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This paper presents modeling and simulation of a cantilever-type piezoelectric energy harvester based on a combined FEM (Finite Element Method) and spice circuit. The PEH having dimension of 61 mm x 37 mm x 0.4 mm provides the maximum output power of 8 mW at resonant frequency of 127 Hz. The fabricated cantilever-type PEH (Piezoelectric Energy Harvester) has been characterized with variable resistor, which reveals that maximum power transfer is achieved at 10 k. The modeling and simulation have beenperformed to study the effect of piezoelectric layer thickness on PEH output power in case of load resistance. FEM modeling and simulations have been carried out to extract electrical elements such as Rm, Lm, Cm, Cp and Γ. Those electrical elements have been included into a spice model to find optimal load resistance for maximum power transfer as well as . frequency response as function of piezoelectric layer thickness. Experiment and simulation show a good agreement on optimal load resistance.

INTRODUCTION

Vibration-based energy harvesters have been recognized as a solution for replacement or recharge of batteries in wireless sensor network application [START_REF] Kim | A review of piezoelectric energy harvesting based on vibration[END_REF][START_REF] Sodano | A review of power harvesting from vibration using piezoelectric materials[END_REF]. There have been many different ways to convert ambient kinetic energy into electric energy including electrostatic, piezoelectric, electromagnetic, etc. Compared with electromagnetic and electrostatic methods, the main advantage of piezoelectric energy harvesting technique is the larger power density thanks to its inherent electromechanical coupling. Moreover, piezoelectric materials can be embedded or integrated into host structure to convert the strain energy of the host structure into electrical energy through direct piezoelectric effect [START_REF] Park | Design optimization of piezoelectric energy harvester subject to tip excitation[END_REF]. A variety of piezoelectric energy harvesters has been presented to scavenge electrical energy from environment vibration [START_REF] Benasciutti | Vibration energy scavenging via piezoelectric bimorphs of optimized shapes[END_REF][5][START_REF] Ng | Sensitivity analysis and energy harvesting for a self-powered piezoelectric sensor[END_REF][START_REF] Mateu | Optimum piezoelectric bending beam structures for energy harvesting using shoe inserts[END_REF][START_REF] Lefeuvre | A comparison between several vibration-powered piezoelectric generators for standalone systems[END_REF]. The piezoelectric energy harvester can be also implemented with micro-electro-mechanical systems (MEMS) technology [START_REF] Jeon | MEMS power generator with transverse mode thin film PZT[END_REF][START_REF] Lee | MEMS generator of power harvesting by vibrations using piezoelectric cantilever beam with digitate electrode[END_REF].

The piezoelectric energy harvesters have been used in different cases such as the insole of sport training shoe, a staircase, a backpack strap, etc. As other electrical systems, it is important to establish analytical or numerical model to estimate output power of the piezoelectric energy harvester. To this end, an analytical distributed model for cantilevered piezoelectric energy harvester has been reported [START_REF] Erturk | A Distributed Parameter Electromechanical Model for Cantilevered Piezoelectric Energy Harvesters[END_REF]. Although the distributed model provides solution more close to actual PEH, lumped model is frequently used for FEM and spice model due to its simplicity and compatibility with circuit model [START_REF] Yang | Equivalent Circuit Modeling of Piezoelectric Energy Harvesters[END_REF]. Theoretical studies of output power of piezoelectric energy harvesters have been also reported and thus important design parameters related with the design of optimized piezoelectric vibration scavenging devices have been identified [START_REF] Erturk | A Distributed Parameter Electromechanical Model for Cantilevered Piezoelectric Energy Harvesters[END_REF]. The mechanical structures of the piezoelectric energy harvesters usually vibrate at their first resonance frequency to get higher output power.

As other problems related with mechanical structures, FEM (Finite Element Method) model is a good solution to do optimal design of piezoelectric energy harvesters [START_REF] Berdy | Low-Frequency Meandering Piezoelectric Vibration Energy Harvester[END_REF]. Furthermore, equivalent circuit model (ECM) is developed to bridge the FEA and SPICE simulation for accurate estimation of performance of piezoelectric energy harvesters [START_REF] Elvin | A General Equivalent Circuit Model for Piezoelectric Generators[END_REF][START_REF] Elvin | A Coupled Finite Element-Circuit Simulation Model for Analyzing Piezoelectric Energy Generator[END_REF]. Theoretical study based on finite-element method (FEM) modeling has been frequently used to understand mechanical behavior such as interfacial delamination and debonding [START_REF] Seok | Fabrication and Modeling of Nitride Thin Film Encapsulation Based on Anti-Adhesion-Assisted Transfer Technique and Nitride/BCB Bilayer Wrinkling[END_REF]. Shape optimizations of piezoelectric energy harvester to improve its conversion performance has been done through FEM modeling [START_REF] Park | Design optimization of piezoelectric energy harvester subject to tip excitation[END_REF]. Except shape of the piezoelectric energy harvester, an efficient way to get higher output power would be utilizing larger piezoelectric material, for instance, increasing thickness of the piezoelectric material.

