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Abstract

With the rapid development of rail transit, how to power low-energy monitoring systems
for the vast and complex infrastructure in the rail transit system is becoming an urgent prob-
lem. To achieve green and intelligent rail transit infrastructure while ensuring long-term
operational safety, harvesting vibration energy from tracks to power wireless sensor net-
works has become a research hotspot. This paper designs a track vibration energy harvester
based on a broadband magnetic levitation structure. First, a dynamic model of the harvester
is established, and the corresponding dynamic equations, energy—velocity relationship, and
system transfer function are derived. Also, by simulating electromagnetic interactions, the
distribution pattern of magnetic density inside the energy harvester is revealed. Next, the
response characteristics of the energy harvester are analyzed under single-frequency and
multi-frequency excitation conditions. Using the Runge-Kutta algorithm for computational
analysis, the optimal structural parameters of the energy harvester are designed. Finally,
a magnetic levitation energy harvester prototype is constructed. Experimental validation
confirmed the feasibility of the energy harvester and its adaptability to low-frequency
vibration environments.

Keywords: environmental energy harvesting; energy harvester; magnetic levitation; non-
linear dynamics

1. Introduction

With the rapid development of Chinese society and technology, public transportation
demands continue to grow, leading to the ongoing expansion of rail transit network scales
and increased operational maintenance pressure for trains. Consequently, enhancing train
operational safety and efficiency has become a critical issue in rail transit development,
giving rise to digital and intelligent operation and maintenance solutions based on track
monitoring and early warning systems. As the initial component, sensors are responsible
for collecting target data and communicating to data processing systems. Therefore, sensors
are critical components while the accuracy, integrity and reliability of data directly impact
the decision-making of the monitoring and early warning system.

However, the current battery-powered mode of sensor operation presents multiple
drawbacks. Batteries require periodic replacement or charging, and maintaining a large
number of sensor nodes consumes significant human and time resources, reducing sys-
tem operational efficiency [1,2]. Batteries also pose environmental pollution concerns,
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because their energy sources often come from thermal power generation, falling short in
terms of green and low-carbon sustainability [3]. To enhance the operational and main-
tenance efficiency of electrical equipment while responding to national calls for energy
transition, scholars have conducted extensive research on environmental energy harvesting
such as solar energy, wind energy and geothermal energy [4-8]. Among these efforts,
harvesting energy from environmental vibrations, especially from the inherent vibration
environment of rail transit has emerged as a research focus [9,10].

Vibration energy harvesters are mainly divided into piezoelectric, electromagnetic,
and frictional types. Although piezoelectric harvesters provide high output voltage, they
often face challenges in achieving high output power. In contrast, electromagnetic energy
harvesters have the characteristics of low impedance and high current output, making
them particularly suitable for powering sensors in railway environments. Therefore, this
article mainly focuses on the electromagnetic vibration energy harvester.

Optimization of the mechanical structure is critical for enhancing energy harvesting
performance [11,12]. However, traditional linear spring-based structures face inherent
limitations, such as fatigue failure under long-term high-intensity impacts and narrow
resonance bandwidth [13]. To overcome these drawbacks, introducing nonlinear dynamics
to broaden the frequency bandwidth has become a frontier research direction.

In the field of vibration nonlinear energy harvesting, groundbreaking work has estab-
lished a rigorous theoretical framework for broadband enhancement. Cottone et al. [14]
demonstrated the superior performance of a bistable oscillator using a magnetically coupled
piezoelectric inverted pendulum and derived control equations that clearly explain stochas-
tic dynamics and potential well transitions. Similarly, Erturk and Inman [15] conducted a
comprehensive analysis of the electromechanical coupling in a bistable Duffing oscillator
used for broadband power generation. Although these studies provide fundamental physi-
cal foundations for fully coupled electromechanical dynamics, engineering applications
often require simplified models for rapid prototyping and structural parameter iteration.

Building upon these nonlinear theoretical foundations, magnetic levitation structures
have emerged as a promising engineering solution to realize nonlinear characteristics [16].
By utilizing magnetic restoring forces to replace or partially replace physical springs, these
designs not only generate the desired nonlinear stiffness for bandwidth enhancement,
but also eliminate mechanical friction and fatigue issues common in rail environments.
Along this technological route, researchers have developed various magnetic levitation
energy harvesters.

