of the
HPEH with the parallel connection pattern can reach 80.10mW at the acceleration of 2g. In the application
experiment, the HPEH can facilely light up 120 LEDs and supply stable power for the electronics and sensors.

INDEX TERMS Vibration energy acquisition, hybrid energy harvester, electromagnetic, piezoelectric, coal

mine mechanical equipment.

I. INTRODUCTION

Coal plays a significant role in economic development and
industrial production as a primary energy in the world. The
safety and reliability of coal mechanical equipment is the
foundation to ensure the production efficiency and economic
benefits of the coal mine. Employing wireless sensor net-
work [1] to monitor the signal of coal mechanical equipment
such as the vibration and temperature in real-time is an effec-
tive way to discover the equipment failure. However, there are
many difficulties in the power supply of the remote places
in the coal mine. Firstly, long-time operation in the harsh
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environment with rotation, strong vibration tends to cause
the ageing and damage to the power supply cable. Moreover,
if the battery is adopted for power supply, it must be sealed
in the monitoring system to eliminate the safety problems
like the electric spark, and it brings another headache that
how to replace it frequently. While the large equipment in
the coal mine like drum rock cutting vibrator in shearer often
contains large amounts of energy with a vibration frequency
band of 1-200Hz and acceleration concentrated lower than
5 g[2]. Therefore, itis a desirable strategy to harvest vibration
energy from the equipment and convert it to the contin-
uous supply power for the monitoring system considering
the intensive and continuous vibration of the mechanical
equipment.
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Vibration-driven environmental energy harvesting technol-
ogy uses energy-converting devices to convert environmental
energy into electrical energy for output. At present, vibration-
driven energy harvesting technologies mainly include piezo-
electric [3]-[10], electrostatic [11], electromagnetic [12],
magnetostrictive [13] and triboelectric [14], [15]. Neverthe-
less, these reported vibration energy harvesters still face some
problems in practical application [16], [17] such as large
energy dissipation rate, narrow vibration response range, and
low energy conversion efficiency. Recently, the research on
hybrid vibration energy harvesters (HVEHS) provides a novel
method to improve the efficiency of vibration harvesting.

Among the HVEHs, the hybrid piezoelectric and elec-
tromagnetic harvesters (HPEHs) in numerous studies have
demonstrated their superiority in the structural design and
the improvements in the output power and voltage. The indi-
vidual piezoelectric and electromagnetic vibration harvesters
are both widely researched, the former generates large power
density and high voltage [18] while the latter produces higher
energy conversion efficiency and high power [19]. Besides,
they all bring sustainable energy output without any pollu-
tants attached [20] and suitable for application in multiple
environments. HPEHs can combine both the advantages of
them through proper configurations design and optimize the
parameters related in the structure. Xia et al. [21] conducted
numerical simulations on an HPEH with different electrical
boundary conditions to predict the output of the HPEH and
help to optimize the structure. Xu et al. [22] fabricated a
mesoscale HPEH prototype and compared with a stand-alone
piezoelectric energy harvester and a single electromagnetic
energy harvester. The results showed a higher peak and wider
bandwidth wave of the output power and agreed well with the
theoretical values.

The output performance of the HPEHs was also reported
in many kinds of literature. Li et al. [20] found that the
hybridization scheme lowers the peak power by more than
half compared to the piezo-only case. However, total power
output increased by more than ten times, and 99 LEDs was
lighted up due to the piezoelectric and electromagnetic cou-
pling effect. Fan et al. [23] reported an HPEH with the size
of 75 mmx36mmx 16mm that can scavenge energy from
both low-frequency and bi-directional excitations. The power
of the PH and EH on the sinusoidal excitation of 1.5g can
reach 0.28mW and 1.42mW simultaneously while it can
light up 42 LEDs. Igbal et al. [24] reported a hybrid vibra-
tion and wind energy harvester of 85mmx80mm x40mm.
At the acceleration of 0.4g and 0.6g, the power achieved were
0.156mW and 2.214mW. Tadesse et al. [25] brought up a
design of HPEH with the size of 25 mmx30 mm x 125mm,
while the power achieved by PH and EH were respec-
tively 0.02mW and 25mW. Toyabur et al. [26] men-
tioned a multimodal HPEH for low-frequency ambient
vibrations of 12-22 Hz, the parameters of the size were
105 mmx 30 mm x20mm and the power of PH and EH were
both 0.25mW which can supply electricity for humidity and
temperature sensors. Lin et al. [27] presented a hybrid power

206504

generator composed of a 36mm x 17mmx0.73mm piezoelec-
tric cantilever and a 40 mm long electromagnetic tube. The
power of 2.173mW at 25 Hz of 1 g was got, which was
higher than that of a single piezoelectric or electromagnetic
generator of the same dimensions.

