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TESTING EXPERIENCE WITH THE FORTE' SMALL SATELLITE 

Thomas A. Butler 
Los Alamos National Laboratory 

ABSTRACT 
FORTE' is a small 193 kg (425 lb) satellite that will be 
placed in orbit with a Pegusus-XL launch vehicle in late 
1996. The primary FORTE' program objective is to detect 
and record atmospheric bursts of electromagnetic radiation. 
The satellite structure is f a b r i d  primarily with graphite 
epoxy. This paper summarizes the testinglanalysis 
philosophy for the F O R E  satellite structure and desaibes 
how preliminary engineering module structural tests 
affected the final design. Several novel design features that 
were implemented to minimize the shock and vibration 
environments are also described. 

I. INTRODUCTION 
FORTE' is a small 193 kg (425 lb) satellite that will be 
placed in orbit with a Pegusus-XL launch vehicle in late 
1996. The primary payload is a large antenna that will 
detect and mrd atmospheric bursts of electromagnetic 
radiation. Among the secondary payload elements are an 
optical lightning sensor and an onbard processor for 
identifying signals of interest before the data are recorded or 
transferred to a ground station. FORTE' is the second in a 
series of small satellites developed and built by the Los 
Alamos National Laboratory in conjunction with Sandia 
National Laboratories for the US Department of Energy. 

The satellite structure was fabricated with graphite epoxy 
using aluminum honeycomb material for equipment deck 
and solar panel substrate cores. The decks and other 
structural modules were bonded and then bolted together 
through aluminum comer blocks. Most of the satellite and 
payload components reside on the three honeycomb decks. 
The solar panel substrates, which cover most of tbe outside 
surface of the structure, are also used as structural elements. 

Two primary factors drove the testing philosophy for the 
structure and components. The first was the short period of 
time from payload conception to launch. This factor meant 
that some of the major satellite and payload components 
bad specifications written and were being fabricated and 
tested before even the preliminary design of the structure 
was complete. Also, the originally scheduled period of 
time from preliminary structural design to launch was only 
26 months. This meant that testing and analysis of the 
structure had to be carried out more or less in parallel with 
test results from the EV structure and the analysis guiding 
design changes in the final flight structure. The second 
factor affecting test philosophy was that weight constraints 
drove the structure from the more traditional aluminum to a 
graphite epoxy design. Not having -had prior exprience 

with a primarily graphite epoxy structure, personnel at Los 
Alamos were compelled to perform some tests to ensure 
that this type of structure could withstand the launch loads. 

Tests performed on the EM structure included static proof 
tests, a modal survey, random vibration tests in three axes, 
a separation shock test, and a drop transient test simulating 
loads experienced by satellite when the Pegasus-XL 
separates from the LlOl 1 aircraft. Based on the random 
vibration tests several design modifications were ma& and 
tested on the EM structure. The modifications were 
necessary because the random vibration specifications for 
some of the components that were already fabricated and 
tested were lower that those that were measured on the EM 
structure. Random vibration test results were also used to 
develop environmental test specifications for the satellite 
and payload components that had not yet been fabricad. 
3ased on the performance of the EM structure. the only 
tests planned for the flight structure were static proof tests 
and system level random vibration tests. 

In the following sections of the paper the structure is 
described and then each of the tests performed is briefly 
described along with a short summary of the test results. 
Changes to the structure suggested through test and 
analysis are also described and the effects of these changes 
are presented. 

11. DESCRIPTION OF STRUCTURE 
The FORTE' primary structure consists of three decks, 
which hold most of the components, connected by three 
structural trusses (Fig. 1). The decks are aluminum 
honeycomb with graphitdepoxy (GrE) face sheets. 'Ihe 
structural trusses, termed cages, are fabricated from flat- 
stock GrE boded together with aluminum blocks at the 
corners to accommodate bolting the components together. 
Solar panel substrates that are aluminum honeycomb with 
&/E fkce sheets bolt to the outside of the cages. These 
substrates not only provide the mounting surface for the 
solar cells, but also provide a shear-stiffening mechanism 
for the total structure. 

