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SUMMARY

In this paper, three new important aspects of rotary electromagnetic vibration energy harvesting technol-
ogy (RE-VEH) are concerned and investigated: (i) vibro-electric coupling mechanism of the RE-VEH system
is studied through theoretical modeling; (ii) quantitative analysis of system parameters based on numer-
ical simulation method is carried out for the optimal design of RE-VEH; and (iii) dynamic power output per-
formance of the RE-VEH system in free vibration is discussed. The parameter adjusting methods of the RE-
VEH system in free vibration mode are obtained through theoretical analysis and numerical simulation.
The experimental results show that the power output performance of RE-VEH in free vibration mode
matches the numerical simulation results. The simulation and experimental results show that the maximum
voltage output and power output of the RE-VEH with different structure parameters under free vibration
can be up to the level of 10°~10" V/watt. The above results indicate that RE-VEH in a free vibration envi-
ronment has significant energy output performance.

INTRODUCTION

With the advent of the Internet of Things era and the big data age, wide-area distributed wireless network sensor nodes have been widely
introduced for environmental state monitoring.' In order to avoid the waste of resources and environmental pollution caused by chemical
batteries, clean and decentralized micro-energy technology has attracted great attention of researchers all over the world. Vibration mechan-
ical energy, due to its wide range and various forms, is gradually considered as a kind of clean energy with considerable renewable poten-
tial.>* Naturally, vibration energy harvesting technology has flourished over the past two decades. In general, vibration energy harvesting
technology mainly includes three categories: piezoelectric vibration energy harvesting,”” electrostatic vibration energy harvesting,”"?
and electromagnetic vibration energy harvesting.'""'® It is worth noting that electromagnetic vibration energy harvesting technology can
be further subdivided into linear electromagnetic vibration energy harvesting technology'” and rotary electromagnetic vibration energy har-
vesting technology (RE-VEH).'® Among aforementioned vibration energy harvesting technologies, RE-VEH has become a particularly prom-
inent research hotspot in the field of vibration energy harvesting due to its superior performance in power output.

Principally, the RE-VEH refers to using a set of motion transmission systems to convert the linear vibration into rotation, and then transfer it
to the generator for power generation.'? Structurally, the rotating electromagnetic vibration energy harvesting system mainly includes three
modules: vibration input module, mechanical motion rectification module, and power generation module.?’ " In recent years, RE-VEH based
on different mechanical structures emerge in an endless stream. In particular, the update speed of the vibration input module and the me-
chanical motion rectification module is notably fast.

The function of the vibration input module is to convert linear vibration into rotational motion. Vibration input modules based on different
mechanisms have been extensively studied, such as rack and pinion, nut screw, crank slider, cam mechanism, and space |ir1kage.23 For
example, Zhang et al. proposed rack-pinion-based energy regenerative shock absorber which was used for scavenging vibration energy
from vehicle suspension.”” Gholikhani et al. separately designed a linear generator-based VEH and a rack-pinion-based RE-VEH to capture
vibration energy from speed bump.”” The experimental results showed that the root mean square of power output of the vibration energy
harvester based on rack and pinion and linear generator was 1.2 W and 80 mW, respectively. Besides, Salman et al. studied a regenerative
absorber which used nut-screw mechanism as the vibration input module to harvest vibration energy from vehicle.” The bench test results
showed that a peak efficiency of 52% and an average efficiency of 40% could be obtained. Li et al. developed a twin slider-crank mechanisms-
based vibration energy harvester for powering monitoring sensors in railway cars.”” Experiment results showed that the peak phase power
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Figure 1. Architecture of rotary electromagnetic vibration energy harvesting technology

was 24.6 W and the average power was 4.8 W under harmonic excitation with an amplitude of 12.5 mm and a frequency of 3 Hz. Kamali et al.
proposed an electromagnetic dampers based on cylindrical cam mechanism for harvesting the vibration energy from automotive and bicy-
cle.?® In addition, Maravandi and Moallem studied a space 2-bar linkage-based regenerative shock absorber, and the experiment results
showed that mechanical energy conversion efficiency of the proposed regenerative shock absorber was considerably higher than that of other
mechanisms-based regenerative shock absorber.””