In this paper, we proposed a novel HPEH to scavenge the
vibration energy from the coal mine mechanical equipment.
Under the excitation of low-frequency vibration of 14Hz,
the maximum output power of 80.10mW was achieved. The
HPEH with rectifier and charging circuit can light 120 light-
emitting diodes (LEDs) and drive the common-used sen-
sors and electronics to work continuously, which was more
effective compared with the previously reported HPEHs and
indicated the potential applications in power supply for low-
power monitoring equipment. Moreover, the protective cylin-
drical shell was indurative, and the design of shape and
structure can provide secure space for the sensors such as
acceleration and temperature sensors to integrate with the
HPEH as a self-powered monitoring system for the mechan-
ical equipment and equipment in the coal mine.
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FIGURE 1. The schematic diagram of the proposed HPEH. (a) The whole
structure and cross-section drew of the HPEH (b) The EH unit
(c) The PH unit.

Il. CONFIGURATION AND PRINCIPLE SIMULATION
OF THE PROPOSED HPEH
A. THE STRUCTURE AND PROTOTYPE FABRICATION
The proposed HPEH has an approximately cylindrical
appearance of longitudinal symmetry, as schematically illus-
trated in Fig. 1a. The size of the device is ® 83mmx 117mm,
and it weighs 537g. The structure of the outer layer is simple,
two copper coils and two magnets are fixed in the covers
while three piezoelectric plates are inserted in the two covers
and outside the shell. The coils are fixed in the coil support
frame that inside the cover and 2mm apart from the middle
suspension magnets, which are determined by simulation cal-
culation of the magnetic field. An interference fit is adopted
between the coil support frame and the upper cover. Inside
the shell is the motion structure with a double circular cone
as the key transmission component.

The whole HPEH is composed of two units, an electro-
magnetic harvester (EH), and a piezoelectric harvester (PH).
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TABLE 1. Structural parameters of the proposed HPEH.

Component Parameter Value
Shell ®83mmx117mm
3D printed Bipyramid cones ®29.16mm/1.4x30mm
parts
Push rod @0.85mmx*35.2mm
Internal diameter ®54mm
External diameter ®70mm
Copper coil
Height 14mm
Wire diameter 0.Imm
Diameter ®lmm
Spring Height 15mm
Wire diameter 0.2mm
Fixed magnet ®50.0mmx3.0mm
Suspension magnet ®50.0mmx10.0mm
Nd-Fe-B Young’s module 41.4x10° Pa
magnet
Density 7.4%10° kg/m?
Poisson 0.28
Size 60mmx20mmx0.1mm
PZT
piezoelectric | Elastic modulus 110x10° Pa
plates
Density 7.6x10° kg/m?
Elastic modulus 140x10° Pa
Substrate
Density 8.26x10° kg/m’*

The EH (Fig.1b) is composed of four magnets and two cop-
per coils which are distributed longitudinally symmetrically.
Therein, two of the fixed magnets has mentioned above, while
the other two stick to the ends of the double circular cone to
form the sandwich-shaped suspension magnet unit. For the
PH unit, the main component is the double circular cone in
the center. Around it are three push rods and corresponding
piezoelectric plates that distribute at an angle of 120 degrees,
as shown in Fig. 1c. Each push rod connects the motion of
the double cone and the piezoelectric plate through the hole
in the shell, with a scroll wheel at one end and a push block
at the other end. There are three V-shape stepped grooves on
the surface of the double cone, which are used as the rolling
track of the scroll wheel. When the double cone moves up
and down, the scroll wheel will roll in the V-shape stepped
groove of the double cone, transforming the vertical motion
of the double cone into horizontal motion of the push rods.
The push block at the other end of the push rod can push
the piezoelectric plate and cause deformation. In this way, the
motion position transforms from EH to PH unit.
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FIGURE 2. (a) Schematic diagram of the HPEH and (b) the equivalent
SDOF system.

In order to realize the smooth linear motion of the push
rod, rack structure is adopted, and the teeth are engraved
on the upper and lower sides of the push rod. Moreover,
the two gears are set just outside the hole, between the shell
and the piezoelectric plate. The springs wrap the push rod
to assistant the automatic restoration of the push rod to its
original position during the motion. The piezoelectric plates
are fixed by inserting the reserved gap in the upper and lower
covers with a simply supported beam structure. This structure
is convenient for fixing and replacing of the piezoelectric
plates, while it is strong and rigid enough. The whole process
can be divided into four stages which can be found in Fig. 4a.

