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Abstract

:

Piezoelectric energy harvesting is a promising way to develop self-sufficient systems. Structural design and parameter optimization are key issues to improve the performance in applications. This paper presents a magnetic coupled piezoelectric energy harvester to increase the output and bandwidth. A lumped parameter model considering the static position is established and various modes are simulated. This paper focuses on the “Low frequency repulsion mode”, which is more practical. The experiment platform is built with the Macro Fiber Composite (MFC) material, and the results are consistent with the analytical simulation. The optimization process of some key parameters, such as magnets spacing and flux density, is carried out. The results show that there is a corresponding optimal spacing for each flux density, which is positive correlated. With the optimized parameter design, the system achieves peak electrical power of 3.28 mW under the harmonic excitation of 4 m/s2. Compared with the conventional single cantilever harvester, the operated bandwidth is increased by 66.7% and the peak output power is increased by 35.0% in experiment.
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1. Introduction


In recent years, energy harvesting technology (EHT) has received extensive attention and promoted the development of self-sufficient systems. EHT can convert various energy sources in the environment into electrical energy, providing energy for wireless low power consumption devices [1]. This “no maintenance” mode will greatly decrease maintenance costs and battery disposal problems. In particular, ambient EHT brings revolutionary development to wireless sensor networks [2]. In addition to no maintenance, it also expands the deployment area for intelligent self-sufficient wireless sensor systems [3].



In numerous EHTs, vibration is a promising source with high power density [4]. As a common physical phenomenon, vibration is widely found in production and living environments such as home appliances, vehicles, natural environments [5], and buildings [6]. It also exists in life phenomena such as heartbeat [7] and limb activities [8]. At present, the commonly used electromechanical conversion methods include piezoelectric method [9,10], electromagnetic method [11], electrostatic method [12], magnetostrictive method [13], etc. Among them, the piezoelectric method based on cantilever structure has gained great attention due to its high energy conversion efficiency and simple processing design [14,15].



However, the cantilever beam vibration energy harvester has some obvious obstacles for extensive applications. When the resonance frequency band of the cantilever beam is not matched with the excitation frequency, the electromechanical conversion efficiency is significantly reduced. For the application level, there is almost no single-frequency stable excitation source in real life. Reilly et al. [16] analyzed some common vibration sources, and it can be seen that the vibration sources of complex machines are generally broadband. Thus, the conventional single cantilever beam harvester requires performance improvement for applications.



At present, researchers have considered the complexity of the actual excitation source, and proposed some optimization schemes to increase the amplitude or the bandwidth [17]. The methods can be classified according to linear and nonlinear principles.



Among the linear optimization methods, a plurality of resonance frequencies are generated in the form of array or multi degrees of freedom. The array method utilizes a plurality of individual cantilever beams, which is simple to design. However, the volume and matching circuit of the system are relatively large [18]. The multi degrees of freedom method is relatively complex but more robust, and generally establishes double or more degrees of freedom in a composite form. The system, due to the coupling between multi modalities, reduces the individual response amplitude for each degree of freedom [19].



The nonlinear optimization methods mainly utilize various auxiliary structures to introduce nonlinear stiffness. One of the representative methods is the ‘Stop Blocking Method’ in Figure 1a, which introduces piecewise stiffness for the system [20,21,22]. This method broadens the band at the expense of decreasing the peak value, and requires that the vibration amplitude is greater than the stopper spacing, which does not work in a small vibration environment.



Another representative method is the ‘Multi-Stable Method’, and the nonlinear stiffness is introduced by magnetic force to generate various steady states [23,24]. Higher amplitude is generated across multiple potential wells. One common structure utilizes two axially opposite magnets to build the bistable system [25,26], as shown in Figure 1b. The structure has a large operating frequency range and amplitude. However, more precise design and processing are required for the multi-stable method, and small amplitude or fast changing excitation is not suitable.



