
Modal Analysis of PATHFINDER 
Unmanned Air Vehicle 

T. G. Woehrle 
B. W. Costerus 

C. L. Lee 

This paper was prepared for submittal to the 
IMAC-XIII Conference 

Nashville, TN 
February 13-16,1995 

October 19,1994 I 

This isa preprhtof a paper intended for publication ina journalorpmeedmgs. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 

UCRGJC-117457 
PREPRINT 



This document was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor the 
University of California nor any of their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, M usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States 
Government or the University of California. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or the University of California, and shall not be used for advertising 
or product endorsement purposes. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



MODAL ANALYSIS OF PATHFINDER UNMANNED AIR VEHICLE* 

I. \ 

T. G. Woehrle, B. W. Costerus, C. L. Lee 
Lawrence Livermore National Laboratory, P. 0. Box 808, L-345, Livermore, CA 94550 

Abstract An experimental modal analysis was performed - version of PATHFINDER with a wina man of 200 feet and 
on PATHFINDER, a 450-lb, 1004 wing span, flying-wing- 
design aircraft powered by solar/electric motors. The 
aircraft was softly suspended and then excited using 
random input from a long-stroke shaker. Modal data was 
taken from 92 measurement locations on the aircraft 
using newly designed, lightweight, tri-axial 
accelerometers. A conventional PC-based data 
acquisition system provided data handling. Modal 
parameters were calculated, and animated mode shapes 
were produced using SMS STARStructTM Modal Analysis 
System software. The modal parameters will be used for 
validation of finite element models, optimum placement of 
onboard accelerometers during flight testing, and 
vibration isolation design of sensor platforms. 

Introduction 

&&ground Lightweight, high altitude, and long flight 
duration unmanned air vehicles (UAVs) are ideally suited 
to carry out a number of civilian and military missions, e.g. 
to convey payloads of sensors such as cameras or to act 
as platforms for kinetic-kill vehicles. Experimental modal 
testing plays an integral role in the development of such 
aircraft. 

The Engineering Measurements and Analysis Section of 
the Lawrence Livermore National Laboratory performed a 
modal analysis on the PATHFINDER unmanned air 
vehicle 111 to aid in its development. PATHFINDER is a 
solar powered aircraft designed to remain airborne for an 
extended period of time. It was first constructed and flown 
by AeroVironment Inc. in 1983. In 1993, the Ballistic 
Missile Defense Organization contracted AeroVironment 
Inc. to rebuild the aircraft and test fly it with an emphasis 
on stability for its use as a vibration-free platform for on- 
board sensing equipment. 

Motivation The motivation for this test is the identification 
of the dynamic properties of the UAV. This is needed to 
validate a number of existing finite element analysis 
(FEA) models. Vibration measurements will be recorded, 
in-flight, at a number of locations on the UAV. These in- 
flight measurements will then be compared to the 
dynamic, flight-structure parameters that are calculated 
during the modal analysis survey. This information will 
also provide a design base for a larger 

'The work was performed under the auspices of the U. S. 
Department of Energy by the Lawrence Livermore 
National Laboratory under contract No. W-7405-ENG-48. 

the capability to remain airborne alGoit indefinitely. 

W The specific goal of this project is to conduct an 
experimental modal survey of the PATHFINDER aircraft. 

Preparation and Testing 

About PATHFINDER PATHFINDER is a flying-wing- 
design aircraft with a 100 ft. wing span. The wing is 
constructed from many lightweight materials, giving it a 
low weight of 450 Ib. The main spar is constructed from 
carbon fiber that has been wound around a mandrel that 
is then removed. The inside diameter (ID) ranges from 
5.0 inches at the center wing panel, to 4.0 inches at the 
middle outboard panels, and to 3.0 inches at the outboard 
panels. The trailing edge spar is similarly constructed 
with an ID of 1.0 inch. The leading edges and the wing 
ribs are 0.5-inch-thick, expanded-bead polystyrene foam 
with a density of about 1 .O Ib/ftA3. The pod frame work is 
constructed from the same type of carbon fiber tubes with 
IDS of either 1.5 inches or 1.0 inch. The pods' leading 
edge, bottom, and trailing edge are constructed of the 
same type of polystyrene foam. Balsawood members are 
used to support the covering material in various locations. 
The top surface of the wing is partially covered with solar 
cells, which power the motors and on-board systems. 
The whole airframe is covered with 0.5 mil mylar film. 
The pods themselves are bolted and pinned to the wing. 
Each wing panel is approximately 20-feet long. The 
panels are bolted together to make the 100-foot wing 
span (see figures 1-4 for details of the construction). 

