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Abstract: This paper describes an approach to harvest electrical energy from a mechanically excited 

piezoelectric element. The structure of piezoelectric energy harvester is optimized for maximum power with 

minimum dimensions through Genetic Algorithm approach to enhance the conversion of mechanical energy into 

electrical energy using direct piezoelectric effect. Numerical analysis is carried out to obtain optimal PZT 

position on the cantilever beam to get maximum harvested power. A rectifier with boost converter IC is used for 

converting harvested power in to usable DC power. The simulation results are verified experimentally. 
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I. Introduction 
Over the last couple of decade energy harvesting technologies have received a great attention at both 

the industrial and academic levels.  Harvesting energy from the environment (solar, thermal, kinetic, etc.) is a 

promising alternative to batteries and  it has been receiving much more attention lately due to the increasing 

demand for wireless sensor networks, implantable medical electronics, tire-pressure sensor networks, MEMS 

devices etc.[1]-[6]. Different energy harvesting techniques have been investigated for the purpose to broaden the 

energy sources, alleviate the dependence on batteries, and hopefully someday make all WSN  devices self-

powered[7]-[12]. 

There are various methods to convert ambient energy into electrical energy. According to the 

conversion mechanism, the power harvesting device can be classified into three types: piezoelectric, 

electromagnetic and electrostatic [13]. Among these different types of conversion, piezoelectric transducers 

have been of great promise and interest. In an energy harvesting system using piezoelectric materials, 

mechanical energy can be converted to electrical energy through the piezoelectric effect, and the wasted energy 

such as wind and tidal energy and the generated vibrations on the structure will be reutilized [14]. Vibration is 

one of the most commonly available forms of ambient energy, found in civil structures, machines, the human 

body, etc. Various vibration sources with their maximum acceleration magnitude and frequency range were well 

listed by Roundy et al. [15]-[19] and it is a popular way of extracting electrical energy from the environment 

[20]-[29]. 

In this work the analytical design of energy harvesting structure is presented and the same is optimized 

using Genetic Algorithm to get maximum power. Numerical optimization is done using the 

COVENTORWARE to fix the PZT position on the beam from the fixed end. With the optimized design, 

experimentation is carried out with magnetic force induced vibration to give maximum output power in mW. 

 

II. Analytical design of Energy harvesting structure 
The piezoelectric energy harvester is described by two PZT layers mounted on an Aluminum 

rectangular cantilever beam with a proof mass placed at the free end, as shown in Fig. 1. In order to vibrate the 

cantilever beam, one cylindrical permanent magnet is attached at the free end of the cantilever beam (tip mass) 

and other one is cylindrical electromagnet. The tip is excited through an electromagnet placed above at a 

distance x1. The electromagnet is a type of magnet in which the magnetic field is produced by the flow of 

electric current. The magnetic field disappears when the current is turned off. Much stronger magnetic fields can 

be produced if a "core" of ferromagnetic material, such as soft iron, is placed inside the coil. The magnetic field 

created by the electromagnet is proportional to both the number of turns in the winding, N, and the current in the 

wire, i hence this product, Ni, in ampere-turns, is the name magnetomotive force. The complete analytical model 

of the energy harvester along with electromagnet is presented below. 
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Fig. 1 The schematic of the piezoelectric energy harvester 

The inductance of the coil (electromagnet) is, 
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Where „  ‟ is the permeability of the iron core, „ N ‟is the number of turns in the coil, „ A ‟ is the cross 

sectional area of core and „ Le ‟ is the length of the electromagnet. The power given by the electromagnet is,

 iLcPi
2
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where, „ i ‟ is alternating current through the electromagnet. 

 
Fig. 2 Magnet flux density at point x1 

The magnetic flux density at a distance „ x1 ‟ from the cylindrical permanent magnet, from Fig. 2 is, 
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where, „ rL ‟, „ R ‟ and „ rB ‟ are the length, radius and flux density of the permanent magnet respectively. The 

alternating force between the permanent magnet and the electromagnet is, excurrent LNiABF
1

   (4) 

From, Eqs. (3) and (4), 

  























xR

x

xLR

xL

L

NiAB
F

r

r

e

r
current

2

1

2

1

2

1

2

1

2
   (5) 

The Eq. (5) is only an approximation which does not consider hysteresis between the magnetic force of 

attraction and repulsion. The Eq. (1) – (5) are used to estimate force applied to the free end of the beam. The 

approximate stress and deflection at specific point „ x ‟ as a function of ratio of distance from the fixed end to 

the specific location on beam is obtained from Hooke‟s law. 
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 Stress is given by,   xL
z

Fcurrent          (6)  

Where „ L ‟ is the Length of the cantilever beam, „ z ‟ is the section modulus, 
6

2BT
z    (7) 

Where „ B ‟ is the width of the beam, „T ‟ is the thickness of the beam. 

