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Program Summary

In 1981 the Marshall Space Flight Center (MSFC) began establishing an in-
house facility for testing control concepts to be applied to Large Space
Structures (LSS). As shown below the original concept called for a long
flexible beam suspended from the ceiling by a low friction support system.
The lower end of the beam was to be mounted to the Advanced Gimbal System
(AGS). Analysis and system engineering soon showed that a more tenable
design would be where the whole system was inverted, i.e., the AGS hung from
the ceiling with the beam hanging down from it. While this configuration,
augmented by a base excitation table (BET) was being built, an ASTROMAST
obtained from JPL was extended, analyzed and tested. From that basic con-
figuration has evolved the cruciform, VCOSS and ACES configurations as shown
in the figure. The addition of the cruciform added low frequency nested
modes and the additional instrument package at the tip contains gyros to
monitor tip motion.
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ORlGtNAh PAGE PS 
OF POOR Q U W  

The f i g u r e s  below serve t o  show some d e t a i l s  o f  t h e  f a c i l i t y .  The a r t i s t s '  
f i g u r e  shows t h e  placement o f  t h e  RET, the  AGS ( w i t h  a MSFC added t h i r d  
g imba l ) ,  t h e  gyros mounted on t h e  AGS f a c e p l a t e  and t h e  beam t i p  i n s t r u m e n t  
package. The c o n t r o l  room, which i s  adjacent t o  t h e  t e s t  area, c o n t a i n s  t h e  
gimbal d r i v e  e l e c t r o n i c s ,  t h e  da ta  a c q u i s i t i o n  e l e c t r o n i c s ,  a Hewlet t  Packard 
9020 computer augmented by an Analogi  c Vector Processor and ou tgo ing  command 
e l e c t r o n i c s .  A t  t h e  p resen t  t i m e  t h e  system can handle 64 incoming s i g n a l s  
and 48 ou tgo ing  channels. The p resen t  l e n g t h  o f  t h e  beam i s  f o r t y - f i v e  feet .  
However, t h e  f a c i l i t y  i s  capable o f  accommodating beams o f  one hundred and 
twen ty  f e e t  i n  l eng th .  The photograph was t aken  by a camera l o c a t e d  a t  t h e  
t o p  o f  t h e  beam underneath t h e  AGS faceplate.  
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The program evolved t o  t h e  p o i n t  i n  1985 where i t  was d e s i r e d  t o  t e s t  d i s -  
t r i b u t e d  sensors and actuators .  An agreement was reached between t h e  A i r  
Force Wright Aeronaut ica l  Labora tor ies  (AFWAL) and MSFC i n  which AFWAL con- 
t r a c t e d  w i t h  TRW t o  supply four  channels of l i n e a r  momentum exchange dev ices 
(LMEDs).  Each LMED i n c l u d e d  a c o l l o c a t e d  l i n e a r  accelerometer so as t o  imple- 
ment the  sensor /ac tua tor  p o r t i o n  o f  t h e  p o s i t i v i t y  control  concept. I n  addi-  
t i o n ,  an eng ineer ing  u n i t ,  which was used as a s t i m u l u s  (one channel 1, was 
suppl i ed w i t h o u t  an accel  erometer. A d d i t i o n a l  equi pment suppl i ed under t h e  
c o n t r a c t  inc luded an o p t i c a l  measuring system t o  determine t h e  beam p o s i t i o n  
a t  each LMED w i t h  respect  t o  t h e  l a b o r a t o r y  frame. The concept o f  t h e  LMED 
i s  t o  exchange momentum between t h e  v i b r a t i n g  beam and t h e  LMED p r o o f  o r  
se ismic mass. The system energy i s  d i s s i p a t e d  i n  t h e  a c t i o n  o f  t h e  e l e c t r i -  
c a l  f o r c i n g  c i r c u i t r y .  I n  t h e  cases t r i e d  so f a r ,  t h e  p r o o f  mass has been 
d r i v e n  w i t h  a ve l  o c i  ty s i g n a l  derived f rom t h e  c o l  1 ocated accel  erometer. One 
o f  t h e  p i c t u r e s  below shows an assembled LMED mounted t o  t h e  ASTROMAST, t h e  
o t h e r  shows a disassembled LMED (eng ineer ing  u n i t ) .  
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After the LMEDs were delivered, a number of component tests were run at MSFC.

These tests consisted of frequency response and hysteresis curve generation

tests. To generate the frequency response curves the linear motor drive

amplifier was excited with wide-band noise and the resulting motion of the

seismic mass was measured by the output of the linear voltage differential

transformer (LVDT) that came with each LMED. This LVDT output was processed

by an analyzer and produced a typical curve as shown. From this curve it can

be deduced that the device's response was probably more than critically

damped. To generate the hysteresis curve a sine wave was impressed on the

linear motor amplifier and this voltage along with the LVDT output voltage

was impressed on the x and y input channels of a recorder. A typical hys-
teresis curve is also shown. It was noted that as the frequency of excita-

tion increased, the jerking or steplike characteristic of the LMED

hysteresis tended to decrease.