Another nonlinear method, called the ‘Vertical Magnetic Method’, utilizes vertical auxiliary magnets. This method was proposed earlier by Challa et al. [27,28], as shown in Figure 1c. He set up two fixed auxiliary magnets, and adjusted the system resonance frequency between 22 and 32 Hz by adjusting the spacing. Zhang et al. [29,30] studied the resonant response of a single fixed auxiliary magnet structure using a three-time scale method, and found that the structure has a certain effect of widening the frequency band. Firoozy et al. [31] established a distributed reduced-order model based on the Galerkin method, taking into account the angle between the magnets during motion.



Tang et al. [32] installed the auxiliary magnet on the other cantilever beam parallel, and published a letter which compared the structure with the fixed auxiliary magnet preliminarily. Tang established a lumped parameter model for the nonlinear piezomagnetoelastic harvester. Abdelkefi et al. [33] established a distributed parameter model, which was compared with Tang’s lumped parameter model, but still mainly discussed the fixed magnet structure, and did not further analyze the structure of Tang. Yuan et al. [34] applied the harmonic balance method with alternating frequency/time domain progress to predict steady-state responses of nonlinear piezoelectric mechanical systems, and Tang’s model was used as an example to verify the feasibility of the algorithm. The research to date has not analyzed the parameter optimization or properties of the structure.



In this paper, the performance of a magnetic coupled piezoelectric energy harvester is analyzed in detail through experiments and simulations. For analysis and parameter optimization, a theoretical lumped parameter model is established. Compared with Tang’s model [32], the model of this paper considers more details. Based on simulation and experiment, different parameter configurations are discussed. The parameters are optimized and the optimized results are tested experimentally. The results show that the magnetic coupled piezoelectric energy harvester can effectively improve the performance of the conventional harvester and has better practical potential. The paper is organized as follows: The operation principle and model are described in Section 2. The experiment setup is introduced in Section 3. In Section 4, the results and discussion are presented. The conclusion is in Section 5.




2. Modeling and Analysis


2.1. Operation Principle


The magnetic coupled piezoelectric energy harvester studied in this paper is shown in Figure 2 and some parameters are marked in the figure. The structure consists of one unimorph cantilever beam and one auxiliary beam without piezoelectric material. The cantilever beams are fixed on a base parallel and the auxiliary beam is set below. The ends of the two cantilever beams are attached with the same type of magnets, which are aligned to introduce a vertical nonlinear magnetic force on the tips.



The resonance frequencies of the beams in the structure are different and determined by the material, size and mass parameters. In order to ensure the alignment of the magnets and facilitate the analysis, the length and width of the beams are the same and the frequency separation is performed by setting the mass and the height of the beams.




2.2. Modeling


In order to facilitate the analysis of structural characteristics, the modeling process is described in detail below. The main body of the structure is still a conventional cantilever and adds coupling of the magnetic field. The amplitude and bandwidth characteristics of the first-order response of the system dynamics are focused in this paper. The lumped parameter model can be established and calculated rapidly, and the first-order dynamic response can be accurately predicted under the action of the compensation factor [35]. Therefore, this paper plans to select the lumped parameter method for modeling. Different from Tang’s model [32], a more precise model is established that considers the influence of the static position of the magnets.



Some of the parameters used in the modeling process are listed in Table 1 and marked in Figure 2. For ease of description, the lower corner 1 represents the piezoelectric cantilever beam, the lower corner 2 represents the auxiliary cantilever beam and the lower corner p represents the piezoelectric material.



The electromechanically coupled lumped-parameter model of the linear cantilever energy harvester is expressed as [36]:


      M  z ″   ( t )  + C  z ′   ( t )  + K z  ( t )  + Θ  V p   ( t )  = μ M  z 0 ″   ( t )       C p   V p ′   ( t )  − Θ  z ′   ( t )  = −    V p   ( t )   / R     }  ,  



(1)




where z(t) is the relative displacement of the mass and z0(t) is the base motion.