Deflection at specified point x , is given by,  xL
EI

xF
y current  3

6

2

     (8)  

where, „ E ’ is the modulus of elasticity of beam material, „ I ‟ is the moment of inertia,  
12

3BT
I   (9) 

The resonant frequency is found by combining Newton‟s Second Law and Hooke‟s Law. 

Resonance frequency  
3

3

)(4 LmM

EBT


        (10) 

where, M  is the mass of the structure, m is the mass of the permanent magnet(tip mass). 

If piezoelectric patches are bonded at certain section of the beam surface, the output voltage from PZT can be 

estimated by multiplying the stress at that location with the piezoelectric voltage constant, 31g . Assuming that 

the material is linear, elastic, and isotropic with an average stress applied along the 1–1 direction, the output 

voltage can be determined as follows:  

tgV  31                       (11) 

where, „ t ‟ is the thickness of the piezoelectric material. Combining Eqs. (5), (6) and (7), we get, 
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Combining Eqs. (11) and (12), we get, 
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Resistive load for which the output power reaches its maximum valve is given by (Lu et al). 

Resistive Load,  
wBL

t
RL

33
                 (14) 

where, „ 33 ‟  is the relative permittivity of piezoelectric material, „ w ‟ is the width of the PZT. 

From Eqs. (13) and (14), the output power of the piezoelectric energy harvester connected to a resistive load can 

be expressed as: 

L
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                     (15) 

From the Eqs. (2) and (15), the efficiency of the piezoelectric energy harvester is calculated. 

 

III. Optimization of structure using Genetic Algorithm 
In their most basic form, Genetic Algorithm‟s are function optimizers, i.e., methods for seeking 

extreme of a given objective function. Here the design objective is to get maximum power from minimum 

structure and PZT dimension. Using the analytical design presented in section 2 the energy harvesting structure 

is optimized by Genetic Algorithm. The four design constraints used are as follows. The Maximum volume of 

the Beam and PZT are 12000 mm
3
 and 1000 mm

3 
respectively, the minimum power to be 5 mW and maximum 

stress is 5 MNm
-2

. The properties of the piezoelectric energy harvester are shown in Table 1. 
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Table 1: Properties of Energy harvester 
Property  Value 

Residual flux density of the permanent magnet(Br),Tesla 1.1 

Length of the permanent magnet(Lr), mm 6.5 

Radius of the permanent magnet(R), mm 4.5 

Length of the coil(Le), mm 16 

Number of turns in coil(N) 2000 

Young‟s modulus of the beam(E), Gpa 71 

Piezoelectric strain constant(d31), mV-1 -247x10-12 

Piezoelectric stress constant(g31),VmN-1 -9x10-3 

Dielectric constant(K3
T) 3100 

Modulus of elasticity of PZT(E), Gpa 47.62 

Density of PZT(ρPZT), Kgm-3 7500 

Density of Al beam(ρAl), Kgm-3 2700 

Relative permittivity of piezoelectric material(ε33), Fm-1 3500x8.85x10-12 

Distance between magnets(x1), mm 6 

Radius of the core of the electromagnet(R), mm 6.5 

permeability of iron core(µ), Hm-1 8.5x10-3 

permanent electromagnet(tip) mass(m), Kg 7.8x10-3 

 

Mass of the structure (M), Kg 29x10-3 

  

The Genetic Algorithm is an iterative procedure which maintains a constant-size population of candidate 

solutions. During each iteration step, called a generation, the structures in the current population are evaluated, 

and, on the basis of those evaluations, a new population of candidate solutions is formed. The parameters 

defined in Genetic Algorithm are as follows: the number of strings, number of generations/iterations and string 

populations are taken as 100 and number of parents is assumed to be 10. The analysis for optimum dimensions 

of the piezoelectric energy harvester for the given constraints is carryout. The Results of the Genetic Algorithm 

Optimization Method are shown in Table 2.  

