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Problem Statement 
 Achieving a 24/7 HALE (High Altitude Long Endurance) UAV Solar 

drone 

 Can be used for defense services to gather intel or to perform stealth 
reconnaissance 

 Can be used for agricultural GPS related studies to enhance water 
resource management 

 Use of embedded actuators in wing of UAV to aid in the flight 

 Solar Panels are installed on the airfoils to power the aircraft using 
super capacitors to store and power the battery during the day time 

 Vibration based generators (embedded actuators) can be used to 
power the aircraft by utilizing the vibrational motion of the airfoil, 
those vibrations can be forced or unforced for e.g. buffeting or using 
shakers to induce controlled vibrations on the airfoil 
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Problem Statement 
 UAV using solar cells assisted with embedded actuators (vibration 

generators) enabling 24/7 flight times 

 The vibration generators can be positioned inside the wing at various 
locations to be excited by gusts and control surface pulses to produce 
structural vibrations to produce power to the aircraft storage devices 

 In order to aid the further design of UAV with embedded actuators, a 
FEM based flutter analysis study has been carried out and is presented 
in this paper 

 This current Mech Aero 2015 presentation refers to the work of 

 Anderson et al., July 2015 

 Singh, et al. 2015 

 Anderson et al. 2016 

 Anderson et al. Sep. 2015 
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Model Set-up 
 Geometry and Mesh 

7 

UAV Wing span = 10 ft 
100K Tet elements,  

Min. Size 12 mm 

Elevator 
Rudder 

Flutter Analysis 
Geometry 

ANSYS wing geometry 

UAV & undergraduate team 



Free Vibration Analysis 
                          Model Set-up 
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Free Vibration Analysis 
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2nd bending mode shape 
with lumped mass at 
location 2, 16.62 Hz 

2nd  bending mode shape 
with lumped mass at 

location 1, 16.73 Hz 

2nd bending mode 
shape without lumped 
mass, 17.72 Hz 

Bending mode shape 
with lumped mass at 

location 2, 16.62 Hz 

1st Bending mode shape 
with lumped mass at 

location 1, 
16.73 Hz  

Bending mode for free 
vibration, 6 Hz 



Free Vibration Analysis 
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Torsional Modal Shape with 
lumped mass at location 2, 
27.814 Hz 

  
 

Torsional Modal Shape 
with lumped mass at 
location 1, 26.43 Hz 

Torsional mode shape for 
free vibrations,28.3Hz  

 



Forced Vibration Analysis 
 Configuration scenario I for actuators 
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Mesh and actuator placement 

Deformation and mode shapes for 5th torsional mode 

Deformation and mode shapes for 6th torsional mode 



Forced Vibration Analysis 
 Configuration scenario II for actuators 
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Mesh and actuator placement 

Deformation and mode shapes for 5th torsional mode 

Deformation and mode shapes for 6th torsional mode 



Forced Vibration Analysis 
 Configuration scenario III for actuators 
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Mesh and actuator placement 

Deformation and mode shapes for 5th torsional 
mode 

Deformation and mode shapes for 6th torsional 
mode 



Forced Vibration Analysis 
 The results from the embedded actuator forced vibration study indicate that for 

the first asymmetric loading case in which five actuators each having 5  N force 
(generators) were located on the leading edge of the left wing and five generators 
were placed on the trailing edge of the right wing of the airfoil, the first, second 
and third modal frequencies are 11.81 Hz, 11.822 Hz, and 58.045 Hz corresponding 
to maximum deflections of 62.853 mm, 62.896 mm, and 78.066 mm, respectively  

 For the second asymmetric loading case whereby five actuators were staggered 
spatially on the left wing and five generators were staggered spatially on right wing 
of the airfoil, the first, second and third modal frequencies are 11.756 Hz, 11.762 
Hz, and 57.834 Hz corresponding to maximum deflections of 37.328 mm, 37.333 
mm, and 46.537 mm, respectively 

 For the third asymmetric loading case where five actuators were staggered 
arranged spatially concentrated near the outboard region on the left wing and five 
generators were arranged spatially concentrated in the vicinity of the outboard 
area of the right wing of the airfoil, the first three modal frequencies are 11.538 Hz, 
11.539 Hz, and 57.395 Hz corresponding to maximum deflections of 61.575 mm, 
61.567 mm and 74.413 mm, respectively 

 Hence, it is clear that the architectural layout and placement of the embedded 
actuators has a profound effect on the vibrational characteristics of the UAV airfoil 
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Fluid Structure Interaction (FSI) 
Analysis 
 ANSYS 2-way FSI Set-up 
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FSI Analysis 
Pressure Field Velocity Field 
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FSI Analysis 
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Pressure Contours,  
-1.44 kPa < p < 1.23 kPa 

Total Deformation Contours,  
0 < w <  3.4 mm 

Von Mises Stress Contours, 
0.00037 <  < 0.282 MPa  

Elastic Strain Contours, max. 
strain  =0.000101 mm/mm. 