The directions of the dipoles are assumed as always vertically aligned. After introducing nonlinear magnetic force, a two-degree-of-freedom nonlinear piezoelectric dynamic model can be obtained:


       M 1   z 1 ″   ( t )  +  C 1   z 1 ′   ( t )  +  K 1   z 1   ( t )  + Θ  V p   ( t )  + Q  F  m a g    ( t )  =  μ 1   M 1   z 0 ″   ( t )       M 2   z 2 ″   ( t )  +  C 2   z 2 ′   ( t )  +  K 2   z 2   ( t )  − Q  F  m a g    ( t )  =  μ 2   M 2   z 0 ″   ( t )       C p   V p ′   ( t )  − Θ  z 1 ′   ( t )  +    V p   ( t )   / R  = 0    }  ,  



(2)




where Q is the system factor, Q = 1 when the beams are attracted, and Q = −1 when repulsed. The parameters in the equation are analyzed in detail below, taking into account the influence of piezoelectric materials, static position and other influencing factors.



To include the complete contribution of the piezoelectric layer in the system dynamics, the effect of the mass and the inertia of the piezoelectric layer are considered in the proposed model. The equivalent mass and stiffness of the two beams can be expressed as:


   M 1  =   33   140   (  m p  + ρ B L  H 1  ) +  m 1  +  m  m a g   ;  M 2  =   33   140   ρ B L  H 2  +  m 2  +  m  m a g   ,  



(3)






   K 1  =   3  E 1   I 1     L 3    ;  K 2  =   3 E  I 2     L 3    .  



(4)







μ is the correction factor of lumped parameter forcing function [35]. Θ can be obtained by short circuit current method [32]. C can be obtained by logarithmic decay method or viscous damping simplified empirical estimation method.



Two flat cylindrical magnets of the same size are used on the tip of the beams. To approximate the magnetic force, the force is assumed as a dipole-dipole interaction and the directions of the dipoles are assumed as always vertically aligned. Based on these assumptions, the approximate magnetic force is simplified [37]:


   F  m a g    ( d )  =   6 π  B r 2   r 4   h 2     μ  a i r    d 4    .  



(5)







Suppose d0 is the static spacing of the magnets, Δd(t) = z1(t) − z2(t) is the change of the spacing over time, and the magnetic force is expressed as follows:


   F  m a g    ( t )  =   6 π  B r 2   r 4   h 2     μ  a i r      (  Δ d  ( t )  +  d 0   )   4    .  



(6)







The d0 is different from the spacing of the fixed ends D, and the analysis for d0 will be expanded below. The tip deflection of the cantilever beam is affected by the gravity of the beam itself and the concentrated mass of the tips. Therefore, based on the superposition theorem, the deflection equations of the two beams can be established as:


   E 1   I 1   w 1 ″   ( x )  =  (   m 1  g +  m  m a g   −  F  m a g    )   (  L − x  )  +    m p  g + ρ B L  H 1  g   2 L    x 2  ,  



(7)






  E  I 2   w 2 ″   ( x )  =  (   m 2  g +  m  m a g   +  F  m a g    )   (  L − x  )  +   ρ B L  H 2  g   2 L    x 2  .  



(8)







Since the length Lp of the piezoelectric material is very close to the length L of the cantilever beam, it is assumed that the two parameters are equal in the modeling process. The elastic modulus of the piezoelectric composite beam is:


   E 1  =    H 1  E +  H p   E p     H 1  +  H p    .  



(9)







The calculation of the moment of inertia requires firstly determining the position of the neutral plane which is shown as:


   H m  =   0.5  H 1 2  + n  (   H 1  + 0.5  H p   )   H p     H 1  + n  H p    ,  



(10)




where n = Ep/E is the ratio of the modulus. The moment of inertia is:


   I 1  =  1  12   W  H 1 3  + W  H 1     (   H m  − 0.5  h 1   )   2  +  n  12   W  H p 3  + n W  H p     (   H 1  −  H m  + 0.5  H p   )   2  .  



