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Abstract 
Unmanned Air Vehicles (UAVs) and Micro Air 

Vehicles (MAVs) are remotely operated aircraft 

with severe mass, volume and energy sources 

restrictions. Converting the waste vibration 

energy available in the environment into 

electrical energy is the goal of vibration-based 

energy harvesting. An additional source of 

energy can be obtained for UAVs or MAVs 

through the concept of vibration energy 

harvesting. In this work a piezoelectric 

generator wing is modeled for energy 

harvesting from flow excitations. The main 

motivation is to convert aeroelastic vibrations 

into electrical energy using the direct 

piezoelectric effect. The piezoaeroelastic 

responses of the generator wing to a 1-cos gust 

disturbance are investigated at several airflow 

speeds for a set of electrical load resistances in 

the electrical domain. Continuous and 

segmented electrodes configurations are 

investigated and electrical power output and tip 

displacement for both configurations are 

presented. The resistive shunt damping effect of 

piezoelectric power generation is also 

investigated.  

1 Introduction 
The major limitation for small UAVs and 

MAVs is the energy required for long endurance 

missions [1]. The limited available volume and 

the energy sources reduce the endurance and the 

flight range. Generating usable electrical energy 

during the mission of a UAV can relieve the 

auxiliary power drains or provide the power 

required by its sensors. Additional energy 

sources can be obtained by harvesting solar and 

vibration energy [2-6]. 

The concept of energy harvesting has been 

pointed out as a future breakthrough technology 

for UAV and MAV design [7]. An additional 

task to the primary load-bearing function of 

these aircraft structures is to provide an 

additional source of electrical energy by 

converting the vibrations available in their 

environment to electricity. Researchers have 

added solar panels [2,3] over the wing skin of 

UAVs to power small electronic devices or to 

charge batteries for night flight missions. 

Another source of energy for UAVs is the 

mechanical vibration energy due to unsteady 

aerodynamic loads during the flight [2] or due 

to ground excitation in perching [3,6]. 

Piezoelectric transduction has received the most 

attention for vibration-based energy harvesting 

due to the large power densities and ease of 

applications [7-10]. The concept of self-

charging structures [11] has been introduced to 

improve multifunctionality in UAVs. The 

proposed multilayer structure is composed of 

piezoceramic layers for vibration-to-electric 

energy conversion, thin-film battery layers for 

storing the generated energy and a metallic 

substructure layer as the original load-bearing 

layer. 

The literature of aeroelasticity includes research 

on using active controllers with piezoelectric 

elements and other types of smart materials as 

actuators to modify the aeroelastic behavior of 
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wings [12]. The effect of passive controllers on 

the aeroelastic response of a structure has also 

been investigated by some authors [13-15]. The 

main goal in these papers is to increase overall 

damping of the aeroelastic system by employing 

piezoelectric materials with an external shunt 

circuit.  

Some authors have investigated the conversion 

of aeroelastic vibrations to electricity. Bryant 

and Garcia [16] presented the modeling of a 

two-degree-of-freedom typical section as a 

piezoelectric power harvesting device driven by 

aeroelastic vibrations. The main motivation is to 

have an alternative energy source for placement 

in urban areas. A switching energy extracting 

scheme is used in order to increase the power 

extraction of the aeroelastic energy harvester.  

Recently, time-domain piezoaeroelastic 

modeling of a piezoelectric generator wing with 

embedded piezoceramics has been presented in 

the literature [4,17]. The model is obtained from 

the combination of an electromechanically 

coupled finite element (FE) model [18] with an 

unsteady aerodynamic panel model. Although 

the flutter instability is usually avoided in a real 

aircraft, it is the simplest case for the concept 

demonstration of a generator wing using the 

linear piezoaeroelastic model. The response 

history with the largest instantaneous power 

output at the flutter speed shows a decaying 

behavior that is due to the shunt damping effect 

of power generation. The effect of using 

segmented electrodes on the piezoaeroelastic 

response of the same generator wing and the 

same set of load resistances has also been 

investigated [4]. The electrodes are segmented 

on the center line (mid-chord position) and 

properly combined to the electrical load to avoid 

the cancelation of the potential electrical output 

of the torsion-dominated modes (which is 

strongly cancelled when continuous electrodes 

are used). As a consequence of the improved 

electromechanical coupling, better power 

generation and shunt damping effects are 

obtained for the aeroelastic behavior since the 

piezoelectric reaction of the torsional modes in 

the coupled aeroelastic motions of flutter are 

taken into account with the segmented-electrode 

configuration. 