The primary supporting frameworks including the double
circular cone, shell, two covers at the top and bottom, were
designed and printed in our laboratory with the FDM (fused
deposition method) 3D printer and the primary print mate-
rial used was PLA (polylactic acid). In contrast, the push
rods with teeth were printed with nylon considering its high
strength and durability requirement. The magnets in the EH
unit are the Nb-Fe-B permanent magnets, and the material of
the coil is copper. The PZT dual piezoelectric plates used in
the PH is commercially available, which consist of piezoelec-
tric bimorph (PZT-5H) and substrate (Fe-Ni42 alloy). More-
over, screws of high precision were purchased to connect the
upper and lower cover and the shell in the middle. While the
bearings, springs were also bought. The detailed information
of the components is shown in Table 1.

B. MATHEMATICAL MODELLING AND ANALYSIS

OF THE PROPOSED HPEH

The HPEH is composed of two submodules. One is the
electromagnetic unit composed of suspension magnets and
copper coils. The other is the piezoelectric unit formed by the
simply supported beam of the piezoelectric plate as shown
in Fig. 2a. It can be modelled as a vibration system with
a single degree of freedom (SDOF) as shown in Fig. 2b,
which consists of the modal mass M, the spring stiffness K,
the damping coefficient D, and the restoring force Fp and
FE induced by the EH. More specifically, M refers to the
sandwich-shaped suspension magnet unit, which consists of
two magnets and the double circular cone between them. K is
the equivalent mechanical spring stiffness of the system that
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determined by the magnetic force, the spring restoring force
on the push rod and the deformation restoring force of the
piezoelectric plate at the condition of open-circuit state of
both PH and EH. D is the equivalent mechanical damping
of the whole system under open-circuit conditions of PH and
EH, and it was caused by all the frictional loss of the moving
components.

Fp is the restoring force caused by the voltage generated by
the PH, and its magnitude is related to the force-voltage factor
« and the output voltage Vp of the PH, which can be expressed
by (1). Fg is the restoring force due to the current generated
in EH, and its value is related to the force-current factor 8
and the induced current /g of the induction coil, which can
be expressed by (2).

FP = OlVP (1)
Fg = BIg 2)

Then, the motion differential equation of the electromechani-
cal system is given by (3), where u is the relative displacement
of the internal centre magnet of the harvester [28]. The rela-
tion between the piezoelectric voltage Vp and the piezoelec-
tric current Ip is given by the electric boundary condition (4)
of the PH. The relationship between coil current /r and load
voltage Vg is represented by the electric boundary condition
(5) of the EH [29].

Mii + Dit+ Ku = F — aVp — Blg 3)
Ip = au — CPVP (@)
Ver = Bit— rlg — Lol )

The symbols and definitions in the equations were shown
in Table 2.

TABLE 2. Experimental parameters identification and the value.

Parameter Symbol Value Unit
Mass M 270.8 g
Damping coefficient D 5.183 Ns/m
Spring stiffness K 2095.39 N/m
Natural frequency fu 14 Hz
Piezoelectric force-voltage factor a 1.334x10°  N/V
Electromagnetic force-current factor s 77.27 N/A
Piezoelectric clamped capacitance Cp 78.83 nF
Coil resistance r 2.26 kQ
Coil inductive Lc 1.30 H

The energy balance equation (6) of the system can be
obtained by multiplying (3) by the relative velocity iz and
then integrating with time. The results showed that the
input mechanical energy was converted into kinetic energy,
potential energy, mechanical damping loss and transducers
acquired energy. Besides, the energy obtained from the PH
can be subdivided into three parts: the electrostatic energy
stored in the clamp capacitance, the energy obtained through
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the acquisition interface circuit, and the energy loss due to
the inherent resistance, as shown in (7). Similarly, the energy
obtained by EH can be divided into three parts: the electro-
magnetic energy stored in the coil’s inductance, the dissipa-
tion caused by coil resistance and the energy obtained by the
acquisition interface circuit, as shown in (8) [21].