 

Table 2:  Optimum dimensions of Energy harvester from Genetic algorithm 
Parameter Lower limit Upper limit Optimum value from GA 

Length of the Beam(L),mm 70 200 120 

Width of the beam(B),mm 10 30 25 

Thickness of the beam(T),mm 0.5 2 1.2 

Length of PZT(l),mm 70 80 76 

Width of PZT(b),mm 20 30 25 

Thickness of PZT(t),mm 0.1 1 0.5 
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Fig. 3 Output power as function of both external resistance and stress from GA 

The optimum beam volume, PZT volume and power obtained are 3600 mm
3
, 950 mm

3 
and 17 mW respectively 

for the stress of 2 Mpa. Output power as function of both external resistance and stress for the design parameters 
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obtained from the genetic algorithm is shown in Fig. 3. From the results it is observed that the power increases 

when stress increases and resistance decreases.  

 
IV. Numerical design and analysis for optimum PZT position on cantilever beam 

For the optimum dimension of Energy harvester obtained from Genetic Algorithm, the maximum 

output power varies with respect to the PZT position on the beam. Since the bending moment along the beam as 

well as generated voltage from PZT varies with respect to the composite element position on the beam from the 

fixed end, numerical design is carried out using FEM design and simulation software COVENTORWARE.  The 

process steps required to design Energy harvester are shown in Fig.  4.  Fig. 5 shows the layout for building the 

solid model of the Energy harvester. For mapping the model, non-linear Tetrahydron element of element size 

0.1 mm is used. One end of the beam is taken as fixed for the fixed end of the beam. The other end of the beam 

a mass is attached as a tip mass to load the beam for vibration. The PZT 5H (Piezoceramic) is attached to the 

beam and the generated voltage measured from electrodes. The developed solid 3-dimension model of the 

Energy harvester with the required mesh for the finite element analysis is shown in Fig.  6.   

 

 
Fig. 4 Process steps of the Energy harvester 

 
Fig. 5 Layout of the solid 3D model 

 
Fig. 6 The solid 3D model of the Energy harvester 

The optimum dimensions of PZT and Aluminum cantilever beam obtained from Genetic Algorithm are used in 

numerical analysis. The PZT position on the cantilever beam from the fixed end for maximum output is 

analyzed through MemMech piezoelectric analysis. Using the modal analysis the first mode resonance 

frequency is analyzed for each PZT position on the Al cantilever beam from the fixed end which is shown in 

Fig. 7. From the results it is found that the resonance frequency decreases when the piezoceromic composite 

element moved from the fixed end. 
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Fig. 7 First mode resonance frequencies corresponding to each PZT position on the Al cantilever beam from the          

 fixed end 

Simulation is carried out using direct harmonic analysis at first mode resonance frequency with a load of 0.001N 

for different PZT positions which is shown in Fig. 8. The variable „x‟ represents the PZT position on the Al 

cantilever beam from the fixed end. From the results it is seen that the maximum voltage of 1.2V is produced by 

the piezoelectric element when it is placed at a distance of 2cm from the fixed end, which is three times greater 

than that with piezo element at fixed end.  
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Fig. 8 The voltage output for different PZT positions from the fixed end of the cantilever beam at first mode 

 resonance frequencies. 

Similar kind of analysis (VARY analysis) is also carried out using Architect to get the frequency response for 

different PZT positions directly. The schematic created in Architect is shown in Fig.  9. The Al cantilever beam 

is fixed at one end. A load of 0.001N is applied at the free end. The PZT position on the Al cantilever beam is 

varied from the fixed end using VARY analysis. At each PZT position resonance frequency and the 

corresponding voltage output is found using small signal ac analysis. Fig. 10 shows frequency versus voltage 

output at different PZT positions on the Al cantilever beam from the fixed end. From the above numerical 

analyses the optimum PZT location from the fixed end of the cantilever beam for maximum voltage output is 

found to be 2cm. 

 
Fig. 9 The schematic created in Architect 
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Fig. 10 Frequencies versus voltage output for different PZT position on the Al cantilever beam 

                              
V. Experimental evaluation with practical model 

A flexible Aluminum beam with a clamped end as shown in Fig. 11 is considered in this paper. Two 

piezoceramic patches are surface bonded on top and bottom of the aluminum beam. Permanent magnet is 

located at the free end of the beam. The excitation to the system is by means of an electromagnet which is 

located over the fixed magnet. The dimensions and properties of the beam and piezoceramic patches are given 

in Table 1 and Table 2.  

