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Abstract. For the past years, there has been an increase in research in the area of vibration based energy harvesting. 

The main motivation is to provide electrical energy for remotely operated systems with limited energy sources. 

Different transduction mechanisms can be used for vibration to electricity conversion. However, the piezoelectric one 

has received the most attention due to the 

are usually avoided, the conversion of aero

energy harvesting. In this work the main goal is the investigation of the interaction of piezoelectric energy harvesting 

and a nonlinear aeroelastic plate .The interaction of piezoelec

have interesting aspects for energy conversion using limit cycle oscillation (LCO) . An electromechanically coupled 

nonlinear finite element model is presented. The von Karman large deflection strain

considered. Roger's approximation will be used to obtain the unsteady aerodynamic loads. In the ele

resistive load is considered. The numerical time

a Newton Raphson procedure. This work presents the effect of varying the aspect ratio (1,2,3,4 and 5 ) 

linear flutter speed but also for the mechanical and electrical outputs obtained after the linear flutter speed. First, the 

results show that the increasing of the aspect ratio 

behavior of mechanical (displacement ) and electrical (voltage and powered) variables obtained after the flutter speed 

for different aspect ratio and resistive loads.
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1. INTRODUCTION  

  

The transformation of aeroelastic vibratio

years. The goal is to convert flow-induced structural vibrations into electricity by using aeroelastic systems with 

electromechanical coupling. The harvested energy can be used to pow

different transduction mechanisms can be used for vibration

electromagnetic, and electrostatic transductions [1], the recent papers have focused on the piezoelec

5] due to the ease of application and high power density of piezoelectric materials.The power extraction from linear and 

nonlinear aeroelastic systems has been covered in the literature. An early experimental effort of generating elect

from thin curved airfoils with macro-fiber composite (MFC) piezoelectric structures under airflow excitation was 

presented by Erturk et al. [6]. For the piezoaeroelastic problem of harvesting energy from airflow excitation of a 

cantilevered plate with embedded piezoceramics, De Marqui et al. 

the vortex-lattice method [18] and the doublet

were given for a cantilevered plate with embedded piezoceramics for various airflow speeds below the linear flutter 

speed and at the flutter boundary. Frequency domain simulations [8] considering resistive and resistiveinductive circuits 

were also presented focusing on the linear response at the

aeroelastic energy harvesting problem for a typical section by using the finite state theory of Peters et al. [15]. Erturk et

al. [16] presented an experimentally validated lumped

plunge stiffness members using Theodorsen’s [17] aerodynamic model. Piezoelectric power generation at the flutter 

boundary, including the minor shift in the linear flutter speed has also been discussed [16]. In

efforts, the “wingmill” concept was investigated previously for rather large

conventional windmills and wind turbines [18

A linear aeroelastic system undergoing persistent oscillation

flutter speed) is the ideal linear scenario [7,16]. However, persistent oscillations occurring at a specific wind speed 

restrict the operating envelope of the energy harvester and often

present a very rich variety of dynamic behavior such as LCOs, internal resonances, and chaotic motion [21,22]. In 

Erturk et al. [16], the possible useful consequences of having nonlinearities in the system to creat

oscillations (LCOs) in aeroelastic harvesters was first discussed.More recently, researchers have focused on nonlinear 

aspects [23] of aeroelastic energy harvesting using piezoelectric transduction and airfoil configurations. Abdelkefi et al.

[24] considered nonlinear plunge and pitch stiffness components (in polynomial forms) and theoretically investigated 
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For the past years, there has been an increase in research in the area of vibration based energy harvesting. 

The main motivation is to provide electrical energy for remotely operated systems with limited energy sources. 

mechanisms can be used for vibration to electricity conversion. However, the piezoelectric one 

has received the most attention due to the ease of use and power density it provides. Although aeroelastic phenomena 

are usually avoided, the conversion of aeroelastic vibrations into electrical energy is a powerful option for wind 

energy harvesting. In this work the main goal is the investigation of the interaction of piezoelectric energy harvesting 

and a nonlinear aeroelastic plate .The interaction of piezoelectric energy harvesting and the nonlinear behavior can 

have interesting aspects for energy conversion using limit cycle oscillation (LCO) . An electromechanically coupled 

nonlinear finite element model is presented. The von Karman large deflection strain-displacement relations will be 

considered. Roger's approximation will be used to obtain the unsteady aerodynamic loads. In the ele

resistive load is considered. The numerical time-domain equations are solved using the alpha generalized method

a Newton Raphson procedure. This work presents the effect of varying the aspect ratio (1,2,3,4 and 5 ) 

linear flutter speed but also for the mechanical and electrical outputs obtained after the linear flutter speed. First, the 

ow that the increasing of the aspect ratio decreases the linear flutter speed. Then, this work discusses the 

behavior of mechanical (displacement ) and electrical (voltage and powered) variables obtained after the flutter speed 

and resistive loads.  