1 1
/ Fidt = EML'RJF EKu—l— / Didt + / aVpidt

+ / Blgidt (6)
1

f aVpidt = Ecpvﬁ + / Vplpdt @)
1

/ Blgidt = ELCI,% + / rlZdr + / Verlgdt (8)

There is a coupling relationship between the two submodules
of HPEH. Suppose the basic acceleration is a = ay sin w't,
where ay is the amplitude, and w is the angular frequency.
In general, the PH and EH loads are treated as two pure
resistances Rp and Rg, respectively. Then the electric bound-
ary conditions (4) and (5) can be rewritten in terms of (9)
and (10). (11) and (12) can be obtained through the Laplace
transform of (9) and (10) under zero initial conditions.

ol = Ye + CpVp 9)
Rp
Bit = (r + Rg) I + Lclg (10)
Vp (joo) = ﬂ[] i) (11)
PUm) = ke 110 U7
L jo B .
Ig (o) = U (jo) (12)

joLc+ (r +Rg)

The power collected from PH and EH is equal to the power
dissipated on the load resistance Rp and Rg, respectively.
It can be calculated by (13) and (14) according to the relative
displacement uy;. The power of HPEH can be regarded as the
sum of the power collected from PH and EH, which can be
calculated by (15).

2

1 u w2a’Rp
Ppp = — |Vp(s)P =M —— " 13
PH 2RP|P()| 2 RECI4 1 (13)
RE I/t2 w2ﬂ2RE
Ppry = —- g (9)* = 2 —— s (14
2 2 @w?L2 + (r + Rg)
2
Pupen = ‘M o Ry o f R (15)
2 | ®2R3C3+1  @w2L2+(r+Rgp)?

By substituting F = —Ma, (11) and (12) into the Laplace
transform of (3), the transfer function (16) between rela-
tive displacement U (zj) and input acceleration A (w) is
obtained.

U (o)) _ -M
A ~ K : 2R ; ﬁ2
(w)) —w’M +]ZDD+K+‘/zJUEII€iCPﬁ-I _{_ijé?i’(H_RE)
(16)
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FIGURE 3. Simulation of the influence of external excitation (a) frequency
(b) acceleration on the output power of HPEH, EH and PH. (The inset
shows the increasing trend of the output power of the HPEH with the
change of the acceleration.)

By combining (15) and (16), the power of HPEH can be
obtained and given by (17).

e
Prpgn — %Mzaﬁ sz,,c,,+12 w2L2C+(V+RE) 17
Op + Oke
Therein
O = D+ o’Rp B* (r + R)
o?RIC3+ 1 w2Li + (r+Rg)?
ZD'O[ZR%CP wB’Lc

K
Ope = — —@
w

o2RAC3+ 1 w2Li+ (r +Rp)?

In the mathematical model, the modal mass M, coil resis-
tance r, coil inductance Lc, piezoelectric clamper capaci-
tance Cp can be directly measured. Other system parameters
can be obtained by using resonance frequency scanning, free
attenuation vibration method and corresponding calculation
formula. The test process and calculation formula of model
parameters were in the Supplementary information. All the
model parameters are listed in Table 2.

According to (17) and system parameters in Table 2,
the influence of external excitation parameters such as vibra-
tion frequency and acceleration on output power can be sim-
ulated, as shown in Fig. 3. It can be seen from Fig. 3a that
the output power of HPEH is greater than that of EH and PH
under excitation conditions of different frequencies. HPEH
can obtain the maximum output power under the excitation of
the resonant frequency of 14Hz and the resonance frequencies
of HPEH, EH and PH are consistent. Fig. 3b shows that the
higher acceleration can generate higher output power and the
increased speed becomes faster with the acceleration rising,
like the shape of a parabola as shown in the inset, which is
the feature of a quadratic polynomial.

C. THE MECHANISM ANALYSIS OF THE MOTION AND
ELECTRICITY GENERATION

The HPEH makes periodic motions when excited by vibra-
tion, and the power generation process involves four steps.
When external vibration occurs, the floating magnet units will
make up-down vibration near the equilibrium position due to
the double action of magnetic repulsion and gravity. Accord-
ing to the law of Faraday electromagnetic induction, the upper
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FIGURE 4. a) The movement mechanism of the four principle steps b) The
simulation of the magnetic field of the EH in a vibration period c) The
magnetic flux density distribution of the four magnets in equilibrium
state d) The curve of the magnetic flux density at different distances from
Magnet2 e) The strain distribution map at the limited position of half the
piezoelectric bimorph f) Potential distribution of piezoelectric beam at the
maximum displacement of the piezoelectric plates from two directions.