Attachment of the satellite to the Pegasus separation 
system is accommodated with 20 "flexures" that connect 
the lower deck to the Pegasus-XL separation ring (Fig. 2). 
These flexures provide the load path while helping to 
mitigate the shock loads passed to the satellite during the 
separation event. They also accommodate the coefficient of 
thermal expansion differences between the GrE structure 
and the aluminum separation ring. 
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Fig. 1. FORTE' satellite structural components. 
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111. TESTS PERFORMED 
A. Thermal and Static Tests 

1. Engineering Module 

When fabrication of the EM structure was completed in 
August 1994 the module was thermally cycled and 
statically tested at the fabrication site. These tests were a 
part of the contractually required aceprance criteria. The 
thermal test involved cycling the completed structure five 
times through a temperature range with specified limits of 
-65O C to +80° C. During each cycle the structure was 
held at the limits for 60 minutes. After the test was 
complete the smcture was thoroughly inspected using the 
"coin tap" method to ensure that no delaminations of the 
graphite epoxy or debonding of structural joints had 
occunpd. 

For the static proof test the Structure was c ~ ~ e c t e d  to 
ground through a stiff fixture plate. A test ring that 
simulated the salellile half of the Pegasus-XL separation 
system was located between the satellite flexures and the 
future plate. The shucture was loaded four times in the 
lateral direction; once each in the +/- X direction and once 
each in the +/- Y direction. The loads were applied at four 
locations. These included the three decks and the 
intersection of the upper and mid cages (see Fig 1). A 
preliminary analysis using a finite element model (EM) 
of the satellite was used to determine the static test loads 
that. were prescribed to be 1.25 times the maximum level 
that the satellite was expected to experience during drop 
from the carrier aircraft. For this analysis the satellite was 
loaded with the transient that was recoTded when the 
ALEXIS satellite was ctrgpd from a Standard Pegasus. 
Consequently the loads were expected to conservatively 
high compared to those for a drop of the Pegasus-XL. The 
axial static proof test was accomplished by stacking kwi 
shot on the satellite decks in the proper proportion to 
simulate the maximum expected launch loads in this 
direction. 

After the static proof tests were completed the structure was 
again thoroughly inspected with the coin tap method. No 
damage was identified. During the execution of the lateral 
tests excessive twisting of the flexures was noticed. This 
deformation did not present a strength problem but could 
have caused excessive displacement of the satellite leading 
to potential interference with the Pegasus fairing. 
Consequently, the flexure attachment to the separation 
system was modified to preclude the twisting. 'Ihe 
modified flexures were not statically tested until the flight 
module was completed and statically tested in June 1935. 
They were, however, extensively loaded during transient Fig. 2. Cross-section through separation ring and flexure. 

tests. Preliminary desim of the structure was begun in October 
1993 and Phase 7 testing was completed in"October 1994, 
with final Phase 11 testing for vibration mitigation being 
completed in August 1995. 

Results of the static proof were used to uDdate the 
The changes to the mdl 

involved adjusting the stiffness coupling the solar panels to 
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the main structure. As described above, the panels were 
designed to carry a large portion of the lateral shear loads. 
The connection between the panels and the structure was 
very close to the panel edge, which made it more compliant 
than had been previously estimated. After the FEM was 
updated, strain gage measurements obtained during the 
static tests agreed well with the FEM predictions. 

2. Component Static Tests 

Several components and local regions of the structure w m  
tested separately to ensure that they had adequate strength. 
These included the flexures, coupons representing comers 
of the solar panels, specimens representing the lap joints 
where graphite epoxy is bonded to aluminum blocks at the 
comers of the structural cages, and inserts in the 
honeycomb decks. Results of the flexure tests showed that 
they had adequate strength, but that their performance is 
heavily dependent upon adeque preload between the 
flexure assembly and the deck and the separation ring. 

B. ModalTest 

The first test performed after the EM structure was delivered 
to Los Alamos was a modal test. Results of this test were 
used to fine tune the E M  and to exhibit any potential 
vibration problems before other tests involving higher 
loads were performed. For the test the structure was 
attached to a large (1800 lb) aluminum block that was, in 
turn, supported on four air bags to simulate a he-fiee 
boundary condition (Fig. 3). Mass simulators of all 
satellite components were attached to the structure for this 
test. These mass simulators were constructed of aluminum 
and polyethylene with an attempt to make the simulators 
rigid, yet approximating each component's center of gravity 
and mass moments of inertia. 