piezoelectric, aeroelasticity 

The transformation of aeroelastic vibrations into electrical energy has received growing attention in the last few 

induced structural vibrations into electricity by using aeroelastic systems with 

electromechanical coupling. The harvested energy can be used to power small electronic components. Although 

different transduction mechanisms can be used for vibration-to-electricity conversion, such as the piezoelectric, 

electromagnetic, and electrostatic transductions [1], the recent papers have focused on the piezoelec

5] due to the ease of application and high power density of piezoelectric materials.The power extraction from linear and 

nonlinear aeroelastic systems has been covered in the literature. An early experimental effort of generating elect

fiber composite (MFC) piezoelectric structures under airflow excitation was 

presented by Erturk et al. [6]. For the piezoaeroelastic problem of harvesting energy from airflow excitation of a 

piezoceramics, De Marqui et al. [7,8] presented linear finiteelement models based on 

lattice method [18] and the doublet-lattice method [8] of aeroelasticity [9-12]. Timedomain simulations [7] 

embedded piezoceramics for various airflow speeds below the linear flutter 

speed and at the flutter boundary. Frequency domain simulations [8] considering resistive and resistiveinductive circuits 

were also presented focusing on the linear response at the flutter boundary.  Bryant and Garcia [13,14] studied the 

aeroelastic energy harvesting problem for a typical section by using the finite state theory of Peters et al. [15]. Erturk et

al. [16] presented an experimentally validated lumped-parameter model for an airfoil with piezoceramics attached onto 

plunge stiffness members using Theodorsen’s [17] aerodynamic model. Piezoelectric power generation at the flutter 

boundary, including the minor shift in the linear flutter speed has also been discussed [16]. In addition to these recent 

efforts, the “wingmill” concept was investigated previously for rather large-scale configurations as an alternative to 

conventional windmills and wind turbines [18-20]. 

A linear aeroelastic system undergoing persistent oscillations at the neutral stability condition (i.e. at the linear 

flutter speed) is the ideal linear scenario [7,16]. However, persistent oscillations occurring at a specific wind speed 

restrict the operating envelope of the energy harvester and often inherent nonlinearities are present. Nonlinear systems 

present a very rich variety of dynamic behavior such as LCOs, internal resonances, and chaotic motion [21,22]. In 

Erturk et al. [16], the possible useful consequences of having nonlinearities in the system to creat

oscillations (LCOs) in aeroelastic harvesters was first discussed.More recently, researchers have focused on nonlinear 

aspects [23] of aeroelastic energy harvesting using piezoelectric transduction and airfoil configurations. Abdelkefi et al.

[24] considered nonlinear plunge and pitch stiffness components (in polynomial forms) and theoretically investigated 
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domain equations are solved using the alpha generalized method and 
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Erturk et al. [16], the possible useful consequences of having nonlinearities in the system to create limit-cycle 

oscillations (LCOs) in aeroelastic harvesters was first discussed.More recently, researchers have focused on nonlinear 

aspects [23] of aeroelastic energy harvesting using piezoelectric transduction and airfoil configurations. Abdelkefi et al. 

[24] considered nonlinear plunge and pitch stiffness components (in polynomial forms) and theoretically investigated 
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their effects on the harvested energy and the nonlinear aeroelastic behavior. Sousa et al. [25] considered free play 

nonlinearity for the pitch stiffness and experimentally validated its effect on the harvested piezoelectric energy. The 

case of combined nonlinearities (free play and cubic hardening stiffness) was also numerically investigated by the same 

authors [25]. The free play nonlinearity has been shown to reduce the cut-in speed of persistent oscillations while the 

hardening stiffness of the cubic form has been observed to make the persistent oscillations bounded at acceptable 

amplitudes over a wide range of airflow speeds. 