(11)







The deflection static equation can be obtained by solving Equations (7) and (8) with the boundary condition (12), and the end deflection expression can be obtained.


   w 1   ( 0 )  = 0 ;  w 1 ′   ( 0 )  = 0 ;  w 2   ( 0 )  = 0 ;  w 2 ′   ( 0 )  = 0 .  



(12)







The static magnetic force can be expressed as:


   F  m a g   =   6 π  B r 2   r 4   h 2     μ  a i r      1     (  D −  w 1   ( L )  +  w 2   ( L )  − 2 h  )   4    .  



(13)







Equation (13) is solved jointly with the end deflection equations of the two beams to obtain the static deflection w1(L) and w2(L). Therefore, the dynamic magnetic force expression is:


   F  m a g    ( t )  =   6 π  B r 2   r 4   h 2     μ  a i r      1     (  Δ d  ( t )  + D −  w 1   ( L )  +  w 2   ( L )  − 2 h  )   4    .  



(14)







So far, the lumped parameter model of the magnetic coupled piezoelectric energy harvester has been established. Using the ode45 solver of MathWorks’ Matlab software, the Runge-Kutta algorithm can be used to solve the ordinary differential equation of Equation (2) numerically, and the output voltages at different excitation frequencies can be obtained under simulation conditions.




2.3. Simulation Analysis of Different Modes


This section will conduct a preliminary study of the different classifications of the structure based on the lumped parameter model. The nonlinear harvester with magnetic oscillator can be classified into two types according to attraction and repulsion, and two types according to the piezoelectric beam as a higher frequency beam or a lower frequency beam. Therefore, there are four different modes of structure named low/high beam with attraction/repulsion. The normalized simulation results are shown in Figure 3.



From the results of Figure 3, the hardening property is exhibited at the configuration of repulsion, and the system frequency band is shifted to the high frequency. Conversely, the softening characteristic appears at the configuration of attraction, and the system frequency band moves toward the low frequency. “Low beam repulsion mode” and “High beam attraction mode” exhibit high peak performance and widen a certain frequency band in the direction of frequency band shift. “Low beam attraction mode” and “High beam repulsion mode” exhibit a double degree-of-freedom feature. The specific results are evaluated as summarized in Table 2.



In the subsequent study of this paper, “Low beam repulsion mode” will be analyzed in detail for the following reasons:




	
The magnitude of the magnetic force is inversely proportional to the fourth power of the distance. The magnets at close distances are easy to fit at the attraction configuration, and cannot be automatically separated. This causes difficulties in actual assembly and application. Therefore, the repulsion mode is selected for analysis.



	
The energy is proportional to the square of the amplitude. Compared with the double degree-of-freedom characteristic, the high performance is more efficient in practical applications. Thus, “Low beam repulsion mode” is selected with higher amplitude and bandwidth than the conventional configuration without tuning.










3. Experimental Platform Setup


In order to verify the lumped parameter model for the magnetic coupled piezoelectric energy harvester and investigate its characteristics, a corresponding experimental platform is designed. The experimental platform setup is presented is Figure 4. The experimental setup consists of an electromagnetic shaker (YE-5, Yiyang, Beijing, China), a signal generator (AFG3152C, Tektronix, Beaverton, OR, USA) to produce a range of vibration frequencies and a high-power amplifier (ATA-3080, Agitek, Xi’an, China) to create a cyclic force of the required magnitude. An acceleration sensor (AD100T, X&K, Hebei, China) is fixed on the base to measure the acceleration. The electrode of the piezoelectric material is connected with a rectifier bridge energy harvesting circuit, as shown in Figure 4b, and the load output voltage is observed through an oscilloscope (DS4012, Rigol, Beijing, China). At the same time, the oscilloscope also observes the vibration acceleration to ensure that the excitation amplitude is maintained the same at different frequencies.