and lower coil will both generate induced electromotive force
by cutting the magnetic induction line. Then the two coils are
connected to lead the current out. When excitation actuates
the vibration of suspended magnet unit, it immediately drives
the movement of the double cone, then forcing the push rods
with the pulley to roll along the V-shaped stepped groove and
constantly changing the relative position on the double cone,
so the three piezoelectric beams will be triggered to vibrate
periodically by the push rods via the mechanical contact
caused by the gear-rack drive. According to the principle
of the piezoelectric effect, rearrangement occurs inside the
piezoelectric ceramic crystal because of the periodic recipro-
cating motion under the impulse of pressure, thereby gener-
ating an induced potential between the two electrodes of the
piezoelectric plate. Considering the motion state of the three
piezoelectric beams are synchronous, they are connected in
serial connection to obtain the total potential of the PH.

To prove the feasibility of this structure, COMSOL Multi-
physics 5.2a software was used for simulation analysis. The
magnetic field distribution in the four steps was simulated
(Fig. 4a). From the distribution of the arrow color, it can
be speculated that the stronger magnetic induction lines are
mainly located inside the cylinder. Meanwhile, the magnetic
field strength gradually decreases outside the central posi-
tion. From the perspective of the arrow length and density,
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the greater magnetic field strength is near the middle magnet
unit because of the two magnets in the suspension mag-
net unit. Considering the arrow direction, the horizontally
distributed magnetic induction lines are closer to the fixed
magnets and change with the vibration-caused position of the
suspend magnet unit. Fig. 4c shows the simulation results of
the magnetic flux density distribution of the four magnets.
Taking ‘“Magnet 2 as an example, the curve of the rela-
tionship between the magnetic flux density and the distance
from the magnet was provided. As shown in Fig. 4d, when
the distance varied from 0 to Smm, the magnetic flux density
changed greatly. Therefore, the coil should be arranged as
close as possible to the magnet. On the other hand, when
the magnet is vibrating, a certain movement space should be
reserved on both sides of the magnet to prevent the magnet
from getting stuck or hitting the side wall frequently due to
machining and assembly accuracy. Therefore, in the horizon-
tal position, we place the coil 2 mm from the magnet.
Moreover, the potential distribution on the PZT piezoelec-
tric sheets was analyzed, and the performance of the device
was assessed. In the HPEH, three piezoelectric plates were
distributed with an angle of 120 degrees between each other,
and the force point is in the middle of the piezoelectric sheets.
Due to the limited bending distance and fast recovery speed
of the piezoelectric plates, the service life of the simple beam
structure can extent immensely compared to the cantilever
beam structure. Fig. 4e displays the strain distribution map at
the limited position of half the piezoelectric bimorph with the
vibration excitation. Because of the simple-supported beam
structure, the two ends of the piezoelectric plates are immov-
able in the z-direction, so the maximum distance located at the
position where the putter touches. In the balance position, the
electric charge is evenly distributed in the whole piezoelectric
plates. When deformation appears, the piezoelectric effect
results in the redistribution of the electric charge, causing
the voltage difference between the two surfaces (Fig. 4f) and
the maximum voltage emerge where the push rod touches.
To achieve the maximum open-circuit voltage and power,
the three piezoelectric sheets are connected in series [30].

Ill. EXPERIMENTAL STUDIES AND DISCUSSION

A. EXPERIMENT SETUP

In order to verify the effectiveness and examine the perfor-
mance of the designed HPEH, the experimental platform was
constructed, as shown in Fig. 5. The examination system
was composed of a signal generator (SA-SG030, SHIAO),
a power amplifier (SP-PA020, SHIAO), a vibration exciter
(SA-JZ010, SHIAO), an accelerometer (UT315, UNI-T)
and an oscilloscope (MS02024B, Tektronix). Among them,
the first three devices constituted the excitation system which
can provide vibration excitation with different frequency and
acceleration for the energy harvester. The accelerometer fixed
on the vibration exciter can test the vibration state of the
exciter. When the external periodic vibration was applied,
the corresponding periodic electricity signal displays on the
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FIGURE 5. The test platform of HPEH.

oscilloscope screen and the data can be saved and analyzed
by the connected computer. In addition to the above men-
tioned, a rectifier-filter circuit board, loaded with resistances
and capacitors was also needed to transform the generated
electricity from AC to DC.