The literature of aeroelastic energy harvesting has covered the linear modeling and analysis of plate-like wings for 

low power generation [7,8]. In this paper, wing-like configurations are investigated for low-power generation from 

nonlinear aeroelastic oscillations in unmanned aerial vehicle (UAV) applications. An electromechanically coupled finite 

element model based on von Karman plate assumptions is combined with an unsteady Doublet-lattice (originally in 

frequency domain) aerodynamic model. The aerodynamic model is later converted to the time domain by using Roger’s 

approximation[26]. A load resistance is considered in the electrical domain of the problem. The set of nonlinear 

equations is solved with the iterative Newton-Raphson method and the generalized alpha method. Five wing 

configurations with different aspect ratios are investigated. The effect of the aspect ratio on the linear aeroelastic 

behavior is first investigated for the short circuit condition. Later, the nonlinear electroaeroelastic behavior is 

investigated for a range of load resistances and the different aspect ratios of the linear case. The effects of aspect ratio 

and load resistance on the cut-in speed of limit cycle oscillations (LCOs), on the range of airflow speeds of LCOs of 

acceptable amplitudes and on the mechanical and electrical outputs are investigated. 

  

2. NON LINEAR PIEZOAEROELASTIC MODEL  
  

This section presents the nonlinear modeling of the electromechanically coupled plate like wing shown in Figure 1. 

The substructure and the piezoceramic layers are assumed to be perfectly bonded to each other. The piezoceramic layers 

are poled in the thickness direction and covered by continuous electrodes (which are assumed to be perfectly 

conductive) with negligible thickness. A resistive load will be considered in the electrical domain and the purpose is to 

estimate the power generated in the electrical domain due to the nonlinear aeroelastic vibrations of the energy harvester 

wing as well as the influence of electrical power generation on the nonlinear aeroelastic behavior of the wing.  

 

 
Figure 1- Cantilevered plate like wing with embedded piezoceramic layers and the cross-sectional view. 

 

The electroaeroelastic model is obtained by combining an electromechanically coupled finite element model and an 

unsteady aerodynamic model. The nonlinear electromechanically coupled model of the wing with embedded 

piezoceramics is based on von Karman nonlinear relations using classical plate theory [27]. The generalized Hamilton’s 

principle for a piezoelectric energy harvester is used with a finite element (FE) procedure that accounts for the 

piezoelectric effect and the nonlinear compatibility equation. The electromechanical coupling is included in the 

constitutive equation that is written in terms of the classical laminate plate theory due the composite nature of the plate. 

The compatibility equation represents a nonlinear relation between the strain and transversal displacement in order to 

represent large transversal displacement of the wing. A detailed derivation of the FE model as well as the derivation of 

the element matrices can be found in references [27,28]. The unsteady aerodynamic modeluses the doublet-lattice 

method (DLM) and the Roger’s method [26]. 

The governing equations of the nonlinear electromechanically coupled plate are presented as, 

 

( )2 2 ,p nlV+ − + =Mη Kη Θ K η η η F��

                                                                                                                   (1.a) 

2

1
0

p p p

L

C V V
R

+ + =Θ η� ��

                                                                                                                                 (1.b) 

 

where M  is the modal matrix, K is the linear stiffness matrix, 
2Θ is the electromechanical coupling vector, 

wF is the 

external force vector, η is the vector of modal amplitudes, pC is the equivalent capacitance, pV is the electrical voltage 

and 
LR is the resistive load. The formulation presented in this work has constant nonlinear stiffness matrix ( ( )2 ,nlK η η ) 

[28]. Therefore, the updating is not required during the simulation steps. The nonlinear stiffness matrix ( ( )2 ,nlK η η ), 

originally presented by Lee et al. [28], is expressed as the sum of products of the modal coordinates and nonlinear 

stiffness matrices: 

 

( ),

2 2

1 1

,
n n

i k

nl i k nl i k

i k

η η
= =

=∑∑K K Φ Φ                                                                                                                     (2) 
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where the subscripts i and k are related to the ith and kth modes. 

In this work, the right-hand-side term F of the mechanical equation (Eq. 1a) is the vector of unsteady aerodynamic 

loads obtained from the unsteady DLM. In this method, the linearized formulation for the oscillatory, inviscid, subsonic 

lifting surface theory relates the normal velocity at the surface of a body (e.g., an elastic wing) with the aerodynamic 

loads caused by the pressure distribution [29]. The formulation is derived using the unsteady Euler equations of the 

surrounding fluid. The doublet singularity (or a sheet of doublets) is a solution of the aerodynamic potential equation. 