The smcture was excited with a 50 lbf shaker in each of 
the three mutually orthogonal directions. Data were 
acquired in three directions at 41 locations for a total of 123 
degrees of freedom. Table I summarizes the modes that 
were extracted during this test. 

TA3LE I 
FORTE' Structural Vibration Modes in Modal Test 

Configuration 

Freuuency I Description 
32 Hz I antenna Can rocking (y direction) 

58 Hz 

132 Hz 
135 Hz 

1 second overall bending (y direction) 
I second overall bending (x direction) 

1 170 Hz I fist overall plunging in axid direction I 

Fig. 3. FORTE' structure with mass simulators aftached 
and configured for modal test. 

C. Random Vibration Tests 

After the modal testing was completed the structure was 
moved to the shake table facility at Los Alamos to perform 
random vibration tests in the three orthogonal directions. 
Results of the preliminary random vibration test series, 
performed in October 1994, showed that the structural 
design was adequate. The tests were also extremely useful 
in identifying design features that needed to be implemented 
or changed to reduce the vibration environment to which 
components would be exposed during system level testing 
and launch. A second phase of random vibration tests was 
performed in 1995 to verify the success of design changes. 
The basic test environment that was used for all axes was a 
protoqualification level based on increasing by 3 dB the 
maximum expected vibration environment that was 
published in the Pegasus Interface Design Document 
(IDD). Table I1 gives the resulting spectrum. After the 
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structure had passed these tests with no degradation, the 
EM was tested to the qualification level in one of the 
lateral axes. This test was performed to give additional 
information on the structure's true margin to failure. The 
sbucture also passed this test with no obvious degradation. 

TABLE II 
System Level Random Vibration Environment 

20-800 HZ 0.008 g2/Hz 
1000-1300 Hz 0.014 g2/Hz 
2000 Hz I 0.002 g2mz 

I I 
Overall level 4.3 g m s  
Duration 3 minutes each axis 

During the random vibration test accelerometers were 
placed at the base of satellite and payload components so 
that the input to these components during system-level 
qualification tests could be determined. Based on data from 
these instruments it was determined that either the structure 
would have to be mcx3ified to dasease the vibration 
environment at some components, the component 
protoqualification levels would have to be increased or the 
system level vibration spectrum would have to k 
modifkd. Further investigation showed that the system 
level vibration specCrum could not logically be lowered, 
especially in the frequency range that was of concern. The 
final solution turned out to be a combination of modifying 
the structure, changing the system level test method, and 
increasing some of the component vibration spectm 

D. Drop Transient Test 

After the x-direction random vibration test was completed, 
while the structure was still on the vibration slip table, the 
structure's response to the Pegasus drop msient  was 
determined. For this test the recorded drop transient from 
the frrst Pegasus-XL launch was used as input. Because 
the slip table could excite the base of the smctue just in 
one lateral direction, only the FORTE x-direction (Pegasus 
z-direction) data were used. This is slightly non 
conservative because in reality the structure is also excited 
somewhat in rotation about the y axis at its base. The first 
drop transient test was performed adding 6 dB to the 
measured data; the first 3 dB to account for the data 
representing only one data point and the second 3 dE3 to 
produce a protoqualification level. After this test was 
successfully passed, the decision was made to add another 3 
dB to obtain a full qualification level test. The decision to 
perform this test was based, in parr, on the structure's 
successful performance in the static test, discussed above, 
using equivalent static loads that exceeded the loads 
measured during the +6 dB drop test. 

E. Separation Shock Test 

The EM structure was mated to a Pegasus avionics section 
with an empty stage I11 motor amched to determine the 
shock loads on FORTE' caused by the separation event. 
The combined system was hung in a vertical orientation 
from h a d  points on the F O R E '  structure. When 
separation occurred the Pegasus portions of the system 
drop* onto pads on the test cell b o r .  Instrumentation 
for the test included seven triaxial accelerometers on the 
lower deck, three on the mid deck, and one on the upper 
deck. There were also six triaxial accelerometers located on 
the separation ring and Pegasus avionics section. 

The highest shocks measmd on FORTE' were at the 
comers of the lower deck. The accelerometers that measured 
these shocks were located on top of the inserts that were 
used to hold the bolts that connected the flexures to the 
lower deck. Figure 4 shows a typical shock response 
spectrum derived from a transient reamled at one of these 
points in the z-direction (FORTE' axial direction). The 
levels are significantly lower than 3500 g level specified in 
the Pegasus IDD. Actual shock levels were all below 230 
g's on the lower deck and 60 g's on the mid and upper 
decks. 