In 2016, Wang et al. designed a two-degree-of-freedom magnetic levitation vibration
energy harvester featuring elastic coupling between a mass block and a forced vibration ele-
ment [17]. Simulation results demonstrated four resonance peaks under external excitation,
indicating that adding the mass block optimized both output power and energy harvesting
bandwidth. Chen et al. designed a novel triangular three-degree-of-freedom structure.
with vertically vibrating mass blocks at the vertices [18]. Displacement was converted
to the horizontal direction via two light rods and a slider, achieving nonlinear coupling.
This broadened the response frequency band while leveraging the lever mechanism to
amplify the relative displacement and velocity between magnets and coils. The output
voltage was effectively increased to 4.98 V—1.76 times that of traditional linear systems
under equivalent input conditions. Liu et al. designed a horizontal electromagnetic energy
harvester based on a Halbach permanent magnet array [19]. The permanent magnet is
fixed to a hollow mass block mounted on a guide shaft, with spring couplings at both
ends. This allows the permanent magnet to reciprocate along the guide shaft as a moving
element, generating relative displacement with the coil stator to produce current. The per-
manent magnets employed Halbach magnetization to enhance magnetic field strength
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while facilitating lightweight design. The device ultimately generated a rectified voltage of
approximately 5 V with an output power of 0.4 W. Zhang et al. designed an electromagnetic
vibration energy harvester combining magnetic levitation and spring structures [20]. This
design enables segmented responses across different frequency bands, broadening the
operational bandwidth and improving the collector’s response to low frequencies. Conse-
quently, it operates efficiently at excitation frequencies below 14 Hz. Holm et al. designed
an electromagnetic energy harvester featuring a dumbbell-shaped dual-layer suspended
magnet [21]. By modifying the suspended magnet structure, they reduced internal friction
and increased the rate of magnetic flux change, achieving a maximum output of 1.04 mW
under excitation conditions of 4-20 Hz and 3 mm amplitude. Gao et al. [22] leveraged
the wide-band response characteristics of magnetic suspension oscillators to configure
a track energy harvesting device. This device converts the output AC voltage into DC
power, supplying lithium batteries to stably power a suite of sensors (including accelerom-
eters, temperature sensors, humidity sensors, and infrared sensors). After collecting data,
the sensors communicate with ZigBee coordination devices to transmit information to com-
puters, enabling wireless communication via the ZigBee network. This energy harvester
underwent field testing on a railway section in Chengdu. An oscilloscope connected to the
magnetic levitation oscillator recorded the harvester’s response. By adjusting the number
of coil turns, coil geometry and arrangement, magnetic flux density, and suspended magnet
mass, an induced voltage output ranging from 2 V to 4 V was achieved. Yang et al. [23] has
explored the use of frequency-dependent equivalent impedance analysis to optimize the
vibration isolation and energy harvesting performance of vehicle suspension systems.

These studies have effectively enhanced the output power and response bandwidth
of vibration energy harvesting systems. However, efforts of these studies usually can-
not be directly applied to the environment of rail transit. The sensors within the track
monitoring and early warning system face challenges due to their large number and the
limited space along the track. Additionally, track vibrations exhibit greater amplitude and
broader frequency bands than conventional environmental vibrations, sometimes with
prominent dominant frequencies. Conventional vibration energy harvesting devices remain
unsuitable for rail transit applications. To enhance the feasibility and adaptability of energy
harvesters in track monitoring systems while maximizing harvesting performance, targeted
design of harvester structure and frequency bandwidth is essential. Therefore, this paper
presents a track vibration energy harvester based on a broadband single-degree-of-freedom
magnetic levitation structure, specifically engineered for vibration energy harvesting in
track environments with theoretical analysis and experimental validation. The research
method of this article is shown in Figure 1.
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Figure 1. Research method of the electromagnetic vibration energy harvester.
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The contributions in this paper are summarized as follows:

(1) Designed and fabricated a frequency-tunable vibration energy harvester suitable
for installation in rail environments;

(2) Through dynamic analysis and simulation calculations, elucidated the fundamental
principles and electromagnetic distribution patterns of the vibration energy harvester,
achieving optimal structural parameter design;

(8) Conducted performance testing on the actual harvester unit, preliminarily validat-
ing its feasibility for sensor powering applications.

