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ABSTRACT 

 

Structural instability caused by self exciting aerodynamic forces (flutter) can be used as an effective input 

source for small scale energy harvesters. The self exciting aerodynamic force exerted on a T-shape cantilever 

causes periodic vibration, which can be converted into electric power through an electromagnetic transducer. 

Due to the complexities inherent in the fluid-structure interaction between the cantilever harvester and wind 

flow, analyzing the structural response of the cantilever and estimating the power output from the flutter based 

energy harvester are challenging. VXflow , a CFD code based on the vortex particle method, is employed in this 

study to simulate the wind induced responses of a T-shape cantilever beam and to estimate the power output 

extracted from the flutter vibration. The estimated aerodynamic damping parameter, together with the 

mechanical and electromagnetic damping parameters, in the harvester are then used to find the flutter critical 

wind speed where flutter starts and the proper load resistance.    
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INTRODUCTION  

 

Energy harvesting has been an active research area as demands for renewable energy sources increase. Energy 

harvesting systems refer to devices that capture and transform energy from the environment into electricity. 

Unlike conventional, large-scale renewable energy generating systems such as wind turbines, thermal generators, 

and solar panels, energy harvesting devices mostly target on powering small electronic devices.  For example, 

many researchers are investigating how to supply power to wireless sensor modules using energy harvesters 

(Roundy and Wright 2004). If such sensors can be operated solely on power generated from an energy harvester, 

the need for regularly changing batteries can be eliminated and the maintenance cost of wireless sensor network 

can thus be reduced. 

 

Wind energy has long been used to generate power mostly using wind turbines by exploiting the bladesô lift and 

drag forces to rotate an electromagnetic generator. This conventional approach for generating power is, however, 

difficult to apply to small scale energy harvesters, because small size generators are difficult to make and have 

low efficiency. Wind induced vibrations have been suggested as an alternate input source for small scale energy 

harvesters. Wind induced vibrations have been used to mechanically strain piezoelectric transducers to generate 

power (Allen and Smits 2001; Sun et al. 2011) and to generate inductance power in electromagnetic transducers 

(Jung et al. 2011). Aero-elastic instability phenomenon, which is referred to as flutter, has also been suggested 

as an input source for energy harvesters because of its potential capability for generating electrical power. 

Flutter induced vibration of T-shape cantilever beam and plate have been used to mechanically strain 

piezoelectric patches to generate power (. Kwon 2010; Bryant et al. 2011). A leaf-like structure has also been 

proposed to convert cross-flow flutter into electricity using Poly Vinylidene Fluoride (Li et al.2011). 

 

Flutter is a phenomenon that engineers have strived to prevent since flutters on air plane wings and bridge 

girders can lead to destructive structural failures. In bridge engineering, particularly, researchers have conducted 

myriad wind tunnel tests to understand flutter phenomenon using scaled structural models. With advancements 

in computing power, computational fluid dynamics (CFD) has also been used and played important roles in 



designing aerodynamically stable bridge sections (Larsen 1998). In this paper, on the contrary, we seek to 

design aerodynamically unstable shapes to invoke the flutter induced vibration and to use it as an input source 

for the electromagnetic energy harvester. We employ VXflow , a CFD code based on Vortex particle method 

(Morgenthal 2007), to analyze the vibrational responses and the power output from the energy harvester under 

different wind speeds and electrical load resistances.  

 

THEORETICAL BACKGROUNDS  

 

Electromagnetic (EM) transducer 

 

Electromagnetic based energy harvesters can be built using an inertial frame configuration, in which the relative 

movement between the magnets and the coils are induced by the vibration of the inertial frame. The vibration 

system can be described as a forced vibration equation as follows (Beeby 2007): 
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where ,m tc  and k  are, respectively, the mass, total damping and stiffness of the vibration frame; y
 
and z  

represent the inertial frame displacement and the relative displacement between the magnet and the coil, 

respectively. The total damping coefficient tc includes both the mechanical damping and the electrical damping 

)( emt ccc += . The mechanical damping  )2( nmmm mcc wz=  is expressed in terms of damping ratio mz and the 

natural frequency nw , and the electrical damping ec is expressed as (El-hami et al. 2001): 
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where ,N l andbare, respectively, the number of coil turns, the coil length exposed to the magnetic flux and the 

average flux density. Furthermore, LR , CR and CL are, respectively, the load resistance, the coil resistance and 

the coil inductance, and w is the angular frequency in the motion between the magnet and the coil. The 

generated energy is equivalent to the energy extracted by the electrical damping from the system as: 
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where z#is the relative speed between the magnet and the coil. Note that z#is itself a function of electrical 

damping ce since the total damping ct includes ce to suppress the displacement z. That is, power generation 

depends on both the electrical and structural parameters.  