An unsteady aeroelastic behavior as well as the resultant differential pressure across the surface of a wing can be 

represented with this solution. 

In the DLM, the aerodynamic loads and the vector of downwash are related in the frequency domain as,F= 

 

( )1

a a
ω−=F AIC w

                                                                                                                                              (3) 

 

where AIC(ω) is the matrix of aerodynamic influence at a specific frequency (ω ) and wa is the downwash vector  

described in terms of the plate transversal displacement W and flow velocity V . 

 

a V
t x

∂ ∂
= +

∂ ∂

W W
w                                                                                                                                               (4) 

 

The aerodynamic loads and the structural motion are obtained from distinct numerical methods with distinct meshes. 

Therefore, the transformation matrices are determined using a surface spline scheme in order to interpolate the forces 

obtained in the doublet-lattice mesh to the nodes of the FE mesh [30]. The resulting displacements of the structural 

mesh are also interpolated at the corners of the aerodynamic mesh. This way, the aerodynamic forces are, 

 

1
( )

T

w ea aeV
t x

ω − ∂ ∂ 
= + 

∂ ∂ 
F Φ G AIC G Φη                                                                                                                       (5) 

 

where Φ  is the modal matrix, eaG  is the aerodynamic to structural transformation matrix and aeG  is the structural to 

aerodynamics transformation matrix. In this paper, the aerodynamic forces are converted from the frequency domain to 

the time domain by using the Roger’s method [26]. This way, transient and steady state behavior of the system can be 

investigated. It is important to note that Roger’s method uses a minimum square approximation to obtain a rational 

polynomial formulation described in time domain to represent the aerodynamic forces. Thus, the aerodynamic forces, 

and subsequently the piezoaeroelastic equations, can be represented in the state-space form, 

 

( )1 1 1 1
11

22 1

ii

s S NL s S s s j

T

pp L L P

SS

i

VV R R C

V

b
γ

− − − −

 
    − + −    
    −= −    

    
         

 

0 I 0 0

XX M K K M B M θ M A

XX θ
0 0

XX
I 0 0 I

�

�

�

�

                                                                                               (6) 

 

The piezoaerolastic behavior of the wing is governed by Eq. (6) that is solved by using the alfa-generalized and the 

Newton Raphson method. The alfa-generalized [31-33] is employed to numerically integrate the system equation in 

time domain. The equations that describes the alpha generalized method are shown, 

 

m1 f1n+ n+α α
∗=x A x� �

                                                                                                                                               (7.a) 

( )1n+1 n n n+1 n
h hγ= + + −x x x x x� � �

                                                                                                                              (7.b) 

( )
1 1mn n m n+1 nα α= + −+x x x x� � � �

                                                                                                                                  (7.c) 

( )1f1n+ n f n+1 nα α= + −x x x x� �

                                                                                                                                     (7.d) 

 

 

where ∗A  is the nonlinear state space matrix and h is the time step. In order to solve the set of nonlinear equations, 

which describes the piezoaeroelastic generator, the Newton-Raphson method is used. A brief explanation of this method 

is presented next. In the first time step the state variables are known. As an initial guess, the state variable of the next 

time step is assumed as the same of the one of the current time step. Later, the residue and Jacobian are calculated in 

order to update the state by, 
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( ) ( )
1

k k k
−

∆ = −x J x R x  

 

where R is the residue and J the Jacobian. If the norm of the calculated value (Eq. 8) is greater than an assumed 

value, the state variable vector is updated in the next time step as,  

 
1

1 1 1

k k k

n n n

+
+ + += ∆ +x x x  

 

and a new Jacobian, residue and actualization vector are calculated. The norm is again verified and when the norm 

of the actualization vector is smaller than an assumed value, the time step is changed.  

 

3. NONLINEAR ELECTROAEROELASTIC MODEL 

 

 This section investigates the nonlinear piezoaeroelastic behavior of cantilevered plate-like wings with embedded 

piezoceramics. The effect of wing aspect ratio (AR) on the electroaeroelastic behavior (mechanical and electrical 

outputs) is discussed. Five different aspect ratios (varying from 1 to 5) as well as a set of load resistances (ranging from 

short circuit to open circuit condition) are considered in the simulations. The linear case is first investigated in this 

work. By neglecting the nonlinear stiffness term in Eq. (1a), the variation of the linear flutter speed and flutter 

frequency are obtained for the aspect ratios considered in this work. Later, the nonlinear piezoaeroelastic behavior is 

investigated (wing tip displacement, voltage and power output) for the different aspect ratios and load resistances.  