B. THE OUTPUT OF EACH PART OF EH AND PH UNIT

There are two electricity generation modules in the proposed
HPEH, each of them is composed of several units, so it is of
great necessity to study the synergistic effect of them.
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FIGURE 6. Oscilloscope voltage waveforms of the EH unit and PH unit

a) the two coils and the whole EH (The inset shows the waveform of EH in
one cycle) b) the EH under different vibration acceleration (The inset
shows the relationship between the voltage and acceleration) c) the three
piezoelectric plates and the whole PH d) the PH under different
accelerations(The inset shows the relationship between the voltage and
acceleration).

As shown in Fig. 6a, the output of the two coils in the
EH reveals identical waveform period when the vibration
frequency is 14 Hz and the acceleration is 1.25g, but the
peak values do not coincide. The peak-to-peak voltage (V,—p)
of the lower coil is about 1.5 times than that of the upper
coil, which is different compared with the simulation results.
This phenomenon attributes to the deviation in the HPEH
assemble. Also, although the positions of the two coils and
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the fixed magnets are designed to be symmetrical, the equi-
librium position of the suspension magnet unit stays lower
than the geometric center due to the gravity. Therefore, when
the vibration loaded, the downward distance exceeds the
upward, resulting in the higher peak of the lower coil. Since
the two coils are connected in series, the voltage amplitude
of the whole EH is larger than both of them. Meanwhile,
the inset of Fig. 4a shows the detailed waveform in one
cycle, the alternating voltage signal is not symmetric for the
same reason above. The voltage waveforms under different
vibration acceleration conditions are illustrated in Fig. 6b.
The V,_, increases linearly with the gradually increasing
acceleration value and the coefficient of determination (R?)
is 0.99, indicating a high degree of linearity.

Three piezoelectric beams are arranged on the periphery
of the HPEH, and the voltage curves of them are tested.
Under the vibration of 14 Hz and 1.25g, the three waveforms
exhibit the same cycle and changing trend (Fig. 6¢), which
is consistent with the structure principle. However, the V_,
of the three piezoelectric plates are different, this may be due
to the insufficient assembly accuracy and the uniformity of
the PZT materials. When connected in series, a combined
voltage waveform is achieved, and the peak-to-peak value
becomes much higher. Besides, the voltage waveform of the
series connection is recorded under different acceleration
conditions, and the V,_, rises with the increasing of the
acceleration (Fig. 6d), showing a linear trend approximately
(R?2 =0.92).

120

—EH
100 4 —PH

0.0 0.1 0.2 0.3 0.4 0.5

FIGURE 7. Voltage waveforms of the EH unit, PH unit and the HPEH under
the vibration of 14 Hz and 1.25g.

As can be seen from Fig. 6a and c, the frequency of each
output unit is consistent, and the output voltage of each unit
can be directly superposition in series without rectifier mod-
ule, which is of great convenience for subsequent analysis
and application. This phenomenon can be attributed to the
transmission structure of the harvester, which makes the elec-
tromagnetic and piezoelectric units vibrate synchronously.
Moreover, the phase of the EH, PH and the whole HPEH was
also recorded by the oscilloscope and exhibited the synchro-
nization in the frequency and phase position, which is shown
in Fig.7.
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C. VOLTAGE RESPONSES FROM FREQUENCY SWEEPS
Since the vibration frequency of the output voltage of the
electromagnetic unit and the piezoelectric unit are identical,
the electromagnetic and piezoelectric parts can be connected
in series to study the total output voltage or each of them.

The resonance frequency corresponds to the maximum
output, so in order to improve the vibration energy acqui-
sition efficiency, the frequency response range of EH, PH
and HPEH were tested separately. The test frequency range
was chosen as 7-80 Hz since we focused mainly on the low-
frequency vibration harvest.

100

—3— HPEH
—+—EH
80 =—dh— PH

12V

> 404

20

0 T T T T T T T

0 10 20 30 40 50 60 70 8 90
Frequency(HZ)

FIGURE 8. The peak-to-peak output voltage of HPEH, EH and PH at
different vibration frequencies.

According to the curve in Fig.8, the resonance frequencies
of the two units are all around 14 Hz, which is consistent
with the whole HPEH. Meanwhile, the result is conformed
well to the results in the mathematical modelling calculation.
Moreover, the V,_, of the HPEH is above 30V in the range of
10-37Hz, which shows a relatively wide response frequency
band. While when the resonant frequency is around 14 Hz,
the Vp_p even reaches 90V. An obvious distinction of Vp_p
appears between EH and PH, which can be indicated that the
voltage of HPEH is mainly affected by the PH unit.