 
Fig. 11 The image of the experimental setup 

The piezoceramic of type SP-5H, which is equivalent to NAVY TYPE VI. The piezoceramics are electroded 

with fixed-on adherent silver of solderable quality. Electrical contacts to the electrodes are made by soldering. 

This makes fragile piezoceramics much easier to work with and easier to integrate into the structure. The input 

to the electromagnetic coil has the frequency which is equal to the natural frequency of the energy harvesting 
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structure. Proposed within is the methodology to tune the resonant frequency of the vibration structure via the 

application of magnetic stiffness/forces using permanent magnets. When a magnetic force is applied to the 

cantilever, it is forced in to periodic motion at the drive frequency. The strain induced in the cantilever is 

dependent on the magnitude and frequency of the applied force. The distance between the magnets is limited by 

the geometrical stiffness in the beam and the magnetic flux density of the magnets. Magnetic contact can be 

avoided by optimizing the stiffness of the beam and the maximum distance between the magnets. Analytical 

simulation and experimentation is carried out by changing the input force applied to the Aluminum cantilever 

beam which is shown in Fig. 12, the results are in close agreement.   
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Fig. 12 Force versus voltage of Energy harvester 

To manage the energy harvesting and the energy release to the system, the LTC3588-1 piezoelectric energy 

harvesting power supply integrates a low loss internal bridge rectifier with nanopower high efficiency 

synchronous buck converter. It uses an efficient optimized energy harvesting algorithm to collect and store 

energy from high impedance piezoelectric elements, which can have short-circuited currents on the order of tens 

of micro amps. An ultra quiescent current under voltage lockout (UVLO) mode with a wide hysteresis window 

allows charge to accumulate on an input capacitor until the buck converter can efficient transfer a portion of the 

stored charge to the output. In regulation, the LTC 3588-1 enters a sleep state in which both input and output 

quiescent currents are minimal. The buck converter turns on and off as needed to maintain voltage regulation 

and bleeds off any excess power via an internal shunt regulator. The LTC 3588-1 has a feature of selecting of 4 

different output voltages ranging from 1.8V to 3.6V and up to 100mA of continuous output current and LTC 

3588-2 has range of 3.45V to 5V. The output voltage is selected depending upon the application requirements.  

The output response of the energy harvesting IC LTC3588-1 for 5VPP selection is shown in Fig. 13(a) which 

shows average DC output voltage of 4.96V. To observe the load characteristics both the piezoelectrics are 

connected to LTC 3588 at 3.6V range selection. Output of one piezoelectric is used to drive the load (LED) and 

the other output without load are shown in Fig. 13(b). When load is connected the voltage drops down to 1.23V 

from 3.52V. The load current of 52µA is measured by Agilent 3458A 8½ digital multimeter and the power 

consumption is around 64 µW. 

         
(a)       (b) 

Fig. 13(a) Study state response from the IC output with D0=1 and D1=1(I/P=5Vpp) 

(b) Study state response of two sensors one is connected to load other under no load 
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Fig. 14 The input and output characteristics of piezoelectric energy harvester 

The input and output power characteristics of the piezoelectric energy harvester are shown in Fig. 14.  From the 

experimental results it is found that the output power remains almost constant after a certain point depending 

upon the PZT dimension. 

 

VI. Conclusions 
Genetic Algorithm based optimization approach for the design of Energy harvester which shows great 

potential and the possibility for enhanced energy recovery from ambient vibrations. Numerical analysis is also 

carried out using FEM design and simulation software COVENTORWARE to decide the optimum PZT position 

on the Aluminum cantilever beam for maximum output power. For the designed structure the optimum position 

for PZT on beam is found to be 2cm from the fixed end. Experiments were carried out to support numerical 

analysis. The harvested AC power is converted into usable DC power by Piezoelectric Energy Harvesting Power 

Supply device LTC3588. The output current of 52µA is measured with 10 ohm resistance LED as a load and the 

power produced is around 64µW from single piezoelectric. MEMS sensors, hearing aids and other low power 

wireless nodes can be powered by combining the output power from both the piezoelectric. 
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