As for the mechanical motion rectification module, its function is to convert bidirectional rotation into unidirectional rotation. There
are mainly four mechanisms that are considered as mechanical motion rectification modules, including double rack-pinion, bevel gear
set, double screw, and double gear train. Liu et al. proposed a vibration energy harvesting system based on double rack-pinion.*® Simu-
lation was carried out under harmonic excitations of constant displacement amplitude, and the results showed that the bandwidth of
the motion rectification mechanism-based vibration energy harvester was broader than that of the counterpart without motion rectifi-
cation. Ali et al. proposed a regenerative shock absorber using a set of bevel gears as motion rectification to convert bidirectional rota-
tion into one-way rotation.®’ The experiment results showed that the peak output power of the proposed regenerative shock absorber
could be up to 3.85 W at 7.5 mm sinusoidal amplitude and 2 Hz input frequency. Wang et al. designed a double screw as the motion
rectification mechanism for the regenerative shock absorber.>” The results showed that an average power output of 3.701 W in 1 Hz-
3 mm sinusoidal vibration input could be obtained. In addition, Zhang et al. developed a railway vibration energy harvesting system
based on double gear transmission system.?® The simulation results demonstrated that the proposed energy harvester had a rapid
response.

Although the rotary electromagnetic vibration energy harvesting technology has become a global research hotspot, there are still some
problems in previous studies: (i) almost only the structure and application of the vibration energy harvesting system have been focused on and
discussed, resulting in the energy harvesting system not having the optimal parameter configuration; (i) only sinusoidal input excitation has
been considered as the input of the vibration energy harvesting system, resulting in the energy harvesting system not being suitable for other
forms of excitation; and (i) how to optimize the output performance of RE-VEH has not been studied. In this paper, three new aspects of RE-
VEH are focused and studied: (a) vibro-electric coupling mechanism of the RE-VEH based on classic vibration input module and motion recti-
fication module is studied through theoretical modeling; (b) the system structure parameter adjusting method for optimal design of RE-VEH is
investigated; and (c) the dynamic power output characteristics of the RE-VEH in free vibration is discussed.

RESULTS

Architecture of rotary electromagnetic vibration energy harvesting system

In the introduction section, it has been clarified that the RE-VEH includes three elements: vibration input, motion rectification, and power
output. The vibration input refers to the excitation caused by vibration from ambient environment, such as railway system, vehicle suspen-
sion, speed bump, human motion, etc.; power output refers to the regenerative electricity that can be used for powering the electrical
load; motion rectification is the medium that can connect vibration input and power output. Among them, motion rectification is the
most important element, which can help RE-VEH system obtain high-quality power output. Correspondingly, the RE-VEH system mainly
includes ternary modules in structure, which are vibration input submodule, motion rectification submodule, and power output submodule,

as shown in Figure 1.
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Figure 2. Vibration input module
(A) Structure.
(B) Dynamic model.

Vibration input module

The structure of the vibration input module is shown in Figure 2A, including a rack, a gear, and a transmission shaft. The motion transmission
process is as follows. The external vibration drives the rack to reciprocate linearly and then drives the gear meshing with the rack to rotate back
and forth. Next, the gear transmits the two-way rotation to the shaft which is fixed with the gear. Finally, the shaft outputs the bidirectional
rotation to next module. Based on the 3D model design, the dynamic model of the vibration input module is shown in Figure 2B. In this figure,
F is the external excitation force; mey, Xct, Ver and ac; are the mass, linear displacement, linear velocity, and linear acceleration of the rack,
respectively; Jo, 0y, wq, and agy are the moment of inertia, angular displacement, angular velocity, and acceleration of the gear, respectively;
Jedzi Ocdzs Wcdz, aNd @y, are the moment of inertia, angular displacement, angular velocity, and angular acceleration of the transmission shaft,
respectively; and T,; is the resistance torque acting on the transmission shaft by the next module.

Mechanical motion rectification module

When the vibration is transmitted to the input module, its motion form will be transformed into a rotational motion with alternating directions,
and this motion will cause the rotation direction of the input shaft of the generator to change alternately. In order to further improve the ef-
ficiency and stability of energy output, it is necessary to convert the bidirectional rotational motion into unidirectional rotation and then trans-
mit it to the energy output module. In this paper, the motion rectification mechanism based on bevel gear set is considered as the motion
transmission module of the energy capture system, of which the structure and motion transmission process are shown in Figure 3A.

ooy I e J o
0. Ot O.-
B O Oy

One-way bearing A Large bevel gear A
Large bevel gear B

Transmission shaft
One-way bearing B

Small bevel gear

A Structure B Dynamic model

Figure 3. Motion rectification module
(A) Structure.
(B) Dynamic model.
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Figure 4. Power output module
(A) Structure.
(B) Electro-dynamic model.

