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Abstract. This paper investigates a design of a energy harvester that uses magnetic levitation to 
produce an oscillator with a appendage linear spring. The harmonic balance method is developed to 
analyze the frequency-amplitude response relationship. The numerical results show that the strength 
and bandwidth of energy harvesting are improved by adjusting the mass ratio. The analytical results 
are supported by the numerical solutions. 

Introduction 
Harvesting surrounding waste kinetic energy to power low-powered electronics has emerged as a 

prominent research area and continues to grow rapidly[1]. Vibration-based energy harvesters are able 
to scavenge wasted vibrations from environment and converting wasted vibrations into electrical 
energy to power small-scale electronic device. Such technology provides a promising future for the 
development of self-powering sensors.As a promising approach, the piezoelectricity has been used to 
convert ambient vibration into useful electrical energy[2]. There are several excellent and 
comprehensive survey papers, notably Sodano [3], Anton and Sodano[4], and Tang et al. [5], 
reviewing the state of the art in different time phases of investigations related to piezoelectric energy 
harvesting. Recently, nonlinearity and bistability have been introduced to increase the operating 
frequency range of energy harvesters. Although the cantilevered piezoelectric energy harvester has 
been investigated most frequently, its output power and working bandwidth are still too small for 
practical use. Recently, magneto electric laminate  composites (MLCs) [6] have been used to create 
vibration-based energy harvesters. Due to the high energy density and strong magneto-mechanical 
coup ling in magnetostrictive material, MLC has the potential to generate large power outputs. Dai et 
al. [7] designed an energy harvester using Terfenol-D/PZT/Terfenol-D laminate, which can produce a 
power at 71 Hz for a base acceleration. Their energy harvester was able to drive wireless sensor nodes 
at a certain communication distance and operation cycle. Wen-An Jiang et al [8-12] proposed energy 
harvesting of monostable Duffing oscillator under Gaussian white noise excitation.Zhu et al. [13-14] 
used Terfenol-D/PZT/Ter-fe nol-D laminate to harvest energy from nonlinear vibration created from 
magnetic levitation. 

On the base of   the design and analysis of a new magneto electric energy harvester, This paper 
investigates a design of a energy harvester that uses magnetic levitation to produce an oscillator with 
a appendage linear spring. The harmonic balance method is developed to analyze the 
frequency-amplitude response relationship. 

Governing Equation of the System 
A schematic diagram of the complete energy harvesting device is shown in Fig. 1. The device 

consists of the magnetic levitation system and a coil fabricated from seven layers of 36 guage 
enamelcoated copper wire that was wound around the outer casing. To describe the model for 
electromagnetic induction, we refer to the schematic diagram of Fig. 1 where two reference frames 
have been applied. The first reference frame is fixed in space and is used to describe the motion 
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amplitude,A, and excitation frequency, Ω, of the outer housing z=AcosΩt. The second reference 
frame, designated as x, describes the motion of the center magnet.The coil magnetic force is assumed 
to be proportional to the relative velocity between the center magnet and outer housing.It can be seen 
that both the magnetic force and field density depend on the relative displacement of the central 
magnet , which can be solve from the system’s governing equation. By taking into account the 
nonlinear magnetic force, the force of gravity , appendage linear spring and the effect of damping, the 
governing equation of the system can be derived based on the Newton’s second law as 
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Here k1 and k3 are coefficients associated with the separation distance between the top and the 
bottom magnets. Xis the base displacement, y is the displacement of the middle maget,z is the 
displacement;m1,m2 is the mass of the central magnet and the mass under the spring respectively, a is 
the gravitational constant, and c1,c2 is the damping coefficients and the damping comes from the 
frictional contact between the pipe and the moving magnet and air. 

In sum, combining (1) yields the electro-magneto-mechanical model of the proposed magneto 
electric energy harvester. The mechanical response can be obtained by solving these equations. 

 
Fig. 1.A schematic diagram of the magnetic levitation energy harvesting system 

Harmonic balance analysis 

  This section applies the method of harmonic balance to study the magneto electric energy harvester 
to external harmonic loading. The following analysis is of value in that analytical methods are 
provided for characterizing the response of the harvester to a wide range of frequencies. Considering 
the accelerating interest in this type of design, analytical expressions for the magneto electric energy 
harvester response provide for fast and convenient methods for optimization and preliminary 
suitability analyses. Furthermore, the response of a strongly nonlinear harvester to a harmonic load is 
non-trivial and deserving of a more thorough analysis that does not yet exist in the literature. Upon 
introducing a harmonic load of, the dimensionless equations are modified as 
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Here   the coefficients of Eq. (1) have been rewritten as 
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  In the method of harmonic balance, the harvester response is presumed to be accurately modeled by 
a truncated Fourier series, where the number of terms dictates the accuracy of the intended solution. In 
previous analyses, there was strong interest in the large orbit, well-mixing harmonic solutions. This 
type of motion maintains a dominant fundamental frequency at the frequency of excitation. Hence, to 
analytically characterize such motion we assume that the response of the harvester can be modeled as 
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Substituting the above expressions into the dimensionless system, neglecting higher harmonics and 
balancing constant terms and those multiplied by sinΩt and cosΩt.In steady state, all time derivatives 
vanish so that we can re-write the mechanical amplitude equations as 
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Simulation and discussion   
  In this section, approximate analytical results will be illustrated by numerical examples. In the  
following numerical case, the magneto electric energy harvester will be considered. If its physical 
parameters are m1= 0.012g,c1=0.1, k1=6.39N/m,k3=166000N/m3, a=3m/s2,c2=0.01, k2=0.01,m2=0.012ug, u=0.05 
(it is strongly nonlinear) and substituted into (5-8),we get fig 2 ,relative amplitude response to 
different frequency; If u=1,we get fig 3 ,relative amplitude response to different frequency. In fig. 4, the 
frequency response of middle magnet is showed as the mass ratio u changes The numerical results show that the 
strength and bandwidth of energy harvesting are improved by adjusting the mass ratio. The analytical 
results are supported by the numerical solutions. 
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Fig. 2. Frequency response of middle magnet as the mass ratio u is 0.05 . 
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Fig. 3. Frequency response of middle magnet as the mass ratio u is 1 . 
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Fig. 4.  Frequency response of middle magnet as the mass ratio u changes 
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