Typical LMED Frequency Response from Volts into
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Typical LMED Hysteresis Curve
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Study of the frequency response and hysteresis curves as well as physical
inspection of the LMEDs showed that a product improvement program needed to
be undertaken. Accordingly, the engineering LMED was disassembled, inspected
and cleaned. This inspection disclosed that all elements of the seismic mass
suspension, i.e., the shaft, springs, bearing and balls, were magnetic. It
also disclosed that there were surface imperfections in the shaft.
Accordingly, new matched instrument bearings were ordered as were matching
steel shafts. This matched set has palpably tighter specifications than the
originals even though they were a one-to-one substitution physically. While
waiting for the new bearing and shaft combination to arrive from the vendor,
MSFC fabricated a shaft to loose specifications. Use of this shaft with the
original and new bearings confirmed that surface finish influenced highly the
grabbing or steplike characteristics of the hysteresis curve. This conclu-
sion was heightened when the new steel shaft arrived and was tried. The
hysteresis was diminished greatly by constructing a hard anodized aluminum
shaft to the same basic specifications as the special order steel shaft.
Even though the balls were still magnetic, there was a dramatic decrease in
the area of the hysteresis curve. The modification sequence is listed below.

Modification Sequence

1) original system - Thompson Super-4 bearings with polished steel
shaft

2) Thompson Super-4 bearings with low magnetism stainless steel shaft

3) Barden LS4 bearing with original and low magnetism shafts

4) Thompson 4812-SS bearing with original and low magnetism shafts

5) Thompson Inst-4812-SS instrument grade bearing with matching
polished steel shaft (4 micron surface finish).

6) Thompson Inst-4812-SS with anti-magnetic shaft (hard anodized alumi-
num, 2 micron surface finish).
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At the conclusion of the modification sequence previously described, new fre-
quency response and hysteresis curves were run. Typical results are shown.
The frequency response curves show that damping has been reduced from some-
thing over critical to the neighborhood of 0.2. Going hand-in-hand with this
measurement is the fact that if one displaces the seismic mass from its
equilibrium position and then releases it, the mass oscillates a number of
times about the equilibrium position whereas before because of friction it
did not. When viewing the hysteresis curves, one has to be extremely careful
of the scales. If one plots the curves corresponding to the aluminum shafts
on the same scale as the original curves, they would appear to be straight
lines. Some numerical feel for this may be gained by defining a gain as the
ratio of seismic mass deflection to drive voltage of the linear motor. In
the case of the original bearing-shaft combination a typical number might be
18. For the modified units a value of 355 is typical.
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Modified LMED Hysteresis Curve

Power Amp Input 0.2 Hz Sine Wave (0.038 Volts p-p)
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D u r i n g  the t ime p e r i o d  of t h e  next  AFWAL-MSFC program c a l l e d  A c t i v e  Cont ro l  
(Technology) E v a l u a t i o n  f o r  Spacecraf t  (ACES) t h e  MSFC LSS s t r u c t u r e s / c o n t r o l  
t e s t  f a c i l i t y  w i l l  be mainta ined i n  t h e  ACES c o n f i g u r a t i o n .  I n  t h i s  conf ig -  
u r a t i o n  the mod i f ied  LMEDs as discussed above w i l l  be mounted on t h e  s t r u c -  
tu re .  Also on t h e  s t r u c t u r e  w i l l  be a l a s e r  e x c i t e d  beam s t e e r i n g  subsystem 
i n c o r p o r a t i  ng a small  two gimbal tab1 e f o r  a r t i c u l  a t i  ng t h e  s t e e r i n g  m i  r r o r .  
T h i s  c o n f i g u r a t i o n  has a sensor complement o f  6 gyro channels, 4 accelerome- 
t e r s  (on LMEDs), 2 gimbal p i c k o f f s  on t h e  two gimbal t a b l e  and o p t i c a l  detec-  
t o r  systems t o  measure 2 l a s e r  beam d e f l e c t i o n s  and d e f l e c t i o n s  o f  t h e  mast 
a t  t h e  LMED s t a t i o n s  r e l a t i v e  t o  t h e  l a b o r a t o r y  frame. It has 5 d r i v e n  gim- 
b a l s  and 4 LMEDs f o r  use as ac tua tors .  Thus, i t  i s  ready f o r  use as a u n i -  
v e r s a l  t e s t  bed f o r  a number o f  c o n t r o l  laws t h a t  have been developed. 
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