Based on the 3D model design, the dynamic model of the motion rectification module is shown in Figure 3B. In this figure, Tqq is the
torque applied by the vibration input module on the transmission shaft, and its magnitude is equal to Tegy Jedzs Ocdzs Wedz, and oy, are the
moment of inertia, angular displacement, angular velocity, and angular acceleration of the transmission shaft, respectively; Jy,q), Oz, Wdzcls
and ag,¢ are the moment of inertia, angular displacement, angular velocity, and angular acceleration of the large bevel gear and the one-
way bearing combination, respectively; Jyol, Oxzcls Wxael, and ey, are the moment of inertia, angular displacement, angular velocity, and
angular acceleration of the small bevel gear, respectively. T, is the torque acting on the small bevel gear by the subsequent energy output
module.

Output module

The output module of the vibration energy harvesting system is generator. In general, the types of generator include alternating current (AC)
generator and direct current (DC) generator, both of which have their own advantages and disadvantages. The alternator has high power
generation efficiency, but the output electricity is an AC that varies in magnitude and direction. Although the power generation efficiency
of the DC generator is not as good as that of the AC generator, its output electricity is pulsating DC, which is closer to the power demand
of the micro power load. In this paper, the DC generator is used as the power output module of the vibration energy harvesting system to
analyze its electrodynamic mechanism. The structure of the output module is shown in Figure 4A. The input shaft of the DC generator is con-
nected to the small bevel gear through a coupling, and the generator body is fixed to the generator bracket. The electrodynamic model of the
output module is shown in Figure 4B. When the external excitation drives the input shaft of the generator to rotate, the electromagnetic coil of
the generator will generate an induced current i, which will generate a resistance torque T; applied to the input shaft of the generator.

Vibro-electric coupling model

The overall structure of the RE-VEH system with the rack-pinion as the input module, the bevel gear set as the motion rectification module, and
the DC generator as the output module is shown in Figure 5. The components of the system include rack, vibration input plate, large bevel
gear, pinion, small bevel gear, spring, transmission shaft, coupling, generator, shell, generator bracket, and energy storage components. Fig-
ure 6 shows the three different stations of the vibration energy harvesting system, including the tension station, the static equilibrium station,
and the compression station. It can be seen from this figure that there is a gap between the vibration input plate and the protective shell in the
static equilibrium station. Therefore, when the RE-VEH is subjected to an external force, it can be compressed. The equivalent vibro-electric
coupling model of the RE-VEH is depicted in Figure 7.

Rack/ Vibration input plate

Permanent Bearing
Iron magnet

Spring

=t Large bevel gear

\T(ansmission shaft ] Pinion

Small bevel gear
%, Coupling

Shell

Generator bracket

/,/"Energy storage
. components

cover Bedplate

Figure 5. General structure of RE-VEH based on rack-pinion and bevel gears mechanism
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Figure 6. Three different stations of the VEH system
(A) Spring maximum tension station.

(B) Spring static equilibrium station.

(C) Spring maximum compression station.

DISCUSSION

Influence of equivalent mass parameters on power output performance

The equivalent mass of the system is composed of the vibration input plate mass, rack mass, shaft rotational inertia, gear rotational inertia,
large and small bevel gear rotational inertia, generator rotational inertia, bevel gear ratio, and opinion diameter. It is particularly important to
study the relationship between the various components of system equivalent mass and the power output for the optimal design of the RE-VEH
system. Figure 8 shows the relationship between the equivalent mass of the system and its component. It can be seen from this figure that the
vibration input plate mass and rack mass have the same linear positive correlation with the system equivalent mass; the rotational inertia of the
pinion and transmission shaft have the same linear positive correlation with the system equivalent mass; the rotational inertia of the small
bevel gear and the generator also have the same linear positive correlation with the system equivalent mass; the rotational inertia of the large
bevel gear has a linear positive correlation with the system equivalent mass; the equivalent mass of the system presents a parabolic upward
trend with the increase of the transmission ratio between the large and small bevel gears; the equivalent mass of the system decreases with
the increase of the pinion radius, but its rate of change decreases gradually with the increase of the pinion radius. Although the relationship
between the mass components and the system equivalent mass has been clarified, some of the mass elements are also involved in the consti-
tution of equivalent damping. Therefore, itis necessary to discuss the directinfluence of each element of equivalent mass on the power output
performance of the RE-VEH for further enhancing the system performance.