Although the time-domain linear 

piezoaeroelastic model can be used to simulate 

the piezoaeroelastic response at different airflow 

speeds, the vortex lattice model is 

computationally expensive for repeated 

simulations. This way such a model is not 

practical to determine the optimum elements in 

the energy harvesting circuit of the generator 

wing. Therefore, a frequency domain 

piezoaeroelastic model for energy harvesting 

was presented [5]. The doublet-lattice model is 

associated with the electromechanically coupled 

finite element model. A modified p-k solution is 

used to solve the piezoaeroelastic equations. 

Piezoaeroelastically coupled frequency response 

functions are also presented for several airflow 

speeds. 

In this work the piezoaeroelastic time domain 

solution is presented for energy harvesting. In 

the previous works, a sharp edge gust was used 

as the main excitation to the generator wing. 

Here, the response of the piezoaeroelastic wing 

to a 1-cos gust disturbance is investigated.  

2 A piezoaeroelastic finite element model  
 
The piezoaeroelastic model is obtained by 

combining an electromechanically coupled FE 

model [9] and an unsteady Vortex Lattice 

Method (VLM) [17,18]. The 

electromechanically coupled FE model is based 

on the Kirchhoff assumptions to model the thin 

cantilevered wing with embedded piezoceramic 

layers shown in Figure 1. The piezoceramic 

layers (which are poled in the thickness 

direction) are covered by continuous electrodes 

(which are assumed to be perfectly conductive) 

of negligible thickness. A rectangular finite 

element with four nodes and three mechanical 

degrees of freedom per node is used to model 

the substructure. An electrical degree of 

freedom is added to the finite element to model 

the piezoceramic layers (13 degrees of freedom 

in total).  
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Fig. 1. A piezoelectric power generator wing under flow 

excitation and the cross-sectional view of the region with 

embedded piezoceramics and continuous electrodes. 
 

The governing piezoaeroelastic equations for 

the generator wing are 

 

pvMΨ CΨ KΨ Θ F
          

 (1) 

0
p t

p p

l

v
C v

R
Θ Ψ

             

 (2) 

where M  is the global mass matrix, K  is the 

global stiffness matrix, C  is the global damping 

matrix (assumed here as proportional to the 

mass and stiffness matrices), Θ  is the effective  

electromechanical coupling vector, Ψ  is the 

vector of mechanical coordinates (nodal 

mechanical variables), pC
 

is the effective 

capacitance of the piezoceramic, lR  is the load 

resistance and pv   is the voltage across the load 

[9]. The right-hand-side term F  in Equation (1) 

represents the unsteady aerodynamic loads 

obtained using the unsteady VLM. 

The bimorph cross-section shown in Figure 1 

allows combining the electrical outputs of the 

upper (A) and the lower (B) piezoceramic layers 

either in series or in parallel. 

For a torsional vibration mode with the nodal 

line corresponding to the center line of the 

width, strong cancellations occur in both layers 

(A and B) of the configuration shown in Figure 

1. 

 

 

2.1 Unsteady Aerodynamic Model 
 
An unsteady VLM is used to obtain the loads 

over a cantilever plate-like wing [17,18]. The 

wing is represented as a thin lifting surface and 

it is divided into a number of elements (panels). 

A planar vortex ring is associated with each 

rectangular panel of the body itself and its wake. 

The vortex singularity is a solution for the 

Laplace equation and the aerodynamic loads on 

the wing can be obtained by combining these 

singularities with the incompressible potential 

flow around the body. 

 

 
Fig. 2. Vortex-lattice mesh for a cantilevered wing. 

 

A typical vortex-lattice mesh for the three-

dimensional flow problem is shown in Figure 2. 