The varied materials, light weight, and physical size of 
PATHFINDER give rise to a pre-test concern. The light 
weight does not require special lifting equipment, but the 
fragility of some of the materials needs to be considered. 

Test Plan Three tests were designed to collect data for 
the modal survey. The second and third tests were 
increasingly complex, and each built upon prior test 
results. The first or "quick" test considered only eight 
measurement locations on the wing. This test was 
designed to provide a linearity check on the UAV. X, Y, 
and Z direction measurements were taken at each 
location. 

The second or "check" test comprised 20 measurement 
locations on the wing and pods. This test also included 
the eight measurement locations from the "quick" test. 
The "check" test provided a more detailed look at the UAV 
allowing identification of the global modes. Figure 5 
shows the stick model and the measurement locations for 



noted during testing. On the last day at AeroVironment 
Inc., another set of linearity checks were run prior to 
disassembly to verify that no changes to the structure had 
occurred. 

Data Reduction 

Modal analysis is the process of obtaining a mathematical 
description of the dynamic behavior of a structure in terms 
of its modes of vibration. These modes characterized the 
“global” properties of a structure and are represented by 
natural frequencies, damping factors, and mode shapes. 
These properties are determined by calculating a number 
(in this case 276) of transfer functions. 

. 

Specific transfer functions can be represented in the 
following partial fraction form: 

is the complex conjugateof rk 
~j(s-PL3 2j (s - Pk) 

s = Laplacevariable 
The modal parametersare : 

rk = complexresidue of the k‘I mode, mode shape 

P k  = Gk +h 
(Tk = real part, damping 

jR = imaginary part, natural frequency 

Certain assumptions must be made in order to perform an 
experimental modal analysis, namely, that the motion of 
the structure can be described by a linear combination of 
orthogonal functions, that the structure exhibits reciprocity 
(a unique mode shape is present for each natural 
frequency), and that the modes exist in a global sense. 
Based upon these assumptions, transfer functions in the 
above form can be determined from the acquired data 

We used the SMS STARStructTM Modal Analysis System 
[3] to calculate the modal parameters of the airframe. 
The SMS software package creates frequency response 
functions or transfer functions to identify the modal 
properties of any mechanical structure. These 
calculations are made in conjunction with an FFT (fast 
Fourier transform) analyzer (HP3566A) and are 
transferred to the software package via a GPlB interface 
bus or from a floppy disk. Once the modal parameters 
are identified, the mode shapes can be displayed as an 
animation. 

“Ultimate” Test The “ultimate” test takes all of the data 
acquired during the “quick” and “check” tests plus an 
additional 72 locations. The SMS Star System’s modal 
peaks routine was used to determine the number of 

resonance peaks and set up the curve fitting bands. This 
routine “sums,” by a stable averaging method, all of the 
measurements in a prescribed set and accumulates a 
modal peak function for display (see Figure 13). The 
frequency response functions are then curve fit using 
various curve fitting algorithms. The modal frequencies, 
damping values, and mode shapes were displayed in 
tabular form. Table 1 lists a total of 24 modes between 0 
and 12 Hz. 

Conclusions and Further Work 

A comprehensive modal survey of the PATHFINDER 
UAV was successfully completed. Frequency, damping, 
and mode shapes were determined for all relevant global 
modes up to 12 Hz. These are listed in Table 1 and were 
recorded graphically in a short video tape. With this 
information, measurement locations can be chosen for 
vibration tests during actual flight. In-flight measurement 
data can also be evaluated for potentially destructive 
resonance conditions that might occur. Finally, the 
design and tests of the sensor platform and vibration 
isolation system can be optimized using these results. 