I Xei Uemf

Figure 7. The equivalent vibro-electric coupling model of the RE-VEH
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Figure 8. The relationship between the equivalent mass of RE-VEH and each mass component

Since the vibration input plate mass and rack mass have the same linear positive correlation with the system equivalent mass, therefore, this
paper only discusses the system power output under different vibration input plate mass. Figure 9 shows the variation trends of the open-
circuit output voltage (Uem), the load output voltage (Usuy), and the output power P, of the RE-VEH under different vibration input plate
mass (Mgyp). It can be seen from this figure that the power output of the vibration energy harvesting system decays to 0 with time under
free vibration mode, which is in line with the dynamic response characteristics of free vibration system. Secondly, the open-circuit voltage
and load voltage are always positive over time, which proves that the energy harvester itself can achieve rectification. Thirdly, it can be
seen from Figures 9A, (B), and (C) that when the mg,, is larger, the open-circuit voltage, load voltage, and output power decay more slowly,
and their peak values (at the start of vibration) are smaller. In general, the peak power output and output smoothness of the RE-VEH can be
improved by adjusting the mass of the vibration input plate.

Figure 10 shows the trend of dynamic power output of the RE-VEH when the other three mass component parameters change. From Fig-
ure 10A, it can be seen that the smaller the moment of inertia of the large bevel gear is, the greater the peak power output of the system can
be obtained. In general, the change of the moment of inertia has little effect on the power output of the system. From Figure 10B, it can be
obtained that with the increase of the transmission ratio, the output power of the system will increase significantly. Besides, it can be seen from
Figure 10C that as the pinion radius decreases, the output power of the system also decreases. By comparing Figures 10A, (B), (C), and Fig-
ure 9C, it can be concluded that the output power of the system is most affected by the system transmission ratio, followed by the pinion
radius, the mass of the moving parts, and the moment of inertia of the rotating parts.
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Figure 9. Dynamic power output of RE-VEH under different input plate mass
(A) Open circuit voltage.

(B) Load voltage.

(C) Output power.
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Figure 10. Dynamic output power of RE-VEH under different mass parameters
(A) Different moment of inertia of large bevel gears.

(B) Different gear ratio.

(C) Different pinion radius.

Influence of equivalent damping parameters on power output performance

According to the theoretical analysis, the equivalent damping coefficient of the system is composed of the generator back electromotive
force (EMF) constant (ko), the generator torque constant (ky), the generator internal resistance (r)), the system transmission ratio (k), the pinion
radius (r), and the external load resistance (R,). First, the approximate relationship between the equivalent damping coefficient of the system
and its various components can be solved, as shown in Figure 11. It can be seen from this figure that the torque constant and back EMF con-
stant of the generator have the same linear positive correlation with the equivalent damping coefficient of the system. The internal resistance
of the generator and external load resistance have the same nonlinearity negative correlation with the equivalent damping coefficient. With
the increase of generator internal resistance and external load resistance, the change rate of equivalent damping coefficient will become
smaller. There is a nonlinear positive correlation between system transmission ratio and system equivalent damping coefficient. As the trans-
mission ratio increases, the change rate of the equivalent damping coefficient will increase. There is a nonlinear negative correlation between
the pinion radius and the system equivalent damping coefficient. As the pinion radius increases, the change rate of the equivalent damping
coefficient decreases. The effects of each component of the equivalent damping coefficient on the power output of the RE-VEH are discussed
separately in the following.

Since the influence of pinion radius and system transmission ratio on power output performance has been discussed in previous section,
this section only analyzes the influence of generator torque constant, generator back EMF constant, generator internal resistance, and load
resistance on the dynamic power output of the RE-VEH. Figure 12 shows the dynamic output power of the RE-VEH under different generator
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Figure 11. The relationship between the equivalent damping and each component of the equivalent damping
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Figure 12. Dynamic output power of RE-VEH under different damping parameters
(A) Different generator torque constants.