Based on the results of these tests, the decision was made 
not to shock test any components on the mid and upper 
decks. On the lower deck only those components that w m  
expected to be sensitive to these fairly low levels of shock. 
such as the optical lightning sensor, were tested for shock 
at the component level. 

1" 

10' 10' 

Fig. 4. Shock response spectrum in the axial direction at a 
comer of the lower deck during separation event. 
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IV. CHANGES TO STRUCTURE BASED ON 
TESTS 
Even though the primary structure performed well, several 
changes were implemented based on the results of these 
tests to minimize the random vibration environment to 
which satellite components would be exposed during 
system level tests and launch. In particular, because of the 

project's accelerated schedule some components had alrrady 
been fabricated and tested to a component environment that 
had been used on previous Los Alamos satellite projects. 
This environment was relatively low and, since i t  would 
have been costly in time & schedule to retest and, 
perhaps, even redesign already delivered components, 
several design changes and test methods were implemented 
to minimize the FORTE' component environment arrl 
cause it to approach the levels to which these items bxl 
already been tested. 

The two primary changes, which will be discussed in 
following paragraphs, were to add damping to the structure 
and to use force-limited random vibration testing 
techniques. Other changes involved moving components, 
customizing component interfaces to the structure, awl 
taking advantage of tuned mass damping effects. 

A. Added Damping 

Because the environment on both the lower and middle 
dcclrsexcecded those to which the scan wheel and primary 
antenna canister M been tested, significant effort was 
expended to lower the response on these decks by adding 
*ping. Several options for adding damping were 
considered. These included using a viscoelastic material 
with a constraint layer. liquid viscous d'mpcrs, and the use 
of damping struts that used a viscoelastic matcrii acting in 
shear. Afterevaluation of the methods using the FORTE' 
FEM and considering other factors, it was decided to 
implement the viscoelastic damping struts. These struts 
consisted of a viscoelastic malerial sandwiched between 
aluminum bars that were alternately attached to the mid and 
lower decks. When the mid deck moves relative to the 
lower deck the viscoelastic material is strained in shear, 
which efficiently adds damping. The effects of the clamping 
struts can best be seen by comparing the vibration PSD at 
the base of the inner edge of the scan wheel bracket with 
and without the struts in place (Fig. 5). 

The damping struts have a secondary beneficial effect in 
that their presence causes the mid deck fundamental 
frequency to shift downward from its original 70 Hz value 
to about 56 Hz. The benefit comes from the fact that the 
first mode of the scan wheel in its housing is 68 Hz, 
which, as can be seen in Fig. 5 ,  is now located at an 
antiresonant point in the vibration spectrum rather than a 
resonant peak. The PSD amplitude at 70 Hz was lowered 
by 10-15 dB with the struts in place. 

Fig. 5 .  
recorded at outer edge of scan wheel bracket. 

Effects of damping struts on vibration levels 

Successful use of damping w;1s espccially critical in 
reducing tfie off-,wis response. Most of the components 
reside on the top surface of the two largest decks. ?his non 
symmetric mass distribution leads to considcdle coupling 
between lateral excitation and longitudinal (axial) response. 
The damping S ~ L S  were the primary mitigation effect for 
this coupling because force-limited testing proved not to be 
possible for the lateral directions because of lack of 
appropriate information for the booster and Inrge cost 
associated with the needed inslntmentation. 

As Can be secn in  Fig. 5 ,  the effect of the damping struts 
was not all positive; that is, the PSD was not deamd at 
all frequencies. It was, in fact, raised considcnbly between 
100 and 180 IIz. Thus other forms of mitigation mxkd to 
be considered i n  parallel with the damping struts. 