The experiment prototype is shown in Figure 5. The devised harvester prototype consists of two cantilever beams with magnets, a proof mass and a base frame. Since the lumped parameter model is used in this paper, a mass must be added at the tip of the beam to ensure the accuracy of the model for frequency prediction [35]. The auxiliary beam uses a magnet as a mass and no other masses are installed. In order to make the piezoelectric beam have a lower resonance frequency, its thickness is designed to be thinner and an additional mass is added. The mass is composed of aluminum, because aluminum has no magnetic properties and does not affect the distribution of the magnetic field.



The piezoelectric cantilever beam is manufactured using aluminum alloy material (6061T) and commercially available piezoelectric material composed of macro fiber composite (MFC-M8514-P2, Smart Material Corp, Sarasota, FL, USA). The MFC is glued to the beam with epoxy adhesive (DP460, 3M, St. Paul, MN, USA). The magnets (Nd–Fe–B) are attached to the beam, which is easy for replacement during the experiment. The experimental frame is made of acrylic material and its spacing adjustment can be carried out by changing the intermediate block. Some parameters of the devised harvester are identified as shown in Table 3.




4. Results and Discussion


4.1. Experimental Results


4.1.1. Static Analysis


First, the static state is analyzed with Br = 0.09 T and D = 10–50 mm. Figure 6a shows the magnets spacing curve as beams spacing changes. As the spacing D increases, the magnetic force drops rapidly, and the simulation results with or without magnets become very close. Therefore, the study is mainly carried out in the range of 10–25 mm, and the magnetic force is obvious in this range. The results of four experiments (10, 15, 20, 25 mm) show that the model can effectively predict the magnets spacing with an error of less than 4%. Figure 6b shows the static shape at different spacing based on the simulation. It can be more clearly seen from the figure that as the spacing D increases, the magnetic force and deflection decrease.




4.1.2. Load Resistance Analysis


In this section, the optimal load resistance is analyzed with the acceleration a = 4 m/s2 and the beams spacing D = 10, 15, 20 mm as an example. The effect of changing load resistance on output power is investigated in Figure 7; it has been verified that this optimum resistance is valid for the frequency range by simulation and experiment. With an increasing load resistance, the output power reaches an optimal point and then drops down. Experiments and simulations have the same trend. Through the impedance sweep, it can be seen that the maximum output power is reached near 120 kΩ at different spacing. Therefore, 120 kΩ is used as the experimental load resistance later.




4.1.3. Key Parameters Analysis


In this section, the key nonlinear parameters that affect the harvesting efficiency will be analyzed. The main feature of the magnetic coupled piezoelectric energy harvester is the introduction of vertical nonlinear magnetic forces. It can be seen from Equation (5) that the magnet flux density Br and the magnets spacing d (affected by beams spacing D) directly affect the magnitude of the magnetic force and are the key parameters in the structural design. In the following, we will explore whether there is an optimum value of Br and D within a certain range through simulation and experiment.



Figure 8 shows the output power maximum of the energy harvester at different beams spacing D (10–25 mm) and different magnet flux density Br (0.02–0.12 T). Figure 8a is based on simulation, scanning at intervals of 1 mm and 0.01 T. Limited to the experimental conditions, only parts of the simulation parameters are tested. The results of the experiment are shown in Figure 8b with intervals of 2.5 mm and 0.02 T. It can be seen from the results that:




	
An optimal spacing D for each Br exists.



	
As Br increases, the optimal spacing increases.



	
The values of the respective optimized power in simulation are similar, both around 3.65 mW.



	
Similar trends and conclusions can be obtained from experiments and simulations.



	
The optimum value of the experiment is between 3.1 and 3.3 mW. Since the spacing between the scan is not short enough, the optimal value of the experiment is significantly smaller than the simulation, and the absolute optimal value may not be produced in the experiment.