 

Analytic descriptions for flutter 

 

In wind engineering, the motion of a bridge girder responding to the self excited forces by wind is described by 

the equations corresponding to bending and torsional modes as (Morgenthal 2002): 
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where mand I are, respectively, the mass and the moment of inertia, hz and az are, respectively, the damping 

ratios in bending and torsional modes, h and aare, respectively, the deflection and the rotation, hw and aw are, 

respectively, the natural circular frequencies for the bending and torsional modes. The aerodynamic force )(tFL  

and aerodynamic moment )(tFM  are given as (Larsen 1997):
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where r, ¤U and B are, respectively, the air density, the free stream wind speed and the section length. 

*
1H , *

2H , *
3H and *

4H are the flutter derivatives in the bending mode, and *
1A , *

2A , *
3A and *

4A are the flutter 

derivatives in the torsional mode. Furthermore, K is the non-dimensional reduced frequency defined as: 
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The self exciting forces are dependent on the deflection and the rotation of the section and these forces are 

strongly affected by the section shape. Substituting Eq. 7 into Eq. 5 and neglecting the bending mode lead to the 

following second order differential equation representing a simple 1-DOF, free vibration problem:  
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The terms aawzI2  and )(21 *
2

3 KKABU¤r  are, respectively, the mechanical and the aerodynamic damping in 

torsional mode. The system damping and stiffness are affected by the flutter derivatives whose values are highly 

depending on the geometry of the cantilever section and the wind speed. The analytical flutter derivatives for the 

oscillating thin plates have been derived by Scanlan and Tomko (1971). In general, however, the flutter 

derivatives of a section whose geometry deviates from a simple thin plate are difficult to estimate analytically. 

Wind tunnel tests or CFD simulations are used to find the flutter derivatives for sections with complex geometry. 

  

Aerodynamic instability analysis based on CFD 

 

Computational fluid dynamics (CFD) has been employed to evaluate the aerodynamic instability of bridge 

sections. For example, the computer code DVMFLOW was used for evaluating aerodynamic stability of 

different bridge sections (Larsen and Walther 1998).  VXflow, the CFD code employed in this study, has been 

used to compare the critical wind speed and frequency for various bridge sections studied in the literature 

(Morgenthal 2002). The instability is conventionally evaluated based on the flutter derivatives, which are 

closely related to the system damping. The flutter derivatives can be estimated by forced vibration simulation. 

Assuming that the periodic deflection and rotation with frequency w cause the motion induced forces with the 

same frequencywbut with phase shift anglej, Eqs. 4 and 5 can be combined with the forcing terms (Eqs. 6 and 

7) and rearranged as follows (Larsen and Walther 1998): 

 

titi
L eHiH

B

h
HiHKeC wjw aù

ú

ø
é
ê

è
+++=- )()(2 *

3
*
2

*
4

*
1

2)(                                           (10) 

titi
M eAiA

B

h
AiAKeC wjw aù

ú

ø
é
ê

è
+++=- )()(2 *

3
*
2

*
4

*
1

2)(                                       (11) 

 

where CL and CM are, respectively, the lift and moment coefficients representing the ratios of the lift force and 

moment to the wind flow force acting on the section. The flutter derivatives can be found based on the measured 

amplitude of the coefficients CL and CM and the phase differencej between the imposed periodic motion and 

the force coefficients as in Eqs. 10 and 11. Inserting the force terms (Eqs. 6 and 7) expressed in terms of the 

flutter derivatives into the motion equations (Eqs. 4 and 5) leads to a system dynamic equation.  

 

The eigenvalues of the derived system dynamic equation depict the characteristics of structural responses 

corresponding to wind induced forces. That is, when the real part of the complex eigenvalues of the system is 

negative, the system becomes unstable with excessive vibrational responses (Morgenthal 2000). In this paper, 

we only consider the torsional mode of the T-shape cantilever energy harvester by treating the cantilever beam 

as a rigid body (1-DOF in rotation). In this case, the stability of the cantilever section can be evaluated by only 

considering the sign of the coefficient a#(angular velocity) in Eq. 9, which represents the system damping term. 

The negative system damping would indicate inputting energy into the system, which leads to exponentially 

increasing responses.  

 

 

 



FLUTTER SIMULATION USING VXflow  

 

The flutter critical wind speed, where the flutter starts, the oscillating frequency and the maximum tip 

displacement of the cantilever in the flutter based energy harvester are essential information for estimating the 

power output from the harvester. Due to the complexities inherent in the fluid structure interactions, it is almost 

impossible to analytically estimate this information. In this study, we use VXflow  to simulate the vibrational 

responses of the T-shape cantilever in the flutter based energy harvester. In addition, the flutter derivatives at 

different wind speeds are estimated to find the flutter critical wind speed. For the VXflow simulation, we only 

considered the structural intrinsic damping. The influences of the electromagnetic transducer, which imposes an 

additional electrical damping to the system, on the responses will be considered at the later part of this paper. 