The arrangement of the article sections is as follows: Section 1 discusses the research
background and significance of rail vibration energy harvesters, along with the current
state of research, laying the foundation for subsequent content. Section 2 explains the
fundamental operating principles of the energy harvester and designs its structure tailored
for the trackside environment; Section 3 establishes a dynamic model of the energy harvester
and simulates electromagnetic interactions to reveal the magnetic flux density distribution
patterns within it; Section 4 performs numerical calculations based on a MATLAB/Simulink
(version R2024b) model and Runge-Kutta algorithm to compare the dynamic response
of the harvester under different conditions and parameters, as well as to derive optimal
structural parameters; Section 5 constructs a test platform, fabricates and tests the designed
energy harvester’s output performance, and analyzes the results; Section 6 summarizes the
research content and outlines future research directions.

2. Design of the Track Vibration Energy Harvester

The fundamental principle of electromagnetic energy harvesters is Faraday’s law of
electromagnetic induction, which states that the magnitude of the induced electromotive
force in a circuit is directly proportional to the rate of change of magnetic flux through that
circuit. This relationship is expressed mathematically as shown in (1):

& = ar 1)

Based on Faraday’s law of electromagnetic induction, when a train passes through the
energy harvester installation zone, the interaction between the wheels and rails induces
vertical vibrations in the track. The suspended magnet of the energy harvester acts as a
forced vibration element, with relative motion to the induction coil. This motion causes the
coil to cut through the magnetic field lines, generating an induced electromotive force across
the resistor terminals. Thus, the mechanical energy from track vibrations is converted into
electrical energy.

The optimization approach for electromagnetic vibration energy harvesters in this
section is as follows referring to the study by Gatti et al. [24]: First, necessary simplifi-
cations are made to the model of the electromagnetic vibration energy harvester with
magnetic levitation coupling. This includes treating measured track vibration data directly
as excitation input to the harvester system, disregarding energy losses during coupling
between the harvester and track-related structures. Second, the counteraction of the energy
harvester on track vibration upon excitation is neglected. This assumes a unidirectional
force relationship between the track excitation source and the vibration energy harvester,
where the harvester does not influence the track’s vibration characteristics.
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The classic structure of electromagnetic energy harvesters can be modeled as mass-
spring-damper systems. To broaden the response frequency band of electromagnetic
vibration energy harvesters, this paper adopts a magnetic levitation coupling design in the
harvester structure. The simplified harvester structure is shown in Figure 2.
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Figure 2. Structure of the electromagnetic vibration energy harvester.

In its initial state, the electromagnetic vibration energy harvester is not subjected
to external vibration excitation. The suspended magnet within the harvester remains
stationary between the upper and lower fixed magnets. At this point, there is no relative
velocity or displacement between the two degrees of freedom of the harvester system.
Consequently, there is no change in magnetic flux within the induction coil, and no induced
voltage or current is generated. When external excitation occurs, the fixed magnet connected
to the energy harvester’s housing shifts first. The distance between this fixed magnet and
the originally stationary suspended magnet changes. After that, the electromagnetic
repulsive force exerted on the suspended magnet by the upper and lower fixed magnets
also varies. This disrupts the equilibrium state, causing the harvester to enter an oscillatory
state. The relative motion between the suspended magnet and the coil alters the magnetic
flux through the coil, inducing both voltage and current.

3. Dynamics and Magnetic Flux Density Analysis of the Energy Harvester
3.1. Dynamics Analysis of the Energy Harvester

The magnetically levitated electromagnetic vibration energy harvester constitutes a
nonlinear single-degree-of-freedom structure subjected to base excitation. Its fundamental
dynamic equation is shown as follows:

mz + cz + Fpag(z) = —mi ()

In Equation (2), m denotes the mass of the suspended magnet. z denotes the relative
displacement between the suspended magnet and the harvester housing, while Z and
Z represent the first and second derivatives of z, corresponding to the relative velocity
and relative acceleration. y indicates the displacement of the harvester housing, while
y and §j denote the velocity and acceleration of the housing, as well as the first and sec-
ond derivatives of y. ¢ denotes the total equivalent damping coefficient, which includes
both the mechanical viscous damping (from structural friction and air resistance) and
the electromechanical coupling damping (induced by the Lorentz force reaction from the
harvesting circuit).
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It is acknowledged that rigorous physical models, as established in [14,15], include
a backward electromechanical coupling term in the equation of motion. However, in this
simplified model, the backward electromechanical coupling is approximated as a linear
viscous damping term c to facilitate parameter analysis.

Fiuag (z) represents the nonlinear magnetic levitation force acting on the suspended
magnet, shown in Equation (3):

Fag = k1z + k32> (3)

In Equation (3), k; and k3 are the linear and nonlinear magnetic stiffness coefficients.