D. IMPEDANCE MATCHING AND OUTPUT POWER

The change law of the output voltage and power under dif-
ferent load resistances were studied with the rectifier-filter
circuit to convert the periodically AC to DC and the capacitors
to be charged and store the electrical energy to power the load.
A wide range of the load resistance value of 10-107Q was
applied, and the vibration frequency and acceleration were
set as 14 Hz and 0.53g respectively.

The whole HPEH is composed of two parts, PH and EH,
and the connection pattern of them can significantly influence
the output signal of the HPEH. Therefore, the different per-
formance with the parallel and series connection patterns was
also studied with the different rectifier-filter circuits shown
in Fig. 9a,b.

The results in Fig. 9c show that with the increase of the
resistance value, the voltage of the EH and PH are both
increasing, but there are differences in detail. For the EH,
it starts to rise at a low resistance value, and the rise trend
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FIGURE 9. The two connection circuits of PH and EH (a) series and

(b) parallel connection; The effect of load resistance on the (c) partial
voltage and (d) output power of EH, PH and HPEH in series connection
and parallel connection respectively.

slows down after 10kQ2. While for the PH unit, an obvious
increase appears at about 100€2 and nearly reaching the peak
value at 10°Q2, and the change rate at 10°-107Q is not sig-
nificant. For the parallel connection, the variation tendency
is similar to the EH with a slightly higher voltage value.
While the voltage trend of the series connection is mainly
determined by the PH unit, and the voltage reach 13.4V
at 107Q.
U2

P=— (18)

The output power of the HPEH was calculated according to
the Ohm’s Law shown in equations (18) (U refers to voltage,
R refers to resistance, and P refers to power). The relationship
between the output power and the load resistance is shown
in Fig. 9d. The EH and PH exhibit a tremendous distinction,
such as the maximum value of EH appeared at 1k€2, and the
other appears at 10k$2. Moreover, the output power of the EH
is much higher than that of PH. As for the whole HPEH, simi-
larly, the trend of the parallel and series connection resembles
EH and PH respectively, and the maximum output power of
them was approximately the same with the individual EH
and PH. Notably, the maximum output power 8.35mW of the
HPEH is achieved at 1k€2, which mainly depend on the EH,
other than the voltage results.

E. EFFECT OF CAPACITANCE AND ACCELERATION

ON THE OUTPUT VOLTAGE AND POWER

The capacitor charge response was also a significant param-
eter for the harvester’s power generation. In order to study
the relation of the capacitance with the connection pattern,
the test was carried out with two at the acceleration of 0.63g
and vibration frequency of 14Hz. As can be seen from
Fig.10a and b, when charging capacitors of different capac-
itance, the growth rate of both the parallel and the series
connection were slower with the increase of the capacitance
value. Also, the parallel pattern can charge the capacitors
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FIGURE 10. The charging voltage curve of the four different capacitors in
two patterns of (a) parallel pattern (b) serial pattern; The charging voltage
curve of the EH, PH, the parallel connection, the serial connection of two
capacitors (c)100xF and (d) 220xF.

more quickly, while the serial connection can charge the
capacitor to a higher voltage. To further analyze the perfor-
mance to charge capacitors, the voltage charging curves of
capacitors of 100 F and 220 F were measured and drawn in
different connection method as shown in Fig.10c and d. For
the two capacitors, at the beginning, thus before 26.25s and
67.71s, the voltage value of the parallel connection is higher.
However, the capacitors were charged to 11.59V and 8.69V
respectively of the serial connection at the 80s. Meanwhile,
the parallel connection was 9.20V and 8.15V respectively.

Generally, the embedded sensors of the mechanical condi-
tion monitoring system in the coal mine are working at the
voltage of 3.3V or 5V, so the two connection patterns can
both meet the requirements. As can be seen from the inset of
Fig. 10c and d, when the capacitors of 100uF and 220uF are
charged to 5V, only 1.1s and 3.79s are needed respectively in
parallel, while the serial connection only reaches 0.78V and
0.73V in such short time. Therefore, the parallel pattern is a
better choice in the practical test.

In order to explore the influence of vibration acceleration
on output electricity of the proposed HPEH in the presence of
resistance load, the output voltage and power under different
vibration intensity was examined at a series of accelerations:
0.53g, 0.87g, 1.25g, 1.64g, and 2.0g. The test frequency was
14Hz, and the load resistance of the parallel and series con-
nection was 1k and 10k€2, respectively, which is achieved
in the previous test as the optimum matching resistance.
As can be seen from Fig. 11, both the output voltage and
power increase with the growing acceleration and the trend
was almost linear. With the acceleration of 2.0g, the output
power can reach 80.10mW and 23.10mW respectively in the
parallel and series connection, displaying a great potential
to power electronics and sensors. The variation trend of the
power with the parallel connection has the same parabolic
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FIGURE 11. The trend of the output voltage and power under different
vibration acceleration.

shape like the simulated results in the mathematic model
in Fig.3b. Therefore, the parallel connection was adopted in
the application experiment.