Based on the above analysis, 0.12 T is selected for further study. In addition to the spacing of the above experiments, an experiment of 23 mm is added. Results are compared with the maximum output voltage of linear harvester, as shown in Figure 9. The results show that the performance of the nonlinear magnetic coupled piezoelectric energy harvester is significantly better than linear. Under the configuration, the maximum is obtained at 23 mm in the simulation and experiment. A more detailed study will be conducted below for the settings of Br = 0.12 T and D = 23 mm.




4.1.4. Optimal Results Analysis


Based on the above parameter optimization, the comparison of linear conventional configuration and magnetic coupled configuration are shown in Figure 10. The frequency sweeping of simulation is at a 0.1 Hz interval in the 10–20 Hz range. In the processes of upward sweep in the experiment, 0.1 Hz interval is used in the fast-changing range and 0.5 Hz interval is used in the other ranges.



The experimental results are basically matched with the simulation results, and there is within 6% error in the peak amplitude. In terms of frequency prediction, the nonlinear magnetic coupled beam has an error of 0.1 Hz. Compared with the linear configuration, the nonlinear results show that there is a significant increase in amplitude. The peak output voltage is increased by 16.7% in the simulation and 16.2% in the experiment. If the output power is used as a standard for comparison, which is the square of the voltage, the simulation is increased by 36.2% and the experiment is increased by 35.0%. The bandwidth is evaluated to 5V as the standard, which is a relatively commonly used voltage. The bandwidth increased by 33.3% from 2.1 (13.7–15.8) Hz to 2.8 (14.0–16.8) Hz in simulation and increased by 66.7% from 2.1 (13.8–15.9) Hz to 3.5 (14.0–17.5) Hz in experiment. In summary, a high performance harvester is achieved by magnetic coupling, improved in both amplitude and bandwidth after parameter optimization.



Time series for the output voltage, acceleration in experiment and corresponding phase portraits curve in simulation are shown in Figure 11. In Figure 11g–i, the system enters large-scale periodic state to achieve the optimal amplitude in 15.3 Hz.




4.1.5. Different Acceleration Test


In order to show the properties of the structure more comprehensively, this section compares the different excitation accelerations and presents them with 1 m/s2 and 10 m/s2. Using a method similar to Section 4.1.3, this section simulates the optimal spacing using the condition of B = 0.12 T, as shown in Figure 12.



Under the acceleration excitation of 1 m/s2, the optimal spacing is 19.5 mm. In the case of 10 m/s2, 33.5 mm is obtained. Combined with 23 mm at 4 m/s2, it can be seen preliminarily that as the excitation increases, the optimal spacing will increase. Experiments and simulations are carried out with the two accelerations under the parameters of the optimal spacing. The experimental procedure is consistent with Section 4.1.4, and the results are shown in Figure 13. It can be seen from the figure that the structure exhibits similar properties at different accelerations, and the model can still predict the voltage within a certain error.





4.2. Comparison with Previous Works


The performance of the magnetic coupled piezoelectric harvester is compared with some reported literatures. The comparison is carried out in several aspects such as size, frequency, excitation, voltage, power and density, which have been summarized in Table 4. The sizes are approximated based on the description in the text. Reference [11] has a lowest voltage since it is based on the electromagnetic method. Reference [15] gets the least amount of energy because of its very small size. It has been observed that the power densities are between 15–55 μW/cm3. The structure described in this paper achieves the highest energy density with a higher acceleration than references [11,22,23]. Compared with other literatures, it can be shown that the magnetic coupled structure has high energy harvesting density potential. At the same time, due to its ease of design and processing, the harvester has a good application prospect.




4.3. Discussion


	
Compared with the conventional cantilever beam energy harvester, the performance has been improved in terms of amplitude and frequency bandwidth by magnetic coupling. The increased performance increases the robustness of the system, which accommodates more complex operating conditions.