The leading segment of each vortex ring is 

placed at the quarter chord point of each panel 

and a control point is placed at the three-quarter 

chord of each panel, where the boundary 

condition is verified. If the surface of the plate-

like wing has m panels ( m R S , where R and 

S are the number of panels along the chord and 

the span, respectively) and consequently m 

vortex rings and control points, one can express 

the boundary condition as: 

 

,1 ,1,1 ,1m mKL m m w ma Γ v v n             (3) 

 
where KLa  is the influence coefficient that 

relates the circulation at the vortex ring K to the 

inner product of the perturbed velocity at point 

L. Both counters K and L can have values from 

1 to R S . For example to scan all the vortex 

rings influencing the control point K, an inner 

scanning loop is need with the counter

1L S R. The unknowns in this linear set 

of equations are the circulations m  of each 

vortex ring. The term mv  is always known at 

each time step as it depends on the free stream 

velocity and the velocities of the control points 

due to structural deformations. The velocities 

induced by the wake wv  are also known at each 

time step. New vortex rings are formed and shed 



CARLOS DE MARQUI JUNIOR*, MARCOS JOSÉ MARIA* 

4 

from the trailing edge to the wake at each time 

step and the Kutta condition is satisfied 

imposing the circulation values of the most 

recently shed vortex rings are the same as those 

at the trailing edge (shedding vortices) in the 

previous time step. The circulation values for 

the vortex rings placed on the wing are obtained 

from the solution of the linear system given by 

Equation (3). The aerodynamic load for each 

panel can then be calculated from the unsteady 

Bernoulli equation [17,18]. 

 
2.2 Combination of the Models and the 
Numerical Integration Scheme 
 
The equations of motion obtained from the FE 

formulation can be represented in modal domain 

as: 

 
t t

pvMη Cη Kη Φ Θ Φ F
         

 (4) 

0
p t t

p p

l

v
C v

R
Θ Φ η               (5) 

 

where η  is the vector of modal coordinates, Φ  

is the modal matrix (mass normalized so that the 

modal mass M  is the identity matrix), C  is the 

diagonal modal damping matrix, K  is the 

diagonal modal stiffness matrix and F is the 

vector of aerodynamic loads. This is the 

decoupled form [9] of the equations of motion 

(in the modal sense), hence the solution can be 

performed considering the most significant 

modes in the aeroelastic problem.  

 

The solution of this piezoaeroelastic model in 

time domain has a particular complication: the 

dependence between the electromechanical 

solution and the aerodynamic solution which are 

originally solved for distinct meshes (nodes of 

the FE mesh and control points of the VLM 

mesh). In order to obtain the aerodynamic loads 

one should know the structural response (and 

consequently the electrical response) which 

depends on the aerodynamic loads. An iterative 

method that accounts for the interaction 

between the aerodynamic and the 

electromechanical domains is used to solve the 

equations of motion. However, the aerodynamic 

loads and the structural motion are obtained 

from distinct numerical methods with distinct 

meshes. Therefore the structural FE nodes and 

the aerodynamic control points can be related as 

 

aΨ GΨ
                          

 (6)  

 

where aΨ  is the vector of mechanical 

coordinates of control points in the aerodynamic 

mesh, and G is the transformation matrix. The 

same transformation matrix can be used to write 

the structural mode shapes in terms of 

aerodynamic coordinates 

 

aΦ GΦ
                          

(7) 

 

where aΦ  is the modal matrix in aerodynamic 

coordinates (corners of  the vortex rings). 
Since the virtual work done by the aerodynamic 

forces is the same for the representations in both 

domains, one can express 

 
t t

a aΨ F Ψ F
                     

(8) 

 

and aF  are the aerodynamic loads at the control 

points and F are the aerodynamic loads on the 

structural mesh (nodes). Using Equations (7) 

and (8), the equations of motion (Equations (4) 

and (5)) can be written as, 

 
t t

p a avMη Cη Kη ΦΘ Φ F
     

 (9) 

0
p t t

p p

l

v
C v

R
Θ Φ η

         

 (10) 

 

where the aerodynamic loads are transformed to 

the nodes of the structural mesh. In addition, the 

structural displacements obtained at the nodes 

of the FE mesh at each time step have to be 

obtained at the corners of vortex rings 

(aerodynamic mesh) for calculation of the 

aerodynamic loads. Hence, another 

transformation matrix is introduced to convert 

the modal coordinates to the corners of the 

vortex rings 

 
*

a ax Φ η
                        

 (11) 
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where ax  is the vector of aerodynamic 

coordinates and the matrices aΦ  and *

aΦ  are 

interpolated in this work using surface splines 

[19]. 