F. THE APPLICATION OF HPEH IN THE POWER SUPPLY
FOR ELECTRONICS AND SENSORS

Accordingly, we assembled rectifier-filter circuits
(Fig. 12b,f) with the capacitor of 220uF to gain DC and
storage electricity to the capacitor and power the LEDs,
multi-purpose electronic sensors, electronic thermometer and
electronic clock.

24 25 26 27 28 29
1)
0.
0 5 10 15 20 25 30

1(s)

FIGURE 12. a) The powering test system b) The rectifier-filter circuit board
) The lighted LED array d) HPEH powering the multi-purpose electronic
sensors e) HPEH powering the electronic thermometer f) Schematic
diagram of the rectifier-filter circuit g) The charging characteristics of the
storage capacitor while the electronic thermometer is in operation.

We connected 120 commercial LEDs on a breadboard in
parallel which forms a 10 x 12 array and imposed a vibra-
tion excitation with an acceleration of 0.87 g and frequency
of 14 Hz onto the HPEH. The LEDs were of 5 mm in size
and red color when lighted, and the basic and maximum
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forward voltages were 1.45 V and 1.65 V, respectively. When
external vibration began, LEDs will all be lighted up with
bright light (Fig. 12a and c, Video 1). Furthermore, we inves-
tigated the charging performance of the HPEH, and the results
showed that it could provide stable electricity for electronics
and sensors. The household multi-purpose electronic sensors
(Fig. 12d, Video 2) and the electronic thermometer (Fig. 12¢)
can be powered to work continuously and steady with the
vibration of 0.88 g and 14 Hz. Moreover, the electronic clock
can keep operation for nearly 2 minutes after charging for
only 10 seconds at the vibration frequency of 14 Hz and the
acceleration of 0.63g (Video 3).

Fig.12g showed the voltage change of the capacitor in
the rectifier-filter circuit when HPEH provided stable power
for the thermometer. In the first 10s, HPEH charged the
capacitor to 1.6V. Then the thermometer was plugged into
the circuit and turned on, and the voltage of the capacitor
dropped to 1.48V simultaneously. Subsequently, a sawtooth
waveform was formed and remained stable between 1.48V
and 1.53V during the whole period of the power supply for
the thermometer. The videos attached in the Supplementary
information showed the actual process of how the experiment
was conducted. The experiment results were powerful proof
for the promising application of HPEH as the substitute for
the power supply of the unattainable monitoring system of
the mechanical equipment in the coal mine and other similar
condition.

IV. CONCLUSIONS

In this paper, we proposed a novel design of hybrid harvester
for the vibration energy harvest, which is comprised of piezo-
electric and electromagnetic transduction units. The key com-
ponent of the double circular cone can transform the vibration
of the EH in the vertical direction to horizontal vibration
of the PH coupled with the stepped grooves on the surface
and the scroll wheel at one end of the push rod. According to
the modelling, simulation and extensive experimental results,
the following conclusions are obtained:

1) The resonant frequency was 14Hz. During the fre-
quency range of 0 to 80Hz, the peak-to-peak voltage of
EH, PH and the whole HPEH exhibited the same trend
and got the peak value at 14Hz. Besides, the peak-to-
peak voltage of the HPEH kept higher than 30V in the
range of 10-30Hz.

2) Interestingly, the connection pattern of EH and PH
after the rectifier and filter circuit showed different
properties. The performance of the parallel connection
was more like the EH while the series connection was
closer to PH.

3) The optimum matching impedance of the EH and the
HPEH with the parallel connection was 1k€2, while
the PH and the HPEH with the series connection were
10k<2. Besides, the output power of the former was
much higher than the later.

4) The proposed HPEH can generate a maximum power
of 80.10mW under the excitation accelerate of 2.0g at
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the resonant frequency of 14 Hz with the resistance
1k€2 and the parallel connection pattern of PH and EH.

5) The HPEH can light up 120 LEDs simultaneously

and power the electronics and sensors steadily, which
exhibits a great potential of self-power sensing and
battery-free electronics in the monitoring system of
mechanical equipment in the coal mine.
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