In this paper, FEM modeling and simulation of a cantilevertype piezoelectric energy harvester combined with spice circuit simulation have been presented. The parameter of interest for FEM simulation is piezoelectric material thickness as it is directly related with output power. Short summary of theoretical background and electrical circuit model of output power of the piezoelectric energy harvester are explained in Section 2.1. Measurement result of output power of a cantilever-type energy harvester with resistive load is presented in Section 2.2. FEM modeling and simulation of the piezoelectric energy harvester are explained in Section III. Finally, conclusion will be made in Section IV II. Theory of Piezoelectric Energy Harvester 2.1 Principle of PEH Principle of piezoelectric energy harvester (PEH) is shortly explained as follows. Fig. 1 shows schematic of a typical cantilever PEH for converting acceleration into electrical power. External acceleration moves mechanical beam with mass causing stress at piezo layer and thus output current is created.

Fig. 1 Cantilever piezoelectric energy harvester structure Equation of motion depicting such a conversion of mechanical energy into electrical energy is given in Equation ( 1). Note that a is external acceleration, z is displacement, and I is output current.

𝑚𝑎 = 𝑚𝑧̈+ 𝑑𝑧̇+ 𝑘𝑧 + 𝛤𝑉 𝑃 𝐼 = 𝛤𝑧̇-𝐶 𝑃 𝑉 𝑃 ̇ (1) 
,where m is total mass, d is damping constant, k is total stiffness (= kp + km), kp is stiffness of piezoelectric material, km is beam stiffness,  is electromechanical coupling factor, Vp is voltage across piezoelectric material, and Cp is piezoelectric output capacitance.

Laplace transform of the Equation (1) gives transfer function of the PEH as follows. Frequency response of a PEH having resonant frequency of 120 Hz as function of Q is presented in Fig. 2. Note that the Q factors are selected based on experiment result. As expected, maximum displacement occurs at its resonant frequency of 120 Hz.

𝑍(𝑠) 𝑌(𝑠) = 𝑠 2 𝑠 2 + 2(𝜉 𝑚 + 𝜉 𝑒 )𝜔 0 𝑠 + 𝜔 0 2 = 𝑠 2 𝑠 2 + ( 𝜔 0 𝑄 ) 𝑠 + 𝜔 0 2 (2) 
,where is mechanical damping ratio, is electrical damping ratio, is resonant frequency, and 𝑄 = 1 2𝜉 𝑚 ⁄ is quality factor. The maximum power of PEH is found at its resonant frequency. The Equation ( 3) gives theoretical limit of harvested power and mechanical resonant frequency.

𝑃 𝑙𝑖𝑚 = 𝑚 2 𝑎 2 8𝑑 = 𝑚𝑎 2 8𝜔 0 𝑄 (3) 
As PEH employs a mechanical cantilever and piezoelectric patch to convert mechanical vibration to electrical energy, it can be represented by electrical circuit model as shown in Fig. 3. This equivalent electrical circuit model will be used to simulate frequency response of the proposed PEH later. 

,where Zm = Rm + sLm +1/sCm, ZL = RL/(1+sCpRL), RL is load resistance.

Fig. 4 shows analytical calculations of the Vp/Vm, the impedance of resonator Zm, and output power. The resonant frequency of the resonator is 120 Hz as the minimum of Zm is found at its resonant frequency. Output voltage is linearly proportional with load resistance RL and the frequency where maximum output voltage is occurred is varied as function of load resistance value RL. For example, load resistance of 50 k results in maximal output voltage around 122 Hz, while RL of 1 k makes it happened at 120 Hz. The maximal output power is found when load resistance is 10 k even if larger load resistance generates higher output voltage. Frequency step is tuned with step of 3 Hz with magnetic mass unit as presented in Fig. 5 (b). The magnetic mass is used due to its ease of loading on the cantilever. We need to calibrate the mass to get desired resonant frequency by adding or reducing mass unit. There is no influence of the magnetic field to the harvester performance. Measurement results of Vrms and Pout are presented in Fig. 6. Maximum power of 8 mW is found when resonator frequency is 127 Hz and load resistance is 10 k. 