Following the modeling approach established by Gatti et al. [24], we define the ob-
jective function based on the energy dissipated by the equivalent damping. The total
dissipated mechanical energy over a time period t is expressed as:

E(t) = /Ot 22 dt )

It is worth noting that this quantity E represents the theoretical upper limit of the
potential for harvested energy. In the physical prototype, due to the conversion efficiency
of sensors and circuit losses, the actual extracted electrical energy will be a small fraction
of E.

Unlike linear systems, this nonlinear equation cannot be easily solved using standard
transfer functions. Therefore, in Section 4.1, we employ a numerical simulation model
to solve this equation and analyze the system’s dynamic response under various excita-
tions. To visually observe the magnetic field density distribution within the harvester,
the subsequent subsection will conduct a multi-physics simulation of the harvester system.

3.2. Magnetic Density Analysis of Energy Harvester

To visualize the fundamental electromagnetic mechanism, a conceptual finite element
model was established in COMSOL Multiphysics (version 6.1). The simulation frame-
work was developed with reference to the COMSOL Application Library model “Tubular
Permanent Magnet Generator” (Application ID: 20381), with adjustments made to the
magnetic structure, material properties, and excitation parameters to suit the specific needs
of this study. This simulation utilized COMSOL’s “Magnetic Field” and “Moving Mesh”
modules, configuring three permanent magnets and a set of coils. A sinusoidal relative
motion was established between the magnets and coils. As shown in the magnetic flux
density distribution contour plot in Figure 3, the magnetic induction intensity within the
three magnets on the left is significantly stronger than in structures such as air gaps and
coils. The magnetic induction intensity reaches its maximum value at the end points of the
magnets closest to the coils. The magnetic induction intensity inside the coils is higher than
in the surrounding space. This simulation serves to illustrate the physical principle of the
magnetic circuit, and the specific geometric dimensions of the energy harvester are detailed
in Section 5.
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Figure 3. Conceptual illustration of the magnetic flux density distribution in a repulsive mag-

netic structure.

4. Optimal Design of Structural Parameters for the Energy Harvester
4.1. Single-Frequency Excitation Response Analysis

To analyze the dynamic response of the vibration energy harvester, this section estab-
lishes a MATLAB/Simulink model of the harvester. This model calculates and compares
the dynamic response under different conditions and parameters. The electromagnetic
vibration energy harvester model constructed on the MATLAB/Simulink platform based
on the segmented nonlinear electromechanical coupling theory [25-27] is shown in Figure 4.

Sine Wave
N 1/R_load
1
s locit M1
velocity
* IZ\'” g 'D
E‘_> S displacement
n
Subtract
R
y .
—0.02/0.02 [« vV fen dd/dt

MATLAB Function
=1 =

Figure 4. Electromagnetic energy harvester model on Simulink.

The computational flow of this Simulink model is primarily divided into three parts:
the first part is used to solve for excitation inputs, including external sinusoidal excita-
tion signals and magnetic restoring forces; the second part is used to integrate the input
acceleration variable, with two integration steps outputting relative velocity and relative
displacement, respectively, and feeding them back to the input stage; the third part is
used to calculate the rate of change of magnetic flux (induced electromotive force) and

instantaneous output power.
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0.035

The Sine Wave module is used to input sinusoidal excitation to the system; the Sub-
tract module calculates the system’s comprehensive force conditions, including external
excitation terms, damping terms, and magnetic repulsion terms; the Integrator Limited
module integrates the acceleration values of the input excitation to obtain the system’s
velocity and displacement; the Gain module introduces damping and magnetic repulsion
term coefficients; the Fcn module calculates magnetic repulsion based on (3). To avoid
numerical singularity when the displacement term in the denominator approaches zero,
a small regularization parameter 1y = 1 x 10~* m is introduced into the denominator of
the flux density function. This ensures the stability of the MATLAB Function block shown
in Figure 4.

The Product module, serving as the integration stage, calculates the system output
power according to (5). Ry, is the load resistance, assumed to be unity (1(2) for normalized
power analysis in this numerical study.