Following any major design change of the airframe a 
quick experimental modal analysis should be performed 
to determine if there have been any significant alterations 
to the original model, This may involve performing just 
the “check” test and comparing the results. Also any 
major sensor or equipment changes should be examined 
in the same manner. Since low frequency data (0 - 1 Hz) 
was, at best, suspect, the possibility of trying lower 
frequency range accelerometers should be given some 
thought. 
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the "check" test. This test also allows a real-time analysis 
to evaluate the nonlinearities present in the structure. 

The third or "ultimate" test included all of the previous 
measurement locations and added an additional 72 
locations. This test gives a detailed look at the global 
modes of the UAV. Figure 6 shows the stick model and 
measurement locations for the "ultimate" test. 

Since the weight of PATHFINDER is only 450 Ib, the 
accelerometer placement sequence was designed to limit 
the mass loading at any specific area of the airframe.. 
This made the operational part of measurement 
procedure more time-consuming, but improved the quality 
of data. 

7. 
The formulation of the boundary conditions of the object 
under test is critical to a successful survey. The ideal 
method for supporting a test object is by the imaginary 
"sky hook" but, since it has yet to be invented, another 
method must be used to simulate a free-free condition. 
There are three primary reasons for suspending test 
objects in a free-free condition. The first is to prevent 
external vibrations from entering the structure and 
producing false modes. The second reason is to allow 
unconstrained motion of the structure. The third reason 
is to simulate an in-flight configuration. 

The structural design of PATHFINDER limited the 
locations available for suspension of the airframe to those 
where the pods are attached to the main spar. That area 
is the strongest part of the spar and is symmetrical about 
the center of the airframe. The bungee@ cord method for 
support was chosen f2]. A set of bungee@ cords was 
configured to have a corresponding natural frequency 
below 0.5 Hz. Design calculations indicated that the static 
stretch for the bungee@ cords needed to be 39 inches. 
Figure 7 shows the intended support method. 

Excitation There are two standard methods of exciting a 
structure for a modal survey. One is to use an 
instrumented hammer. This is a method used to perform 
modal surveys very quickly but, due to the fragility of the 
structure, this is impractical. The other is to use an 
electro-mechanical shaker. This is the method we 
selected . 
The construction of PATHFINDER also severely limited 
the airframe excitation location options. Since the pods 
are attached with pins and bolts, it was easy to join a 
stinger to the structure. To excite a structure so that all of 
the modes are activated, the excitation must be 
introduced into the structure at a skewed angle. This 
could only be done at one of these pod attachment points. 

We chose an APS Model 113 shaker to excite the 
structure because it has a low frequency range of 
operation (0 - 200 Hr), has a long stroke of six inches, is 
portable, operates on 115 volts, and is mounted on a 
trunnion for convenient positioning. A table was 
fabricated to lift the shaker up to the pod attachment point 
(see Figure 8). 

Accelerometers Due to the light weight of the 
PATHFINDER, accelerometers whose mass would not 
effect the modal frequencies had to be used. We chose 
Endevco model 63-500 triaxial accelerometers because 
they are very light (0.75 oz), have high output (500 
mV/g), and have a frequency range of 13000 Hz f 5% 
(see Figure 9). Based on a cursory test, some modal 
frequencies below 1 Hz were expected. The Endevco 
units will put out a signal below 1 Hz, however the 
magnitude of the signal may not be reliable. 

Data Acauisition Svstem The HP3566A signal analyzer 
allows 16 channels of analog signal to be acquired at one 
time. It is controlled by a PC that permits easy data 
storage on the internal hard drive. The data can be 
shared with the modal analysis software. Also contained 
in the analyzer is a built-in signal source. The whole unit 
is mounted in a small, transportable, equipment rack that 
also contains the accelerometers' constant-current 
sources. Besides using the HP analyzer, a Teac XR-710, 
21-channe1, analog data recorder was also used as a 
backup for the HP system. Should analysis of different 
frequency bands be desired, the data can be replayed 
and transferred to the HP system (see Figure 10). 