 The equations of motion can be written 

as a system of 2n + 1 first order ordinary-

differential equations, where n is the number of 

vibration modes taken into account in the 

solution. The vector of state variables can be 

given as, 

 

1 2

t

3yy y y
                

 (12) 

 

where 1y η , 2y η  and 
3 py v . Taking the 

derivative of y and using the mechanical and 

the electrical equations of motion (Equations (9) 

and (10)) one has 2 1n  first-order ordinary-

differential equations, 

 

1 2y y
                           

(13) 

 

2 2 1 3

t t

a a
y Φ F Cy Ky Φ Θy

       
(14) 

 

2

1 t t 3
3

p l

y
y

C R
Θ Φ y

            

 (15) 

 

The 2 1n  ordinary-differential equations with 

the aerodynamic loads applied at the FE nodes 

are then solved using a predictor-corrector 

scheme that accounts for the interaction 

between aerodynamic and electromechanical 

domains [17,18]. The Adams-Bashforth-

Moulton predictor-corrector method is used here 

and a detailed description of this method can be 

found in the literature [20]. The predictor uses 

the Adams-Bashforth method and the Adams-

Moulton corrector. The local truncation error is 

given by Milne’s estimate [20] and a correction 

term can be included, which improves the 

accuracy of the result at each step. 

 

 

3 Results  
 
3.1 Structure modeled 
 

In the case studies a cantilevered plate-like wing 

with two identical layers of PZT-5A is 

investigated. A load resistance is considered in 

the electric domain. The piezoaeroelastic 

response of the generator wing is presented here 

as time histories of the electrical power output 

and wing tip displacement for several airflow 

speeds and load resistances. 

The input assumed in the simulations is a 

discrete gust disturbance. The initial conditions 

are set to zero and the air density is assumed to 

be 1.225 kg/m3. 

Two identical layers of PZT-5A are embedded 

into the top and the bottom of the plate at the 

root. Conductive electrodes covering the upper 

and the lower faces of the piezoceramic layers 

are connected in series to a resistive electrical 

load as depicted in Fig. 1. The dimensions of the 

plate-like wing considered in this work are 1200 

× 240 × 3 mm
3
. The identical piezoceramic 

layers have the same width as the wing chord. 

The embedded piezoceramics layers cover 30% 

of the wing span (from the root to the tip) and 

each one has a thickness of 0.5 mm. The 

geometric and the material properties of the 

wing (aircraft aluminum alloy Al 2024-T3) are 

presented in Table 1. 

 

 
Table 1. Geometric and material properties of the 

aluminum wing with embedded piezoceramics 

Length of the wing (mm) 1200 

Width of the wing (mm) 240 

Thickness of the wing (mm) 3 

Young’s modulus of the wing (GPa) 70.0 

Mass density (substructure) (kg/m3) 2750 

Proportional constant – α (rad/s) 0.1635 

Proportional constant – β (s/rad)     4.17 x 10-4 

 

 

The typical properties of PZT-5A piezoceramics 

are given in Table 2. 
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Table 2. Material and electromechanical properties of 

PZT-5A 

Mass density (kg/m3) 7800 

Permittivity 
33

T
 (nF/m) 0

1800  

11 22,E Ec c (GPa) 120.3 

12

Ec  (GPa) 75.2 

13 23,E Ec c  (GPa) 75.1 

33

Ec  (GPa) 110.9 

66

Ec  (GPa) 22.7 

31 32,e e (C/m2) -5.2 

33e  (C/m2) 15.9 

 

3.2 Discrete gusts 
 
Movements of air in turbulence are generally 

known as gusts [24]. Considerable evidences 

show that most severe gusts occur more or less 

as individual gusts. 

In the FAR (Federal Aviation Regulation) Part 

25 Section 341 are described the standards for 

evaluating the effects of gusts and turbulence 

loads on an aircraft structure. 

In this paper a discrete gust is modeled using the 

one minus cosine approximation [21-24]. In 

such a case the gust field is reduced to the form 

of one dominant discrete gust. The shape of the 

gust is, 

 

 

1 cos
2

dsU s
U

H
              (16) 

1

6

350
ds ref g

H
U U F

                 (17) 

 

 

Where s  is the distance penetrated into the gust 

(feet), dsU is the design gust velocity and H is 

the gust gradient which is the distance (feet) 

parallel to the airplane’s flight path. refU is the 

reference gust velocity (56 ft/s at sea level) and 

gF is used to account for the fact that different 

aircraft configurations will react differently to 

the same gust. The expressions are valid for
0 2s H .  