 

Descriptions for the energy harvester model 

 

The configurations, structural and electrical parameters for the flutter based energy harvester are depicted in 

Figure 1. The T-shape cantilever is used to induce the large vortex induced force and, therefore, to initiate flutter 

at low wind speed. The magnets are attached to the tip of the cantilever, whose interaction with the coils induces 

the inductive voltage in the energy harvester. The coils are attached to the inertial frame. VXflow  supports 2-D 

section analysis and assumes the section is rigid. Therefore, it is necessary to approximate the deflection of the 

cantilever in terms of the rotational motion of an equivalent rigid bar. To this end, the spring-supported rigid 

body is derived by seeking the equivalent rotational stiffness, rotational mass and reduced length as shown in 

Figure 1.  

 

                                                                                     
 

Figure 1: Energy harvester model and the equivalent rigid body model 

 

The vertical deflection and the rotation under a unit force F exerting on the cantilever tip are calculated, 

respectively, as EIFLw 33= and EIFLr 22= . The length rL  of the rigid body section with the same rotation r 

can be approximated using the linear relationship wrLr = , which results in LLr 32= , where L is the length of 

the cantilever beam. The corresponding rotational stiffness is then given as LEIrFLK rr 34== . Furthermore, 

the rotational mass (the moment of inertia) is computed as .94 22 mLmLM rr == The parameters for the original 

cantilever, the equivalent rigid frame and the   electromagnetic transducer are summarized in Table 1.  

 
Table 1: Parameters for the energy harvester 

Model dimensions Rotational mode Electromagnetic parameters 

bW  (width) = 0.05 m rL  (reduced length) = 0.0533 m CR  (Coil resistance) = 220 Ҡ 

L  (length) = 0.08 m 
rM  (rotational mass) = 41062.2 -Ö  Kg N  (Coil turns) = 2800 

h  (tip height) = 0.02 m 
rK  (torsional stiffness) = 0.262 Nm b(Magnetic flux density) 

t  (thickness) = 410016.1 -Ö m rw  (rotational frequency) = 31.7 rad/sec l  (height of magnet) = 0.01 m 

m (mass) = 0.0046 Kg   

E  (Elastic modulus) = 180GPa   

I  (moment of inertia) = 151037.4 -Ö m4   

K  (stiffness) = 4.6089 N/m   

w (natural frequency) =  31.7 rad/sec   

mz (damping ratio) = 0.0085    



Forced vibration 

 

The change in sign of *
2A derivative can be used to identify the stability of the section and torsional flutter of the 

SDOF system (Larsen and Walther 1998). We estimate the *
2A  flutter derivative using the forced vibration mode 

in VXflow  at different wind speeds. The results are summarized in Figure 2. The *
2A  flutter derivative generally 

increases with the free stream wind speed, meaning that the system becomes increasingly unstable at higher 

wind speed. For the cantilever energy harvester model described in Table 1, the *
2A flutter derivative transits 

from the negative value into the positive value around UÐ= 3.6 ~ 3.7 m/s, which represents the flutter critical 

wind speed separating the stable and unstable regions of the system response.  

 

 
Figure 2: Flutter A*

2 derivatives  

 

Fluid structure interaction analysis using VXflow 

 

The responses of the flutter based energy harvester are simulated by the fluid structure interaction mode in 

VXflow . Figure 3 shows a snap-shot of the T-shape cantilever vibration showing the equivalent rigid frame 

model. Figure 4 shows the cantilever tip displacement time series corresponding to the wind speeds for 3 m/s 

and 4 m/s, respectively, which are lower and higher than the critical wind speed (3.6 ~ 3.7 m/s) leading to the 

onset of the flutter. As shown in Figure 4b, when the wind speed is above the flutter critical wind speed, the 

amplitude of the tip displacement increases until reaching its maximum and is maintained then in an almost 

constant level, whose responses resembles periodic forced vibration. The exponentially growing trend in the 

displacement is due to the negative damping in the system induced by the self exciting aerodynamic forces. 

After reaching its maximum amplitude, the oscillation is bounded due to the nonlinear effects at the very large 

oscillation amplitudes and the geometric constraints  

 

 
Figure 3: Fluid-structure interaction simulation 

    
(a) U = 3 m/s (Stable)                                                     (b) U = 4 m/s (Unstable) 

Figure 4: Tip displacement of the cantilever corresponding to different wind speeds 