(B) Different generator back EMF constant.

(C) Different generator internal resistance.

(D) Different load resistance.

torque constants, different generator back EMF constants, and different generator internal resistance and load resistance. It can be seen from
Figure 12Athat, as the torque constant of the generator increases, the initial value of the output power increases slightly, and the decay rate of
system output power also has a slight increasing trend. It can be seen from Figure 12B that with the increase of the generator back EMF con-
stant, the system power output can be efficiently improved. It can be seen from Figure 12C that generator internal resistance has little effect
on system power output. From Figure 12D, we can obtain that when the load resistance is close to the internal resistance of the generator (r; =
1.5 Q), the system output power can be significantly improved.

Influence of equivalent stiffness parameters on power output performance

In addition to equivalent mass and equivalent damping, equivalent stiffness is also a key parameter that affects the dynamic response char-
acteristics of the vibration energy capture system. Figure 13 shows the relationship between the equivalent stiffness (keg) and four dynamic
characteristic parameters of the RE-VEH. It can be seen from the figure that with the increase of the equivalent stiffness, both the undamped

0.4
02
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0 500 1000 0 500 1000
K k
cq cq
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0 0,00 e
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k
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Figure 13. The relationship between the equivalent stiffness and four dynamic characteristic parameters of the RE-VEH
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natural circular frequency (p,) and the damped natural circular frequency (pg) of the system show an upward trend, while the damping ratio (£)
and the maximum vibration amplitude (A) of the system gradually decrease to saturation state. The selection of spring can be directly deter-
mined by the relationship between the spring stiffness and the dynamic output power of the RE-VEH. Figure 14 shows the dynamic output
power of the RE-VEH under different spring stiffness coefficients. It can be seen from this figure that that the greater the spring stiffness co-
efficient, the higher the dynamic power output of the system.

Experiment test

In order to verify the theoretical model and simulation analysis results, the prototype of the RE-VEH has been fabricated to conduct exper-
iment test as shown in Figure 15. The oscilloscope is used to display and store the voltage signal output of the energy harvesting system.
Based on the simulation analysis, the optimal parameter configuration is selected for manufacturing the RE-VEH system. In order to enhance
the waterproof performance, the materials of input board, gasket, and case are all acrylic sheets. Four cylinders attached on the input board
were used to transfer the force of human body when walker stepped on the lid as shown in Figure 15. According to dynamics and electrical
analysis, the damped free vibration of the input board is mainly affected by force excitation, which affects the operating speed of the internal
system and thus the power output of the generator. The normal walking speed of an average adult is about 1.1 m/s to 1.5 m/s; hence the
walking speed was set 1.2 m/s in this manuscript. Under normal walking conditions, the magnitude of the excitation force applied to the input
board is almost solely related to the weight of the human body. The speed and acceleration of human walking only affect the response speed
of the system and have almost no impact on the power output of the system. We choose the weight of human ranged from 50 kg to 80 kg to
step on the lid. This paper uses human stepping to simulate the instantaneous excitation force on the energy harvesting system. After step-
ping, the motion displacement of the energy harvesting system will gradually decay under the synergistic effect of springs and electromag-
netic damping. As shown in Figure 15, the power generation trend of the energy harvesting system also shows a gradual attenuation trend,
which is consistent with the numerical simulation results.

Free damping

ge (V)
-

o

Volta

Time (s)

Figure 15. Experiment test and results
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Figure 16. Comparison between experimental and simulation results

As shown in Figure 16, both simulation and experimental results demonstrate that under instantaneous excitation, the power output of the
system will gradually decay as the system undergoes damped free vibration, as shown in following figure. Therefore, in terms of overall trend,
the simulation and experimental results are consistent, indicating that the theoretical analysis is basically in line with the actual situation. How-
ever, due to errors in machining accuracy and installation of the actual RE-VEH system, there is also a certain degree of error between simu-
lation data and experimental data.