According to static Pratt-Walker formula value 

of H should be 12.5 chords, considering the 

wing used for simulation (chord length of 0.24 

meters). However, the value of H equal to 5 feet 

and dsU  of 3.0 feet is used in this work.  

 

 

 
Fig. 3. – A discrete (1-cos) gust shape within a larger 

continuous turbulence profile 
 

 

3.3 Results 
 

Among the solutions obtained, we present 

results for the short circuit flutter speed of the 

continuous electrodes configuration and short 

circuit flutter speed of the segmented electrodes 

configuration. Continuous electrodes covering 

the piezoceramic layers (poled in the opposite 

directions) are connected in series to a resistive 

electrical load (Figure 1) in the first case. Later, 

the electrodes are segmented on the center line 

(mid-chord position) and properly combined to 

the resistive electrical load to avoid the 

cancelation of electrical output of the bending 

and the torsion modes. The piezoaeroelastic 

response characteristics of the continuous and 

the segmented electrode cases are for five 

different values of load resistance in the 

electrical domain. 

The time history of power output at the short-

circuit flutter speed (40 m/s) for the continuous-

electrode case is shown in Figure 4. The power 

output increases as the value of load resistance 



 

7  

EFFECT OF PIEZOELECTRIC ENERGY HARVESTING ON THE 
RESPONSE OF A GENERATOR WING TO A TURBULENCE GUST 

is increased from short-circuit condition to
410R . Clearly the value of the load 

resistance 410R  provides the maximum 

power output among the set of load resistance 

values considered here. Note that the largest 

power output case also exhibits a decaying 

behavior which is due to the shunt damping 

effect of power generation. If the load resistance 

is increased the power output decreases. At the 

open-circuit condition the power output is 

similar to the ones obtained close to short-

circuit. 

The time history of power output for the 

segmented electrode condition at the short-

circuit flutter speed of the continuous electrode 

configuration is shown in Figure 5a. The peak 

power obtained is larger than the peak power 

obtained from the continuous electrodes 

solution (with the set of load resistances 

considered here). Cancelation of the electrical 

output from torsion modes is avoided with 

segmented electrodes. 

 

 

  

Fig. 4. Power output for five different values of load resistance using continuous electrodes at 40 m/s (flutter) speed.

 

 

a) b)   
Fig. 5. Power output for five different values of load resistance using segmented electrodes at 

 a) 40 m/s speed, b) flutter speed (41 m/s) 
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The time history of power output for the 

segmented electrodes case at 41 m/s and is 

shown in Figure 5b. The power output is 

continuously extracted over the time and the 

peak power observed in Figure 5a is larger than 

that of the previous cases (continuous and 

segmented electrodes at 40 m/s). The optimum 

load resistance ( 410R ) gives the maximum 

power with the segmented electrodes. 

The power histories for the optimum load 

resistance of the continuous and segmented 

electrodes cases are presented in Figure 6 at the 

flutter speed (40 m/s for continuous electrode 

and 41 m/s for segmented electrodes). One can 

observe that flutter speed is increased with the 

segmented electrodes configuration as well as 

peak power is almost twice the continuous 

electrode configuration. 

 

 

Fig. 6. Comparative values of Power output using continuous and segmented electrodes at flutter speed 

 

 

 

4 Conclusions  

 

In this paper the piezoaeroelastic modeling of a 

generator wing with continuous and segmented 

electrodes is presented. The response of the 

wing to a discrete gust (1-cos) disturbance is 

investigated. A slight increase in flutter speed (1 

m/s) and larger power output is observed when 

using the segmented electrodes configuration. In 

such case the electromechanical coupling is 

improved and the cancellation of the electrical 

output of torsion motions is avoided. The 

optimum load resistance of   (among the ones 

studied here) gives the maximum power and 

shunt damping effect for continuous and 

segmented electrodes cases. This 

piezoaeroelastic model was used in a previous 

work and a sharp-edge gust was used. The 

response to a discrete gust results in better 

power then the sharp edge gust previously 

investigated. 
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