The geometric properties of the different wings used in the simulations are presented in Table 1. The convergence of 

the piezoaeroelastic solution (FE model and aerodynamic model) was verified for each AR. The mesh of the basic 

configuration (AR = 1) is 10x10. The number of elements along the chord is always the same for different AR and the 

number of elements along the span is increased by 10 for increasing AR. 

 

 
Table 1- Geometric properties of the generators 

  Caso 
Aspect 

Ratio 
Span [m] Chord [m] 

Thickness 

[m] 

RA1 1 0.3  0.3  0.001  

RA2 2 0.6  0.3  0.001  

RA3 3 0.9  0.3  0.001  

RA4 4 1.2  0.3  0.001  

RA5 5 1.5  0.3  0.001  

 

Two identical layers of PZT-5A are embedded into the top and the bottom of the aluminum structure and each one 

has a thickness of 0.4 mm. These embedded piezoceramics layers cover 0.01 m of the wing span (at the root) in all 

cases (AR) considered in this work. The geometric and material properties of the plate-like wing are presented in Table 

2. The material and electromechanical properties for PZT-5A are given in Table 3. The air density is assumed to be 

1.225 kg m3 and sound speed of 340 m/s.  

 

Table 1- Aluminum mechanical properties 

Material Aluminum 

Elastic Modulus 69 GPa  

Poisson coefficient 0.3 

Density 
2750 

3kg m  

 

 

 

 

 

 

 

 

 

Table 2- Material and electromechanical properties of PZT-5A 

Material PZT 5A 
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Elastic Modulus 69.5 GPa  

Poisson coefficient 0.3 

Density 
7800 

3kg m  

Dielectric constant ( Sε ) 11.51 F m  

Piezoelectric constant ( 31e ) 5.2 
2C m  

Piezoceramic thickness 0.4 mm  

  

Although the objective of this article is to investigate the influence of aspect ratio on the nonlinear electroelastic  

behavior of the wind energy harvester, the linear behavior is first discussed. The undamped natural frequencies and 

modes sequence are presented in Table 4 and 5. They are obtained by neglecting the nonlinear term in Eq. 1a. The 

short-circuit condition ( RL=100 Ω) is considered. One should note in Table 4 that natural frequencies decrease with 

increasing AR (for the first five modes). 

 

 
Table 3 - Undamped natural frequencies for different AR [Hz] 

RA1 RA2 RA3 RA4 RA5 

9.26  2.23  1.02 0.57  0.36  

22.61 9.96  6.33  3.58  2.29  

52.65 14.36  6.39 4.63  3.66  

71.29  32.09  17.88  10.06  6.43  

74.96  39.35  19.83  14.30  11.19  

 

The modes sequence is shown in Table 5. The sequence is changes as the AR is modified. In Table 5, B stands for a 

bending mode, T stands for a torsion mode and P stands for plate mode.  

 

Table 4- Mode Sequence 

RA1 RA2 RA3 RA4 RA5 

1B 1F 1F 1F 1F 

1T 1F 1T 2F 2F 

2F 2F 2F 1T 1T 

1P 2T 3F 3F 3F 

2T 3F 2T 2T 2T 

 

The linear piezoaeorelastic behavior at short circuit condition is presented here in terms of flutter speed and flutter 

frequency. The flutter speed is obtained by checking real part of the eigenvalue of the linear system equation. The 

flutter frequency is obtained from the imaginary part of the eigenvalue. Figure 2a shows the variation of flutter speed 

with increasing AR. The flutter speed decreases with increasing AR. The variation of flutter frequency with AR is 

shown in Figure 2b. The flutter frequency decreases with increasing AR. 

 
 

Figure 2 - Flutter speed (a) and flutter frequency (b) versus aspect ratio of the plate. 