II. FEM MODELING AND SIMULATION

The PEH has been modeled and simulated with FE (Finite Element) model and spice equivalent circuit. It is an efficient method based on equivalent circuit model (ECM) which uses FEA (Finite Element Analysis) and SPICE simulation for accurate estimation of performance of PEHs [START_REF] Erturk | A Distributed Parameter Electromechanical Model for Cantilevered Piezoelectric Energy Harvesters[END_REF]. The modeling and simulation have been proceeded as follow; 1) Static analysis to determine the static capacitance of the PEH 2) Modal analysis to determine short-circuit and open-circuit resonance frequencies of the PEH 3) Harmonic analysis to obtain the charge response and then the admittance with a harmonic alternating voltage input.

Identify the parameter Cm, Lm, Rm, and Nr from admittance circle of Y21 4) Harmonic analysis to obtain the charge response at resonance frequency to determine Vm 5) Spice circuit simulation with the identified parameters from FEM Fig. 7 shows FEM model of the PEH for the parameter extraction. To reduce simulation time, half model utilizing symmetry plane in the middle of the PEH has been adopted. Boundary conditions of the half model are as follow; Ux=0 at symmetry plane, Ux=Uy=Uz=0 at fixed. For FE model construction, three different types of elements have been used; SOLID226 for piezoelectric material, SOLID185 for the substrate, and CIRCU94 for external resistance for open and short circuit definition. Fig. 8 shows FEM harmonic response of the PEH as function of quality factor (Q) when applied acceleration is 1g. Note that the PEH is open-circuited. Dimensions and material properties of each element and anisotropic material piezoelectric material properties are presented in Table 1. The simulation has been performed in a PC with 64-bit system and 8 GB RAM. Next, harmonic analysis has been performed to identify circuit elements Cm, Lm, Rm, and Γ. The harmonic analysis is performed by applying unit voltage between top and bottom electrodes to get admittance circles which allow to extract the temporary circuit elements using following equations [START_REF] Erturk | A Distributed Parameter Electromechanical Model for Cantilevered Piezoelectric Energy Harvesters[END_REF].

𝑅 𝑚𝑟 = 1 2 ⨉𝑅𝑎𝑑𝑖𝑢𝑠 = 1 𝑚𝑎𝑥[𝑅𝑒(𝑌 21 )] 𝐿 𝑚𝑟 = 𝑅 𝑚𝑟 𝜔[𝑚𝑖𝑛(𝐼𝑚(𝑌 21 ))] -𝜔[𝑚𝑎𝑥(𝐼𝑚(𝑌 21 ))] 𝐶 𝑚𝑟 = 1 𝜔 𝑟 2 𝐿 𝑚𝑟 𝛤 𝑟 = √ 1 𝐿 𝑚𝑟 (5)
The admittance circles of the PEH as function of piezoelectric layer thickness (tp) are found by the FEM simulation as shown in Fig. 10. First of all, resistance Rmr is first determined by referring diameter of the admittance circle and then inductance Lmr is determined with the ratio of the Rmr and the two frequencies. The other two parameters Cmr and Γr are determined by using Lmr and resonant frequency r. 

Voltage source in the equivalent electrical circuit is found by applying unit acceleration of 1 m/s 2 to base of the PEH under shortcircuit condition.

𝑉 𝑚 = 𝛤⨉𝑅 𝑚 ⨉𝑗𝜔 𝑟 ⨉𝑄(𝑗𝜔 𝑟 )

Extracted circuit parameters through FEM simulation are summarized in Table 2. The circuit parameters obtained from FEM simulation is included into spice circuit model as shown in Fig. 11. The capacitance Cp is piezoelectric capacitance determined by static analysis of FEM model and RL is optimal load resistance to achieve maximum output power, which is theoretically given by 1/ωrCp. Starting from this theoretical value, RL is retuned to find optimum one in spice simulation. Optimal load resistance determined by spice simulation for maximum power transfer is summarized in Table 3. Piezoelectric capacitance Cp and theoretical load resistance are also given in Table 3 for comparison. As piezoelectric layer thickness increases, the load resistance for maximum power transfer increases resulting from the reduction of capacitance Cp. Evolution of output voltage and power depending on piezoelectric layer thickness is shown in Fig. 12. As piezoelectric layer thickness increases, resonant frequency of the PEH cantilever becomes higher due to added mechanical stiffness by the piezoelectric layer. Concerning electrical performances, the piezoelectric thickness of 200 m gives the highest voltage output and maximal power output occurs when tp is 150 m and load resistance is 10 k. Note that experimental optimal load resistance for maximum power transfer is found 10 k. The simulation and the experiment results has been compared as shown in Fig. 13. Note that the load resistance is 10 kΩ for both cases. The low output power of the simulation is mainly due to the piezoelectric charge coefficient of the piezoelectric material. The difference of Q factor between simulation and experiment comes from that the FEM harmonic analysis for lumped circuits element extraction doesn't take damping effect into account when voltage of 1V is applied. The FEM tool is ANSYS 8.0. Table 4 shows comparison of PEH performance from literature. The performance of the fabricated PEH is comparable to other bulk thick film devices it has better power density than MEMS-based PEH due to difficulties to make high-quality thin-film piezoelectric layers. 
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 2 Fig. 2 Frequency response of a PEH as function of quality factor Q

Fig. 3 .