Figure 17 shows the output voltage of the vibration energy harvesting system under human stepping with different weights. From this
figure, it can be seen that as the weight of the human body increases, the maximum voltage output of VEH will also increase. Even under
the excitation of only 50 kg weight, the output voltage of this VEH is not less than 6 V. When the excitation weight reaches 80 kg, the maximum
output voltage of VEH can be up to 15V, which is consistent with simulation results. In addition, the short-circuit current changes from 19.1 mA
to 39.2 mA. Therefore, the output power can be calculated by multiplying the voltage and current values, which range from 114.6 mW to 588
mW. The weight and volume of the VEH prototype are 3 kg and 0.018 m*, respectively. Therefore, the mass power density and volume power
density of the proposed VEH can be obtained, which can be up to 196 mW/kg and 32.7 W/m?, respectively. Based on the aforementioned
results, it can be concluded that the power output performance of the energy harvesting system is very impressive in the free vibration mode,
indicating that deploying electromagnetic vibration energy harvesting systems in free vibration environments such as road surfaces and
speed bumps has significant energy benefits.
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Figure 17. Experimental output voltage of the VEH under different human body weights
A. 50 kg.
B. 55 kg.
C. 60 kg.
D. 65 kg.
E. 70 kg.
F. 80 kg.
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Conclusions

In this paper, the dynamic power output and optimization parameter adjustment method of the RE-VEH in free vibration mode are studied.
Firstly, the structure of the RE-VEH is summarized according to the previous research. Secondly, based on the typical module combination
(rack and pinion-bevel gears-DC generator), the structure and dynamics of each submodule of RE-VEH are modeled and analyzed. The vi-
bration-electric coupling model of the entire RE-VEH system is established through integrating each submodule. Based on the vibration-elec-
tric coupling model, the dynamic response model of the power output of the RE-VEH under free vibration is investigated. The system param-
eters of the power output model are quantitatively analyzed using numerical simulation method, and the effects of the system equivalent
mass, equivalent damping, and equivalent stiffness on the power output performance of the system are studied. The numerical simulation
results show that increasing the system transmission ratio k,, making the load resistance R, close to the generator internal resistance r;
reducing the gear radius r, increasing the generator back EMF constant ke, reducing the mass of each moving part (mg,/my), and increasing
the spring stiffness coefficient k, can effectively improve the power output performance of the system, while the generator torque constant k,,
the moment of inertia of the rotating components (Ju,c//Jci/dxzci/Jeaz/Jg) and the generator internal resistance r;have little effect on the system
power output. The experimental results show that the power output performance of RE-VEH in free vibration mode matches the numerical
simulation results. The simulation and experimental results show that the maximum voltage output and power output of the RE-VEH with
different structure parameters under free vibration can be up to the level of 10°-10" V/watt. The short-circuit current changes from 19.1
mA to 39.2 mA. By multiplying the voltage and current values, the output power of the VEH ranges from 114.6 mW to 588 mW. Besides,
the mass power density and volume power density can be up to 196 mW/kg and 32.7 W/m?, respectively. The aforementioned results lay
the foundation for the optimal design and performance enhancement of RE-VEH in the future.

Limitations of the study

This study only investigates vibration energy harvesting performance and parameter optimization analysis of the proposed energy harvester
in free vibration mode. In practical scenarios, there are also forced vibration forms. In the future, it is necessary to study the performance of
vibration energy harvesting in forced vibration mode.
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METHOD DETAILS
Dynamic model of vibration input module
The relationship between the linear displacement, linear velocity and acceleration of the rack can be expressed as

Ve = dxct
ct — T 4
dit (Equation 1)
g = e _ e
T odt T de?

In the same way, the relationship between the angular displacement, angular velocity and angular acceleration of the gear and transmis-
sion shaft can be expressed as

w dac/
o =~
dt
(Equation 2)
_ dwa _ & |
Ol = dt = dt2
. decdz
cdz =
dt (Equation 3)
_ dwcdz _ cIzecdz
Feds T TG T de

According to D'Alembert’s principle, the dynamics of the rack can be expressed as

F = mg-ac + Fy (Equation 4)

where F is the force acting on the rack by the gear. Ignoring the jamming phenomenon and friction between the rack and pinion, the dy-
namics of the gear is

Fa-r=Jdgag+ Ted, (Equation 5)
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where ris the indexing circle radius of the gear, and Ty, is the torque acting on the gear by the transmission shaft. Taking the transmission
shaft as the object, its dynamics can be expressed as