(dD/dt)>
Rload

P(t) = ()

This setup also enables exporting various physical quantities during system operation,
allowing observation of their waveforms and changes, including input excitation accelera-
tion, system velocity and displacement, rate of change of magnetic flux, and coil output
power. Single-frequency excitation acceleration a set to 0.3 g, 0.5 g, and 1 g (equivalent
t02.94 m/s?, 4.9 m/s?, and 9.8 m/s?), and the system damping values are 0.001 N/(m:s),
0.005 N/(m:s), 0.01 N/(m:s), 0.02 N/(m:s), and 0.05 N/(m-s), respectively. The frequency
sweep range is 0.1 Hz to 100 Hz. A variable-step solver was employed during simulation
to prevent significant distortion of the excitation signal, with a stop time set at 10 s.

The relationship between the maximum system displacement obtained from nonlinear
model simulations and the single-frequency excitation frequency for each parameter com-
bination is shown in the following figures. In Figure 5a, the maximum displacement of the
middle magnet occurs at approximately 44 Hz, with a peak displacement of about 0.021 m.
In Figure 5b, the maximum displacement of the middle magnet occurs at approximately
48 Hz, with a peak displacement of about 0.026 m.
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Figure 5. (a) Displacement-frequency curve: a = 0.3 g, c = 0.02 N/(m/s). (b) Displacement-frequency
curve: a=0.5g,c=0.02N/(m/s).
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In Figure 6a, the maximum displacement of the middle magnet occurs at approxi-
mately 52 Hz, with a peak displacement of about 0.035 m; in Figure 6b, the maximum
displacement of the middle magnet occurs at approximately 47 Hz, with a peak displace-
ment of about 0.032 m.
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@) (b)
Figure 6. (a) Displacement-frequency curve: a =1 g, ¢ = 0.02 N/(m/s). (b) Displacement-frequency
curve: 2 =0.5g, c=0.001 N/(m/s).

In Figure 7a, the maximum displacement of the middle magnet occurs at approxi-
mately 50 Hz, with a peak displacement of about 0.034 m; In Figure 7b, the maximum
displacement of the middle magnet occurs at approximately 48 Hz, with a peak displace-
ment of about 0.026 m.
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Figure 7. (a) Displacement-frequency curve: a = 0.5 g, c = 0.005 N/(m/s). (b) Displacement-frequency
curve: 2 =0.5g,c=0.01N/(m/s).

In Figure 8a, the maximum displacement of the middle magnet occurs at approxi-
mately 48 Hz, with a peak displacement of about 0.026 m; In Figure 8b, the maximum
displacement of the middle magnet occurs at approximately 48 Hz, with a peak displace-
ment of about 0.025 m.
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Figure 8. (a) Displacement-frequency curve: a = 0.5 g, c = 0.02 N/(m/s). (b) Displacement-frequency
curve: a =0.5g,c=0.05N/(m/s).

The simulation results indicate that under different parameter conditions, the vibration
amplitude of the magnetic levitation track vibration energy harvester exhibits a sudden
drop phenomenon as the excitation frequency varies. As the excitation frequency changes
from 0 Hz to approximately 48 Hz, the maximum displacement of the intermediate magnet
increases with the excitation frequency. Upon reaching a frequency near 48 Hz, the max-
imum displacement value of the intermediate magnet rapidly decreases within a 10 Hz
range of excitation frequency variation, followed by a gradual decline. Therefore, for a
vibration energy harvester with given parameters, an idealized single-frequency excitation
environment can achieve resonance with it, enabling higher-harvesting performance.

The simulation results also reveal the influence of different physical variables on the
maximum displacement of the intermediate magnet. With a fixed system damping term,
a higher acceleration value in the external excitation corresponds to a higher maximum dis-
placement of the intermediate magnet. With damping set at 0.02N/(m/s) and acceleration
values 0of 0.3 g, 0.5g, and 1 g, the maximum displacements are 0.021 m, 0.026 m, and 0.035m,
respectively. Under a given external excitation acceleration, the maximum displacement
of the intermediate magnet first increases rapidly and then gradually decreases as the
damping value rises. With an external excitation acceleration of 0.5 g and system damping
values of 0.001N/(m/s),0.005N/(m/s),0.01N/(m/s),0.02N/(m/s),and 0.05N/(m/s),
the maximum displacements were 0.032m, 0.034 m, 0.026 m, 0.026 m, and 0.025 m, respec-
tively. This indicates that when system damping falls below a value near 0.001 N/ (m/s),
the system stiffness becomes excessively low, potentially impairing the stable oscillation of
the suspended magnet. Within the range exceeding this damping threshold, the displace-
ment response generally decreases as damping increases. This preliminary finding suggests
that appropriately reducing damping can lower system stiffness, thereby enhancing the
harvesting performance in capturing low-frequency vibration energy.