 3 Fig. 3. Equivalent electrical circuit model of piezoelectric energy harvester Given with the equivalent circuit model, the output voltage Vp of the PEH can be analytically calculated as function of input acceleration force Vm. Equation (4) is found based on electrical impedance of the elements and impedance conversion of the transformer.𝑉 𝑃 𝑉 𝑚 = Γ𝑍 𝐿 Γ 2 𝑍 𝑚 +𝑍 𝐿

Fig. 4 .

 4 Fig. 4. Analytical calculation of the output voltage, motional impedance, and output power of the PEH based on equivalent electrical circuit model

  Fig. 6 Frequency response of output power of the PEH as function of load resistance (applied acceleration = 1 g)

Fig. 7 FEM

 7 Fig. 7 FEM model of the piezoelectric energy harvester
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 8 Fig. 8 Harmonic simulation results of piezoelectric electric energy harvester
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 9 Fig. 9 Modal deformation of the piezoelectric energy harvester
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 108 Fig.108 Admittance circles of the PEH from harmonic analysis as function of piezoelectric material thickness (tp) The desired circuit parameters are then determined with transformer equations given in 𝑅 𝑚 = 𝑅 𝑚𝑟 ⨉𝛤 2 𝐿 𝑚 = 𝐿 𝑚𝑟 ⨉𝛤 2 𝐶 𝑚 = 𝐶 𝑚𝑟 𝛤 2

Fig. 11

 11 Fig. 11 Spice model for output power estimation

  power Fig. 12 Spice simulation results; output voltage and output power as function of frequency

Fig. 13

 13 Fig. 13 Comparison between simulation and experiment results when load resistance is 10 kΩ

Table 1 .

 1 Geometrical parameters and material properties

	Materials	Piezo	Substrate Magnetic
					mass
		Length (mm)	35	61	20
	Geometric Parameters	Width (mm)	35	37	2.5
		Thickness (mm)	0.16	0.4	1
		Density (kg/m 3 )	7560	8000	NA
	Material properties	Young's modulus (GPa)			

Table 2

 2 

		. Extracted circuit parameters	
	tp (m)	Lm (H)	Rm ()	Cm (F)	Vm (V)
	50	1	7.54	1.74	1.84E-4
	100	1	7.53	1.71	3.27E-3
	150	1	8.16	1.69	3.56E-3
	200	1	7.54	1.67	5.46E-3
	250	1	7.54	1.65	1.87E-3
	300	1	7.53	1.64	5.44E-4

Table 3 .

 3 Spice simulation results for optimal load resistance

	tp (m)	CP (nF)	RL_theory (k)	RL_spice (k)
	50	264	5	5
	100	144	9	5
	150	90	14	5
	200	76	17	10
	250	62	21	20
	300	54	24	24

Table 4 .

 4 Performance comparison of piezoelectric energy harvester (PEH) from the literature

						Normalized		
	Prms (µW)	Freq. (Hz)	Accel. (apeak)	Volume (mm 3 )	Power density (µW/mm 3 )	Power (µW/mm 3 •g 2 ) Density	method	Reference
	118	48.7	0.2	588	0.2	5.02	PZT	[13]
	23900	45.6	1	3520	6.8	6.8	PZT	[21]
	19000	60	0.2	26240	0.72	18.1	PZT-MT	[22]
	375	120	0.25	1000	0.375	6	PZT	[23]
	1	13900	10.6	0.027	37.04	0.33	PZT-MEMS	[24]
	0.0855	47	1	10.1	0.0085	0.0085	PZT-MEMS	[25]
	4000	120	1	902.8	4.43	4.43	PZT	This work
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III. CONCLUSIONS

Mechanical piezoelectric energy harvesters have shown non-negligible performance variation even if they are from same fabrication chain. Therefore, modeling and simulation becomes important to achieve desired performance of piezoelectric energy harvesters such as output power, bandwidth, etc. Given with a fixed mechanical cantilever, FEM simulation as function of piezoelectric material thickness has first been performed to extract equivalent lumped electrical element. The lumped electrical parameters are included to optimize output power of the piezoelectric energy harvester in spice circuit simulation. The simulation and measurement have good agreement in terms of optimal load impedance at its resonant frequency. In near future, the developed FEM-SPICE model will be used to achieve wide bandwidth of PEH for higher efficiency.