FSI Analysis 

18 

Coeff. Of Lift 

Coeff. Of Drag 



FSI Analysis 
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Flutter Analysis 
 Geometry/Mesh 

 
 
 
 
 
 
 
 

 The pressure profile is transferred  
from the CFD analysis of the  
elevator with angle of attack  
maintained at =5° 20 

Elevator 
Geometry 

Rudder 
Geometry 

Elevator 
Mesh 

17.5K Tet elements  
Min. size 9 mm 

Rudder 
Mesh 
15,K Tets 
Min. size  
9 mm 

 

Flutter Geometry 

Flutter Pressure Model 



Flutter Analysis 
 Flutter Theory 
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cf. https://sites.google.com/site/aerodynamics4students/table-of-contents/aeroelasticity 



Flutter Analysis 
 Flutter Theory 
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Flutter Analysis  
 Flutter Theory (continued) 
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Flutter Analysis 
 Analytic Flutter Analysis Wing Bending-Torsional Predictions software of 

The University of Sydney http://aerodynamics.aeromech.usyd.edu.au/ 
 Eccentricity, E = 0.001 m 
 Mass of the Elevator, m  = 0.149 kg 
 Density of Air,  = 1.225 kg/m3 
 Polar Moment of Inertia, J = 3.6E-5 kg/m2 
 Axis Locations, A = -0.2  
 Semi chord of the Elevator, B = 0.06 m 
 Aerodynamic center, B/2 = 0.03 
 Elastic axis from the leading edge, [(1+A) B] = 0.048 m 
 Center of gravity (C.G.) from the leading edge,   [(1+E)B] = 0.066 
 Distance between aerodynamic center and elastic axis, Xac = 0.012 m  
 Distance between elastic axis and C.G., Xcg = 0.012 m  
 Reduced frequency k = 0.2 (Fung (1969)) 
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Flutter Analysis 
 Analytical Flutter Results for Elevator 

 Flutter Determinant,                    (Bislinghoff et al. (1962)) 

 Critical flutter speed,                        m/s (Fung (1969)) 

 Divergence speed, V = 32.7 m/sec 

 Eigenvalues for 1st and 2nd modes are plotted on next chart 
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Flutter Analysis 
Frequency for vs. flutter 
speed 1st Mode 

Frequency for vs. flutter speed 
2nd  Mode 

26 

-20

0

20

40

60

80

100

120

-50

0

50

100

150

200

250

300

350

0 3 6 9 12 15 18 21 24 27 30 33

Im
g(

w
) 

(r
ad

/s
e

c)

R
e

(w
) 

(r
ad

/s
e

c)

V (m/s)

-150

-100

-50

0

50

100

150

200

250

300

350

-10

10

30

50

70

90

110

130

0 3 6 9 12 15 18 21 24 27 30 33

Im
g(


) 
(r

ad
/s

e
c)

R
e

(
) 

(r
ad

/s
e

c)

V (m/s)



Flutter Analysis 
 ANSYS Results 
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Mode Shape for the 
elevator with bending 
frequency of 10 Hz  

1st torsional Mode for 
Elevator with torsional 

frequency of 30 Hz 



Flutter Analysis 
 ANSYS Results 
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Numerical flutter of the elevator front view, bending 
and torsional frequencies 10 Hz and 30 Hz, 
respectively.  

 

Numerical flutter of the elevator side 
view, divergence speed =  32.7 m/sec.  

Numerical torsional 
mode for the rudder 
bending and torsional 
modes for the rudder 
were 60 Hz and 110 Hz, 
respectively 

Numerical bending frequency 
of the rudder, 
 critical speed = 75 m/sec,  
divergence speed = 65 m/sec 

Numerical flutter 
analysis equivalent 
stress contours 



Flutter Analysis Results Summary 
 Analytical flutter analysis is performed to verify the 

FEA results. The analytic flutter analysis gives the 
divergence speed to be 32.7 m/sec 

 The numerical flutter analysis of the rudder shows the 
bending and torsional modes for the rudder were 60 
Hz and 110 Hz, respectively 

 The numerical flutter analysis of the rudder shows the 
maximum critical speed to be 75 m/sec and the 
divergence speed to be 65 m/sec 
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Conclusions 
 Free vibrations performed on UAV airfiol  to obtain natural 

frequencies 

 Forced vibrations on UAV airfoil using differing 
configurations of embedded actuators in order to help 
define a control algorithm 

 FSI analysis performed of UAV airfoil in order to bound the 
interaction of the UAV with its environmental 
surroundings 

 Flutter Analysis perfromed on UAV elevator and rudder to 
understand possible failure modes 
 Analytic and numeric flutter analysis is in quantitative 

agreement  
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Future Work 
 Fly UAV with instrumentation (accelerometers and 

strain gages) and correlate FEA model for Vibration 
and Flutter 

 Finalize design of embedded actuators (MEMS, Vortex 
shedders, etc.) 
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