Additionally, the simulation results in Figures 5-8 express a distinct characteristic
where the resonance peaks lean towards the higher frequency range. This is a typical
hardening stiffness phenomenon associated with the nonlinear Duffing oscillator, induced
by the magnetic repulsion forces. The observed sudden drop in amplitude represents the
jump-down bifurcation point, where the system transitions from a high-energy resonant
state to a low-energy state.

Therefore, this nonlinear characteristic offers a significant advantage over linear har-
vesters. The frequency band of track vibration is usually wide, and it’s difficult for energy
harvesters to strictly match the complicated vibration environments. The hardening be-
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havior shown effectively broadens the resonance bandwidth, allowing the harvester to
maintain high-amplitude oscillations over a wider frequency range before the sudden drop
occurs. This validates the broadband design objective.

It is worth noting that the nonlinear dynamics of the Duffing oscillator, including
bifurcation phenomena and chaos, have been rigorously treated in classical texts such as
Guckenheimer and Holmes [28]. In this paper, we focus on leveraging the well-known
hardening stiffness characteristic to achieve a passive bandwidth expansion, to provide
convenience for railway energy harvesting application.

4.2. Multi-Frequency Excitation Response Analysis
4.2.1. Power Spectrum Density Analysis of Vibration Data

Power spectral density (PSD) is a physical quantity used to describe the relationship
between a signal’s energy (power) and frequency. Performing power spectral density anal-
ysis on track vibration acceleration provides a more intuitive and profound understanding
of this type of track vibration characteristic, particularly the distribution of vibration energy
in the frequency domain.

The data sources for this section include: the track vibration displacement data of
freight trains operating at a speed of 64 km/h in a paper published by Pan et al. in 2018
and 2019 [29,30]; Track vibration acceleration data of Tongji University high-speed maglev
integrated test line. These two datasets were specially selected to represent two distinct
extremes of the track vibration environment: the freight train data exhibits the typical
broadband low-frequency spectrum characteristics of heavy-haul transportation, while
the maglev train data is characterized by narrowband high-frequency peaks. Analyzing
these comparative scenarios allows us to comprehensively evaluate the adaptability and
performance limits of the collector under different operating conditions.The results of the
power spectral density analysis for the track vibration acceleration data of freight trains are
shown in Figure 9.

Power spectral density plot of acceleration for freight train track
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Figure 9. Power spectral density of acceleration for freight train track.

The results indicate that the peak values of the track acceleration power spectrum for
freight trains are primarily concentrated within the 50 Hz to 200 Hz range, reaching a maxi-
mum value of approximately 85 (m2 /s*)/Hz between 100 Hz and 150 Hz. Subsequently,
the power spectral density gradually decreases starting around 170 Hz. Therefore, it can
be preliminarily concluded that the track vibration energy of freight trains is primarily
concentrated in the 50 Hz to 200 Hz frequency band, exhibiting a relatively wide frequency
distribution and complex frequency components.

The power spectral density analysis results for the bridge vibration acceleration data
of the maglev test line are shown in Figure 10.
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Figure 10. Power spectral density of acceleration for maglev track.

The results indicate that the acceleration power spectrum distribution of the maglev
train bridge is relatively concentrated, with distinct peaks appearing near 97 Hz, 1469 Hz
and 2314 Hz, with corresponding power spectral densities of 8.6 x 10~° (m?/s%)/Hz,
9.4 x 10° (m?/s*)/Hz, and 1.4 x 1075 (m?/s*) /Hz. This suggests that during maglev
train operation, bridge vibration energy distribution is relatively concentrated and compar-
atively lower than that of freight train tracks. Additionally, the overall vibration frequency
of freight train tracks is significantly lower than that of maglev bridges. Based on this,
preliminary speculation suggests that electromagnetic energy harvesters coupled with
magnetic levitation would exhibit higher harvesting performance in freight train scenarios
than in maglev bridge scenarios. This hypothesis will be analyzed and validated in the
next subsection.

4.2.2. Multi-Frequency Excitation Response Analysis Based on Runge-Kutta Methods

To systematically determine the optimal structural parameters, a numerical exhaus-
tive search method was employed, utilizing the computational framework adopted by
Gatti et al. [24] in their fundamental research, as shown in (6).

max ) (§) = [ E(f,0)af ©

In this equation, E denotes the dissipated energy potential defined in (4), and ¢ is the
equivalent damping ratio. The goal is to identify the optimal ¢ that maximizes the integral
area under the power-frequency curve within the operational bandwidth, ensuring the
harvester captures the maximum vibration energy from the track.