B. Force-Limited Vibration 

In addition to the hardw,m modifications alro?dy 
mentioned, force-limited random vibration resting was 
implemented for the longitudinii axis. The force limiting 
Lest method is descrikd in various references (1,2). One of 
the references is a paper delivered at this conference, so the 
method won't be described here in detail. A short, 
conceptual description is, however, needed to understand the 
primary effects. The basis for force limiting is that with 
acceleration control alone at the satellitelshake table 
interface, items are over-tested because the dynamic 
interaction between the booster ad satellite is ignored. 
Ignoring this effect tends to l ad  to an over-test of the 
satellite. In the force-limited method the force at the 
structure/sh'ake table interface is measured and the vibratiou 
levels to which the satellite is subjected 'arc set by dual 
control of both the input acceleration and the interface 
forces. The force limit spectrum is dekmnincul beforehand 
using basic dynamic properties of the booster and the 
satellite. 
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The positive benefits of using force-limited vibration can 
be seen by comparing the random vibration at the base of 
the scan wheel on the mid deck (Fig 6). In the figure it can 
be seen that the vibration level to which the scan wheel is 
subjected is significantly lower within certain frequency 
ranges. The frequencies that are most af€& by the force 
limiting technique are those that involve overall motion of 
the satellite and therefore have relatively large effective 
masses. 

Fig. 6. Effect of force limited random vibration testing 
measured at base of scan wheel bracket. 

C. Other Vibration Mitigation Techniques 

The highest environments, particularly in the axial 
direction, tended to be near the middle of each of the decks. 
Significant reductions were realized simply by, where 
possible, moving components nearer to the outside edges 
of the decks. The response of the power control unit 
(XU), originally located near the middle of the mid deck, 
is a good example. It was moved to an open area near the 
edge of the deck. This change, along with force limiting 
and the addition of vibration struts, resulted in lowering the 
measured environment at the PCU location by the amount 
illustrated in Fig 7. 

Two mounting brackets, those for the scan wheel and the 
antenna canister, were redesigned to reduce cross coupling 
between the different axes. In both cases, the brackets were 
stiffened and made as symmetric as practical. In addition, 
the brackets for the GPS antennas were purpsely made 
flexible to implement a vibration isolation effect. This 
technique works particularly well for these components 
because their internal resonances are high and their 
orientation relative to the satellite is not critical. Figure 8 
shows the PSD measured at a GPS antenna with the 
flexible mounting bracket in place. The overall 
acceleration level is 13.22 gms; most of' which occurs at 
frequencies below 40 Hz; well below any resonances in this 
small electronics package. 

Fig. 7. Comparison of the vibration environments for the 
PCU at its original location with the environment at its 
new location with force limiting and damping struts in 
place. 

Fig. 8. Vibration environment for the vibration isolated 
GPS antenna. 

The final vibration mitigation Lechnique applied to the 
FORTE' structure involved adding a balla5t mass at a 
critical location to eliminate a resonance that was not 
significantly aff- by other mitigation techniques. It 
was found that, by simply aaing a mass at the middle of 
the mid deck in the location that was left vacant when the 
PCU was moved, a resonant peak that still exceakd desired 
levels was essentially eliminated. Figure 9 shows the 
response at the base of the scan wheel both with and 
without this mass in place. The high peak at 140 Hz is 
lowered and a new peak occurs at about 110 Hz. This 
frequency is, however, well below the vibration frequencies 
associated with most of the components. For instance, 
circuit boards in the FORTE' components generally have 
frequencies above 150 Hz. 
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Fig. 9. Vibration environment at the base of the scan 
wheel bracket with and without a ballast mass at the middle 
of the mid deck. 

V. CONCLUSIONS 
Based on the experience of developing and testing the 
FORTE' satellite structure several conclusions have been 
drawn: 

1) The fabrication and testing of an engineering model on 
have significant positive effects on the project schedule and 
the quality of the final flight unit. By investing resources 
early in the project, testing and changes to the flight unit 
were minimized, if not eliminated. This has obvious 
benefits when the project nears the launch date and no new 
"surprises" are discovered. 

2) The use of flexures to connect the satellite to the 
Pegasus-XL separation system had several benefits. The 
most obvious were to limit shock loads on the satellite 
components and to accommodate. thermal expansion 
diffeences. Additional benefits were that they provided 
ideal locations to place force transducers during the force 
limited vibration tests. 

3) In the case of FORTE', no single vibration mitigation 
technique was adequate to lower vibration environments for 
components to the desired levels. A combination of zkkd 
damping, customized brackeuy, added mass, moving 
components, and the use of force limited vibration testing 
all contributed in significant ways. 
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