Tedr = Jedz@edr + Ty (Equation 6)
Besides, the relationship between the angular velocity of the gear and the linear velocity of the rack can be expressed as
Vet = Wetr (Equation 7)

Since the gear and the transmission shaft are fixedly matched, the relationship between their angular displacement, angular velocity and
angular acceleration can be described as

Og = 0cdz§ We| = Wedzy; O] = edz (Equation 8)

Therefore, by combining Equation 1 to Equation 8, the dynamic model of the vibration input module can be obtained by

_ Jc/ + chz dzxct Tz‘\ .
EF = (md + > _) - + - (Equation 9)

Dynamic model of mechanical motion rectification module
First, when the transmission shaft rotates in the direction of the red arrow, its dynamic equation is
qu = chz'acdz + szcl—A (Equation 10)

where Ty,cr.a is the resistance torque acting on the transmission shaft by the large bevel gear A, which is equivalent to T,4. Ignoring the tooth
jamming and friction between the bevel gears, taking the large bevel gear A as the research object, its dynamics can be expressed as

TchI—A = szc/'adzcl + kz’ szcl (Equation 11)
where k, is the transmission ratio between the large bevel gear and the small bevel gear, and T, is the driving torque obtained by the small

bevel gear. Taking the bevel gear as the object, its dynamics is

szcl - B
k,

where T4,..5 is the driving torque obtained by the large bevel gear B. At this time, the large bevel gear B is free to rotate, and its dynamics is

Tl = Jxzcl " Qzel + T2 + (Equation 12)

Tazcl—-B = Jdzel* Az (Equation 13)

Therefore, by combining Equation 10 to Equation 13, the dynamics of the entire motion rectifier module can be obtained as

Jdzel* A
qu = chz *Ocdz Tt szcl * Ozl T+ kz : (szcl * Qg + TzZ + %)
do “ (Equation 14)
= . 2 . . CdZ .
= (chz + 2 szc/ + kz szc/) dt + kz TzZ

After simplifying the Equation 14, the dynamics of the motion rectifier module can be expressed as

X

T + ky Ty (Equation 15)

Tqd = (chz + 2 g + kS 'szc/) :

Electrodynamic model of the output module

The relationship between induced current and resistance torque can be expressed as>*

T = kei (Equation 16)
where k; is the torque constant of the generator. According to Newton's second law, the dynamics of the generator input shaft is
d? .
Ty —Ti=Jg dtzg (Equation 17)

where T, Jgand 4 are the input torque, moment of inertia and rotation angle of the generator, respectively. When the generator produces
the induced current, it also generates the induced electromotive force Ug,s which can be expressed as
dé,

dt

where 04 is the rotation angle of the generator shaft. According to Kirchhoff's voltage law, the following relation can be obtained:

Uemf = ke' g = ke* (Equation 18)
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Uemi — L% —iR=0 (Equation 19)

where R is the sum of the generator internal resistance and external resistance, that is, R=r+R,. Combining Equation 16 to Equation 19, the
electrodynamic expression of the generator can be obtained as

digy d(T;/k:) T
kege = g TR

L d d26, R o0, (Equation 20)
_ - = _ g ~
"k dt <T9 e ) "k (T Yo gz )

By applying Laplace transform to Equation 20, the above equation can be expressed as

ki-ke-s
To(s) = it?+L

Considering that the inductance L of the generator is very small compared to the resistance R, the influence of the generator inductance on
the dynamics of the generator can be ignored, so Equation 21 can be transformed into

ke ke-s
R

Bg(s) + Jg-5%-04(s) (Equation 21)

Ty(s) = 0g(5) + Jg-5%-04(s) (Equation 22)

By applying inverse Laplace transform to Equation 22, the above equation can be expressed as
ke ke dfg d?d,
29 g
R dt 79 dt?