The optimization process based on the fourth-order Runge-Kutta (RK-4) algorithm is
detailed as follows. Firstly, the system’s natural frequency w;, is swept within the range of
0-1000 Hz, and the damping ratio { is varied logarithmically from 1 x 107> to 1 x 10~ 1.
The intermediate magnet is assumed to be unity mass (m = 1 kg) to generalize the results.

Secondly, for each iteration step in the loop, the unknown physical parameters (equiv-
alent stiffness k and damping coefficient c) are uniquely derived from the current pair of
(wn, €). Since relative displacement and acceleration are coupled physical quantities, they
can be simultaneously calculated using a single Runge-Kutta algorithm iteration.

Finally, after obtaining the relative velocity between the intermediate magnet and
other structures of the energy harvester, the total dissipated energy potential for each
parameter combination is calculated according to (4), and the global maximum is identified
to pinpoint the optimal design parameters.
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This analytical approach leverages the simplicity of the Runge-Kutta algorithm to
rapidly and accurately determine relative displacements and velocities corresponding to
each set of natural frequencies and damping ratios within the energy harvester. Integrating
the product of velocity and damping yields the dissipated energy potential. Comparing the
results identifies the maximum dissipated energy potential and its corresponding optimal
combination of natural frequency and damping ratio—representing the optimal structural
parameters for the electromagnetic vibration energy harvester under that excitation data.
Through this analysis, curves showing the variation of maximum dissipated energy poten-
tial E and optimal damping ratio { with respect to the natural frequency wy of the vibration
energy harvester were obtained.

The dissipated energy potential and damping ratio curves for a freight train operating
at 64 km/h and the maglev train on the Tongji University Maglev Test Line are shown in
Figures 11 and 12.
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Figure 11. Numerical analysis of energy harvesting effect for freight train tracks.

As shown in Figure 11, for freight train track, the dissipated energy potential reaches
its maximum value of approximately 0.39 J/kg when the harvester’s natural frequency
wo = 30 Hz and the system damping ratio { = 0.02223. For maglev tracks in Figure 12,
the dissipated energy potential reaches its maximum value of approximately 0.00021 J/kg
when the harvester’s natural frequency wy = 100 Hz and the system damping ratio
¢ = 0.00005. The electromagnetic vibration energy harvester demonstrated better energy
capture performance on freight train tracks compared to the maglev train bridge, validating
its adaptability for low-frequency environmental energy harvesting.
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Figure 12. Numerical analysis of energy harvesting effect for maglev tracks.

5. Experimental Prototype Construction and Experimental Results

The experimental setup utilizes a vibration motor as the excitation source. To ensure
stable mechanical coupling and withstand severe vibrations, a customized motor housing
was designed using SolidWorks and manufactured through Stereolithography (SLA) 3D
printing technology with photosensitive resin. This non-magnetic material was chosen to
prevent magnetic flux leakage and eddy current damping. EPE foam was used as a filling
material inside the motor housing to ensure stable vibration transmission.

The housing and motor are securely fixed with metal wires of 2.2 mm diameter to
prevent loosening during operation. The main housing dimensions are 52 mm x 52 mm x
65 mm. After installing an adjustable top rod, the total height is approximately 110 mm.
Magnets: The system employs ring-shaped NdFeB permanent magnets (outer diameter
20 mm, inner diameter 5 mm, thickness 5 mm) arranged in a repulsive configuration
along the central guide rod. To reduce friction, the central rod is coated with graphite
powder. The induction coil is wound with enameled copper wire of 0.15 mm diameter,
with approximately 800 turns. To measure the output capability under load, a 6.4 ohm load
resistor is connected in series with the induction coil. The output voltage and current are
directly recorded using the analog input channels of a NI USB-6008 data acquisition card.

This experiment employs National Instruments data acquisition equipment for data
collection. The data acquisition (DAQ) system comprises sensors, DAQ measurement
hardware, and a computer. After debugging, it can measure the output voltage and
current of the vibration energy harvester. Data reading and recording of the harvester’s
output utilize the Voltage-Continuous Input and Current-Continuous Input examples within
LabVIEW (version 2022). The external structure of the energy harvester was designed using
SOLIDWORKS (version 2021). The experimental design is shown in Figure 13.
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(a) 3D Model Design (b) Fabricated Prototype

Figure 13. Experimental design of the vibration energy harvester: (a) 3D Model design showing
internal structure; (b) Fabricated prototype featuring four-point rigid fixation and 3D printed housing.