	
This paper focuses on the peak voltage, and the peak voltage error under the optimal parameter experiments are less than 6%. Among them, the error is 3.82%, 5.30%, 5.85% under the acceleration condition of 1, 4, 10 m/s2. It can be concluded preliminarily that the error increases with the excitation, but it is still within the acceptable range. In terms of frequency, the peak frequencies of the experiments are both 0.1 Hz larger than the simulation. The main sources of the above errors are the calculation of magnetic force, experimental error, and simplified error of the lumped parameter model.



	
The lumped parameter model of this paper can predict the characteristics of the system within acceptable error and can be used in the structural design. Parameter optimization should be operated in applications to maximize system performance. For example, in this paper, the amplitude can be increased by 35.0% and the 5 V bandwidth is increased by 66.7%.



	
After parameter optimization, the structure in this paper can get more than 3 mW of energy, which is enough to provide energy for some low power consumption devices. For example, the wake-up receiver of wireless sensor networks achieves an ultra-low power consumption of 4.5 nW [38]. ADI’s commercial acceleration sensor ADXL362 consumes 3.6 μW at a sampling rate of 100 Hz, and the MCU ADuCM4050 achieves a low power consumption of 40 μA/MHz. Through a comprehensive power consumption consideration, the wireless sensor system can achieve consumption at “mW” or even “μW” level. Therefore, the energy demand can be met under the settings described in this paper. If the energy is not enough in some applications, a bimorph structure can be utilized to increase the energy.



	
If further power is required, more advanced composite materials can be used to increase the power. For example, the novel magneto-mechano-electric material combines electromagnetic and piezoelectric mechanisms [39], and a 3D-skeletal architecture piezoelectric ceramics can get about 16 times higher energy than the conventional PZT [40]. These materials are all suitable for the structure proposed in this paper because the performance is optimized by increasing the deformation of the cantilever beam. However, it may be increased in terms of cost and additional circuits, and the durability of the new materials should be considered.



	
From the perspective of cost savings, ordinary PZT materials can be used. It is important to note that the magnetic flux density parameter needs to be set smaller. Since the PZT is very brittle, the large magnetic force will increase the deflection and reduce the service life.



	
From the perspective of practical design, the structure of this paper increases the quality and volume of the system, which is increased by about 100%. In terms of cost, since piezoelectric materials are the main cost source, the cost increase is expected to be less than 20%. Therefore, under the condition of satisfying the quality and volume limitation, the structure has a certain cost performance by increasing the power of 35.0%.








5. Conclusions


A high performance magnetic coupled piezoelectric energy harvester is studied in this paper. The process of parameter optimization is discussed in detail and confirmed by experiments. A lumped parameter piezoelectric coupling model considering the magnetic static position is established for this structure. The four configurations of the structure are studied through simulation and “Low beam repulsion mode” is selected due to its high performance potential. The performance of the harvester is evaluated via both analytical simulation and experiments. After parameter optimization, it is found that the optimal beams spacing value exists under different magnet flux densities. As the flux density increases, the optimum spacing gradually increases. With the optimized parameters, the structure of this paper can obtain 3.28 mW harvested power and 3.5 Hz bandwidth, with 5 V as the standard, under harmonic excitation of 4 m/s2. Compared with the conventional single cantilever harvester, the power is increased by 35.0% and the bandwidth is increased by 66.7% experimentally. The harvester has a high performance by enhanced output power in wide operating frequency range and hence can be applied to power the low power consumption devices, such as wireless sensor networks, etc.
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Figure 1. Schematic diagram of common nonlinear optimization methods: (a) Stop Blocking Method; (b) Multi-Stable Method; (c) Vertical Magnetic Method. 
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Figure 2. Schematic diagram of the magnetic coupled piezoelectric energy harvester. 
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Figure 3. Output voltage simulation curve in different modes: (a) Low beam; (b) High beam. 
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Figure 4. Experimental platform setup diagrams: (a) Components connection; (b) Energy Harvesting Circuit. 
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Figure 5. Experimental prototype: (a) Overview of the platform; (b) Close-up of the harvester. 
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Figure 6. Static analysis curves: (a) Magnets Spacing; (b) Deflection. 
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Figure 7. Determination of the optimal load resistance. 
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Figure 8. Output power maximum at different D and Br: (a) Simulation; (b) Experiment. 
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Figure 9. Output voltage at different D with Br = 0.12 T based on simulation and experiment. 
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Figure 10. Optimal output voltage: (a) Linear configuration; (b) Magnetic coupled configuration. 
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Figure 11. Time series for the output voltage, acceleration in experiment and corresponding phase portraits curve in simulation: (a–c) 11 Hz; (d–f) 13 Hz; (g–i) 15.3 Hz; (j–l) 17 Hz; (m–o) 19 Hz. 
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Figure 12. Output voltage at different D with Br = 0.12 T based on simulation and experiment. 
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Figure 13. Optimal output voltage: (a) 1 m/s2; (b) 10 m/s2. 
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Table 1. Parameter list.
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	Symbol
	Meaning
	Symbol
	Meaning