Jest Setup and Testing The first task was to suspend the 
airframe. The bungee8 cords were assembled, attached 
to the main spar/pod attachment points, and raised. 
Once the wheels were off the ground it was noticed that 
the airframe was nose heavy and that the wings were 
drooping excessively. This required on-the-spot changes 
to the designed support system to compensate for the 
excessive flexibility and to insure balance of the airframe. 
Additional bungee8 cords were then attached between 
the nose wheels and the end of the main lifting bungee@ 
cords. The excess wing drooping was of concern to the 
AeroVironment Inc. personnel because it introduced 
undue stress in the main spar. Also, the wings were not 
in a flight-like configuration which could lead to false 
modal parameters. Additional lengths of bungee@ cord 
were used to lift the wing up at the outboard/middle panel 
attachment points. With the extra wing bungees@ a more 
accurate simulation of the in-flight configuration was 
achieved (see Figures 11 & 12). 

The shaker was positioned in the trunnion mount and 
attached to the table. The stinger was positioned at the 
right inside pod mounting location and securely attached 
with bolts. A Dytran impedance head, which is a 
combination load-cell and accelerometer, was fastened to 
the stinger mount on the airframe. An appropriate length 
stinger, with natural frequencies above those of the 
vehicle, was attached between the shaker and airframe 
(see Figure 8). The final task before actual testing was 
marking and recording all of the measurement locations. 

A number of tests were performed to determine input 
excitation levels and to check the linearity of the airframe. 
The actual data acquisition took two full days. During 
testing, the coherence function was continually monitored 
to insure that there were no changes to the airframe. 
Coherence is a measure of the quality of the output with 
respect to the input. No changes to the airframe were 
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Figure 1. Overall view of the PATHFINDER UAV. Note 
that the airframe is covered with the mylar. 

" . 
Figure 2. Trailing edge of the right outer wing panels 
showing the solar cell array. 

Figure 3. Overall view of the right pod. Note the carbon 
fiber tubes, foam leading edge and bottom, and the 
balsawood covering support members. 

Figure 4. Right outside wing panel. Note the rear spar 
tube made of carbon fiber, the kevlar cable way tube, and 
foam ribs. 

Figure 5. The "Check test stick model. This test 
consisted of 20 measurement locations. 



Figure 6. The "ultimate" test stick model. This test 
consisted of 92 measurement locations, 20 from the 
"check" test and 72 additional locations. 

BUNGEE CORD SUPPORTS 
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Figure 9. Close up of a Endevco 63-500 accelerometer 
attached to the rear wing spar at measurement location 
number 5. The object to the left of the accelerometer is a 
servo used to activate the control surfaces. 

Figure 7. Original design for a two bungee@ support 
system. Figure 10. HP3566A analyzer system and rack. The 

Teac XR-710 data recorder is seen at the right of the 
analyzer. 

Figure 8. The APS shaker mounted to the inside of the 
right pylon. The shaker is installed on a trunnion attached 
to a table. 

Figure 11. Final bungee0 cord support system. 
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Figure 12. Close-up of the left pod bungee@ support 
system. 

0.00 =-q 14.00 

Figure 13. Modal peaks function from the "ultimate" test. 



Table 1 : Modes of the "Ultimate" test 

"Ultimate" Frequency % Critical Comment 
Test Mode (Hz) Damping 

Number 
1 

2 0.4 1.6 Pods swinging in the Y direction out of phase. 

.07 2.2 Leading lower edge of pods in phase. Trailing edge tips out of phase. Not a 
global mode. 

21 ' 7.1 2.1 Like modes 19 & 20 but mirror image. Left side moves. 

22' 7.7 

23' 9.5 

24' 11.7 

2.1 

1.2 

2.6 

Pods rocking in the 2 direction out of phase. A lot of twisting of the main spar 
in each wing panel in the Z direction. 
Wing moving in the Y direction. Swinging pods, swaying in the Y direction in 
phase. 
Left pod twisting around attachment point in the Y direction. Left outside wing 

I I 

(UP). 

1 panel trailing edge is not moving. The rest of the trailing edge is. 
Note: 1. X, Y, & Z refer to the coordinate system used to produce the animated stick models. +X points to 

the back of the airframe, +Y is the right wing (as a pilot would view the airframe), and +Z is vertical 

Frequencies above the double line are below the working range of the accelerometers. 
Mode numbers with * indicate the modes that are on the video tape of the animated mode shapes. 

2. 
3. 