Therefore, the DC generator can be regarded as a mass-spring-damping system driven by the external excitation Ty, where tl:ekspring
t ' Ke
e

Ty = (Equation 23)

Vibro-electric coupling model of energy harvesting system under free vibration

This section combines the input module, the motion rectification module and the output module to carry out the electromechanical
coupling dynamics analysis of the entire energy harvesting system. Since T, in the vibration input module is equivalent to the resistance tor-
que Tg,e.4 acting on the transmission shaft by the large bevel gear (taking A as an example), T,; can be expressed as

Ty = qu — Jedz " Qcdz (Equation 24)
Substituting Equation 15 into Equation 24 can obtain
= (2 daa + K ) SECINP (Equation 25)
z1 dzcl xzd r- dt z2 q

Substituting Equation 9 into Equation 25 can obtain

d?x
2
- . JatJear) x . (Z«szc/ +k, »szcl> = kT,
=\ r2 dt? r
= [(m. + Jcl+chz+2’szcI+k22’J><ch . dect 4 kz’TZZ
U r2 dt? r

(Equation 26)

Since the small bevel gear is coaxially connected to the generator input shaft, T,»is equivalent to the torque Ty, and 6 is equivalent to f,,.
Substituting Equation 23 into Equation 26 can get

r2 dt? r

|: Jet + Jedz + 2+ Jetzel + k ( xzcl T J ):| dZXct k22 ) kt ) ke cht
= Mg + . + :

ki ke dfly d?0
2 ke S+ Jg
( Jcl + chz +2- szcl + kz ) szc/) dzxct R dt dt
F=1{ms + . +

(Equation 27)

r2 dt? R-r? dt

After introducing the spring and vibration input plate parameters, the dynamics of the entire energy harvesting system is
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Jc/ + chz + 2'szcl + kzz : (szc/ + Jg) . dZXa

F={mg + Mmgp + 2 e

(Equation 28)
K2 kerke d q

"R dt

where mgp is the mass of the vibration input plate, and k is the stiffness coefficient of the spring. It can be seen from Equation 28 that the RE-

+ 4 ks Xt

VEH is a standard mass-spring-damping system. The damping part includes electrical damping and mechanical damping. The main compo-
nents of mechanical damping are inter-tooth friction and bearing friction. The inter-tooth friction and bearing friction are very small under
ideal lubrication conditions, so the mechanical damping is neglected in this paper. Therefore, the equivalent mass m.g, equivalent damping
coefficient coq and equivalent stiffness ko4 of the system can be expressed as

Jc/ + chz +2 'szc/ + k22 ) (szcl + Jg)

I’2

Meg = Mt + Mgp +

I,% ke ko (Equation 29)
Ceq = R- r2
keq = 4-ks

Substituting Equation 29 into Equation 28, the dynamics of the vibration energy harvesting system can be rewritten as

d2 Xet cht

F=maga +Ca g

+ KegXet (Equation 30)

The vibration-electric coupling dynamics of the entire RE-VEH system can be expressed as

2
F = meq~% + ceq~% + kogXet
t (Equation 31)
U s = ke'kz.%
ST
x = Ae" ' sin(pgt + @) (Equation 32)

where x, A, ¢, pn, pg and ¢ are the transient displacement, vibration amplitude, damping ratio, natural circular frequency and phase of the
vibrating system, respectively.
Combining Equation 31 and Equation 32, the vibro-electric coupling model of the RE-VEH under free vibration mode can be described as

d?x dx
0= meq'w + Ceq'a + keq'X
x = Ae” P sin(pgt + @) (Equation 33)
ke-k, dx
Uemf = r E

QUANTIFICATION AND STATISTICAL ANALYSIS

Microsoft Visio 2019 is used to generate the visual images in the manuscript. The voltage signals are captured by the DS1102Z-E digital oscil-
loscope. The force-displacement signals are captured by the force sensor and displacement sensors integrated into the Landmark 370 servo-
hydraulic test system at a sampling frequency of 300 Hz. MATLAB 2022a is used to process experimental data and generate visual images in
the manuscript. Through MATLAB 20223, the voltage signal and force-displacement data are processed to analyze the input and output char-
acteristics of the system.

16 iScience 26, 107989, October 20, 2023



	Parameter optimization analysis of rotary electromagnetic vibration energy harvester for performance enhancement under free ...
	Introduction
	Results
	Architecture of rotary electromagnetic vibration energy harvesting system
	Vibration input module
	Mechanical motion rectification module
	Output module
	Vibro-electric coupling model

	Discussion
	Influence of equivalent mass parameters on power output performance
	Influence of equivalent damping parameters on power output performance
	Influence of equivalent stiffness parameters on power output performance
	Experiment test
	Conclusions
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Dynamic model of vibration input module
	Dynamic model of mechanical motion rectification module
	Electrodynamic model of the output module

	Quantification and statistical analysis