 

The nonlinear piezoaeorelastic behavior is also investigated and presented as the amplitude of LCOs (tip 

displacement, voltage output and electrical power output) over a range of airflow speeds for the different AR and load 

resistances considered in this work. The LCOs are detected in the post flutter region from time domain simulations (FE 

model and Roger’s method for aerodynamics). Figure 3a to 3e show the dimensionless amplitude of LCO for aspect 

ratios from 1 to 5, respectively. Again, the cut-in speed of LCOs is reduced with increasing AR (but always larger than 

the linear flutter speed of each case). Also, the range of airflow speeds with LCO of acceptable amplitude is narrowed 

with increasing AR. For any load resistance, the amplitude increases with increasing airflow speed. The effect of power 
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generation (using different load resistances) on the vibration amplitude is negligible for all cases. For the case of AR = 

1, the cut-in speed of LCO increases when the load resistance is increased from 100 Ω to 1 kΩ . For any airflow speed 

(larger than the cut-in speed) of this same AR, the mechanical amplitude decreases when the load resistance is increased 

from 100Ω to 1 kΩ . For aspect ratios from 2 to 5, the effect of power generation on the mechanical amplitudes is 

negligible. 

 

a)  

b)  

c)  

d)  

e)  
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Figure 3 - Dimensionless displacement with increasing airflow speed for five different aspect ratios and a set of 

load resistances. 

 

Figure 4a to 4e show the voltage output for aspect ratios 1to 5, respectively. In general, one should note in Figures 3 

that the cut-in speed of LCOs is reduced with increasing AR (but always larger than the linear flutter speed of each 

case). Also, the range of airflow speeds with LCO of acceptable amplitude is narrowed with increasing AR. The voltage 

output also decreases with increasing AR. For each AR considered, the voltage output increases with increasing load 

resistance as well as with increasing airflow speed. Figure 3a (AR = 1) shows that the cut-in speed of LCO increases 

when the load resistance 10 kΩ is used. However, the same cut-in speed is observed for different load resistances when 

larger aspect ratios are considered (Figs. 3b-e). 

 

a)  

b)  

c)  

d)  
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e)  

Figure 4 - Voltage output with increasing airflow speed for five different aspect ratios and a set of load resistances. 

 

Figure 5a to 5e show the power output for the aspect ratios 1 to 5, respectively. In general, one should note in 

Figures 5 that the cut-in speed of LCOs is reduced with increasing AR (but always larger than the linear flutter speed of 

each case). Also, the range of airflow speeds with LCO of acceptable amplitude is narrowed with increasing AR. Power 

output increases with increasing airflow speed for any load resistance and for any aspect ratio. For any aspect ratio 

(except for AR = 5) and at any airflow speed (larger than the cut-in speed of LCO of each configuration), as the load 

resistance is increased from 100 Ω to 10 kΩ, the power output increases. When the value of load resistance is further 

increased, the power output starts decreasing. Therefore, RL =10 kΩ gives the maximum power output among the 

resistive loads considered for aspect ratios from 1 to 4. This load resistance also gives the largest cut-in speed of LCO 

when AR = 1. The optimum load for aspect ratio 5 is RL=100 kΩ. One should also note in Figures 4 that maximum 

power is obtained for AR = 1. Although power decreases with increasing AR, the cut-in speed of LCO also decreases 

with increasing AR. 

 

a)  

b)  

c)  
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d)  

e)  

Figure 5 - Power output with increasing airflow speed for five different aspect ratios and a set of load resistances. 

  

4.  CONCLUSIONS 

  

In this work, the modeling and analysis of a nonlinear wind energy harvester is presented. The piezoaeroelastic 

model is obtained by combining a nonlinear electromechanically finite element model, based on the Von Karman plate 

theory, and an unsteady aerodynamic model based on the DLM method. The aerodynamics is converted to the time-

domain by using the Roger's method. The resulting nonlinear equations are integrated numerically using the alpha-

generalized method and solved using the Newton-Raphson method.  

The linear behavior is first investigated by neglecting the nonlinear stiffness in the governing equations. The effect 

of aspect ratio on the flutter speed as well as on the flutter frequency is investigated. Five aspect ratios, varying from 

one to five, are considered. The linear flutter speed and the flutter frequency decrease with increasing aspect ratio.  

The nonlinear electroaeroelastic behavior is also investigated for the five aspect ratios considered in the linear case. 

The cut-in speed of LCO decreases with increasing aspect ratio (although it is always larger than the linear flutter speed 

of each case). The range of airflow speeds with LCOs of acceptable response amplitude is also decreased with 

increasing aspect ratio. However, the mechanical and electrical output decrease with increasing aspect ratio (as airflow 

speed and consequently aerodynamic loads decrease with increasing aspect ratio). In general, the effect of power 

generation on the mechanical amplitudes is negligible in the nonlinear case. 
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