	M
	Equivalent mass
	H
	Height



	C
	Equivalent damping
	W
	Width



	K
	Equivalent stiffness
	L
	Length



	m
	Weight of the mass
	ρ
	Density



	Cp
	Capacity of piezoelectric material
	Fmag
	Magnetic force



	Vp
	Output voltage
	Br
	Flux density of the magnet



	R
	Load resistance
	μair
	Vacuum permeability



	Θ
	Electromechanical coupling coefficient
	r
	Radius of the magnet



	μ
	Compensation factor
	h
	Thickness of the magnet



	E
	Elastic Modulus of the beam
	mmag
	Weight of the magnet



	I
	Moment of inertia
	d
	Spacing of the magnets



	w
	Deflection
	D
	Spacing of the beams’ fixed ends
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Table 2. Summary of different model features.
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	Beam Classification
	Low Frequency
	High Frequency





	Attraction
	Softening

Double degree-of-freedom
	Softening

High Performance



	Repulsion
	Hardening

High Performance
	Hardening

Double degree-of-freedom










[image: Table] 





Table 3. Parameters of the prototype.
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	Component
	Material
	Size (mm)
	Weight (g)





	Cantilever beam1
	Al-6061T
	130 × 20 × 0.5
	3.55



	Cantilever beam2
	Al-6061T
	130 × 20 × 0.75
	5.32



	Piezoelectric pitch
	MFC-M8514-P2
	101 × 20 × 0.21
	2.01



	Magnet
	Nd–Fe–B
	R10 × 2
	4.72



	Mass
	Al
	/
	1.02



	Frame
	Acrylic
	/
	/
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Table 4. Comparisons with reported devices.
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Ref.

	
Estimated Size

	
Resonance Frequency

	
Excitation

	
Voltage

	
Power

	
Power Density




	
(cm3)

	
(Hz)

	
(m/s2)

	
(V)

	
(μW)

	
(μW/cm3)






	
[11]

	
217.5

	
17.2

	
1

	
0.16

	
7400

	
34.02




	
[15]

	
0.6

	
30

	
17.5

	
5.8

	
18.56

	
30.93




	
[19]

	
139.95

	
21.02

	
10V a

	
61.55

	
6600

	
47.16




	
[22]

	
14.4

	
21.4

	
3

	
22.35

	
429

	
29.8




	
[23]

	
3.09

	
Random

	
1

	
21

	
48

	
15.53




	
[This Work]

	
63.6

	
15.3

	
4

	
19.83

	
3277

	
51.53








a The article uses the peak-to-peak value of the excitation voltage source to express the acceleration.
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