After processing and visualizing the LabVIEW output files using MATLAB software
(version 2024b), the test results for the electromagnetic track vibration energy harvester are
shown in Figures 14-19.
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Figure 14. Output voltage-time curve of Group 1.
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Figure 15. Output voltage-time curve of Group 2.
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Figure 16. Output voltage-time curve of Group 3.
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Figure 17. Output current-time curve of Group 1.
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Figure 18. Output current-time curve of Group 2.
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Figure 19. Output current-time curve of Group 3.

Figures 14-16 display the voltage measurement results, where Group 3 exhibited per-
sistent zero-point drift, rendering the data invalid and subsequently excluded from further
analysis. Figures 17-19 present the current measurement results. Group 3 exhibited severe
zero-point drift and poor output quality, leading to its exclusion from subsequent analysis.
We suppose that during continuous high-intensity vibration operations, significant changes
occur in parameters such as sensor circuit temperature, which caused persistent zero-point
drift in Group 3. As shown in the figures, the harvester’s output voltage remained largely
stable around 1.378 V, peaking at 1.431 V. The output current was generally stable around
1.530 mA, with a maximum of 17.476 mA. Calculations indicate the actual energy har-
vester’s output power averages approximately 2.108 mW, with a peak output power of
25.008 mW.

Using the nominal parameters listed in Table 1 (estimated based on the physical
dimensions and magnetic properties of the prototype), the theoretical peak change rate of
magnetic flux (d®/dt) in resonance state is predicted to be approximately 1.9 V. The peak
voltage measured by the prototype is 1.431 V, and the experimental results are consistent
with the simulation results in terms of magnitude, with a deviation of about 25%. This
reasonable difference validates the effectiveness of the proposed model, which is attributed
to the inevitable uncertainty in estimating damping coefficients and magnetic flux leakage
in manually fabricated prototypes, which have been simplified in the theoretical model.

These experimental results demonstrate that the energy harvester’s output level meets
the requirements for low-power wireless sensor nodes, providing preliminary valida-
tion of the feasibility of applying magnetically levitated electromagnetic vibration energy
harvesters to sensor self-powering solutions.

Table 1. Fixed parameters and variable ranges used in the numerical simulation.

Parameter Symbol Value Source
Suspended Magnet Mass m 0.02 kg Experimental Fit
Linear Stiffness k1 35N/m Experimental Fit
Nonlinear Stiffness k3 27,680 N/m? Experimental Fit
Damping Coefficient c 0.001-0.05 Ns/m Variable (Analyzed)
Frequency f 0.1-100 Hz Variable (Analyzed)
Gravity Acceleration g 9.8 m/s? Constant
Vacuum Permeability Ho 47t x 1077 H/m Constant
Regularization Param. U 1x107*m Numerical Setting
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6. Conclusions

This paper proposes a magnetic levitation coupled electromagnetic vibration energy
harvester for sensor nodes in low-power-demand trackside wireless sensor networks. The-
oretical analysis and design are conducted to enhance the harvesting performance. Our
comparative analysis indicates that due to the high frequency and low vibration ampli-
tude of the maglev track, its performance on the maglev track is not ideal. Therefore,
the main application scenario for this equipment is identified as heavy freight transporta-
tion infrastructure.

Despite the feasibility, there are still several challenges in practical applications. First,
while the nonlinear design broadens the bandwidth, significant variations in train speed
may still shift the dominant vibration frequency away from the resonant range. Secondly,
in practical applications, circuits for rectification and storage will bring additional efficiency
losses, which would be discussed in future work. Thirdly, the harsh railway environment
(such as shock, dust and moisture) requires further optimization the design of the har-
vester’s size, shape and installation. Long-term field testing to gather statistical vibration
data under varying environmental conditions is also essential.

It is worth noting that the simplification made in Section 2, which treats track vibration
directly as the base excitation, actually reduces the harvester to a single-degree-of-freedom
model. Future work will address this issue by considering the flexible coupling to better
match practical applications.

In summary, the proposed magnetic levitation harvester may advance technological
innovation and development in rail transit power supply solutions. It supports the mod-
ernization of intelligent rail operations and offers new perspectives for energy transition in
transportation infrastructure.
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