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DYNAMIC ANALYSIS OF THE LARGE DEPLOYABLE REFLECTOR 

SUMMARY 

The Large Deployable Ref lector  (LDR), an astronomical observatory i n  low- 
Ear th o r b i t ,  w i l l  operate above the Ear th 's  obscur ing atmosphere and perform 
s tud ies  i n  the spect ra l  range a t  wavelengths o f  30 t o  1,000 um. Current 
p lanning p ro jec ts  an LDR f l i g h t  i n  the mid-1990's. 

The dynamic ana lys is  o f  two proposed LOR concepts has been conducted. 
Response from chopping and slew exc i ta t i ons  was obta ined f o r  two 20-meter LDR 
concepts. One concept was developed by NASA Ames Research Center and u t i l i z e d  
two secondary m i r r o r  module support con f igura t ions  ( s i x  s t r u t  and t r i p l e  
bipod);  the other by NASA J e t  Propulsion Laboratory u t i l i z e d  a s t i f f - m a s t  
m i r r o r  support. Chopping, a forced o s c i l l a t i o n  o f  the secondary m i r ro r  for 
the purpose of sub t rac t ing  background s igna ls  from ta rge t  s ignals ,  was app l ied  
t o  the Ames concept. 
app l i ed  t o  both concepts. 
exceed the 0.02-arc-second requirement i n  the Ames s i x - s t r u t  con f igura t ion ,  
b u t  module r o t a t i o n  i n  the t r ip le -b ipod con f igu ra t i on  was two orders o f  
magnitude less.  Response of  the primary m i r r o r  from slewing i n  a l l  
con f i gu ra t i ons  was predominantly from r e f l e c t o r  rock ing  r e l a t i v e  t o  the 
spacecraf t .  An increase i n  the damping r a t i o  from 0.002 t o  0.02 reduced the 
rock ing  amp1 i tudes t o  a l e v e l  less  than the 0.02-arc-second requirement w i t h i n  
the requ i red  1-minute maximum s e t t l i n g  time. 

The e x c i t a t i o n  from slew, a p o i n t i n g  manuever, was 
Chopping exc i ta t i ons  caused module r o t a t i o n  t o  

INTRODUCTION 

The Large Deployable Ref lec to r  (LDR) i s  t o  be an astronomical observatory 
o r b i t i n g  above the Ear th 's  obscuring atmosphere and operat ing i n  the spec t ra l  
range a t  wavelengths between 30 and 1,000 um. The LDR w i l l  be used t o  study 
such astronomical phenomena as s t e l l a r  and g a l a c t i c  formations, cosmology, and 
p lanetary  atmospheres. With the current  s t a t e  of technology, the LDR w i l l  be 
ready i n  the mid-1990's. 

The LDR w i l l  represent  a s i g n i f i c a n t  change i n  past  observatory design 
and philosophy. The LDR w i l l  be the f i r s t  observatory t o  be erected and 
assembled i n  space. This  d i s t i n c t i o n  br ings  w i t h  i t  several major 
techno1 ogi  ca l  c h a l l  enges such as the development o f  u l  t ra -1  i ghtwei ght  
deployable mi r ro rs ,  advanced m i r ro r  f ab r i ca t i on  techniques, advanced 
s t ruc tu res ,  and con t ro l  o f  v ib ra t i ons  due t o  var ious sources o f  exc i ta t i on .  
The purpose o f  t h i s  analys is  i s  t o  provide pre l im inary  in fo rmat ion  about the 
ex ten t  o f  v i b r a t i o n a l  response due t o  secondary m i r r o r  chopping and LDR 
slew. 

The dynamic response of two 20-meter LDR conf igura t ions  was studied. The 
f i r s t  concept was developed by NASA Ames Research Center, the second by NASA 
J e t  Propuls ion Laboratory. 
i nves t i ga ted  f o r  the Ames concept. The f i r s t  employs a s i x - s t r u t  secondary 
m i r r o r  support  s t ruc tu re ,  whereas the second uses a t r ip le -b ipod-suppor t  
design. A l l  three con f igu ra t i ons  were modeled us ing  a te t rahedra l  t russ  
design f o r  the primary m i r ro r  support s t ructure.  Response r e s u l t i n g  from 
secondary m i r r o r  chopping was obtained f o r  the two Ames conf igurat ions,  and 

Two mir ror  support con f i gu ra t i ons  were 
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response of the primary mi r ro r  from slewing was obtained for a l l  three 
conf igura t ions .  The f d l o w i n g  sect ions discuss the LDR requirements and 
s t r u c t u r a l  modeling as we l l  as the modal and response analyses and r e s u l t s .  

01 SCUSS I O N  

LDR Requi remen t s  

LDR performance requirements r e l e v a n t  t o  t h i s  study were se lected from 
references 1 and 2 and are  l i s t e d  i n  t a b l e  1. A diameter o f  20 meters, an 
F / r a t i o  o f  0.7, and an assumed parabo l ic  surface determine the s i z e  and shape 
o f  t h e  pr imary mir ror  te t rahedra l  t r u s s  support s t ruc tu re .  The secondary 
m i r r o r  diameter o f  1.3 meters i s  on ly  app l i cab le  t o  the Ames conf igura t ion .  
The JPL conf igura t ion  invo lves  t h e  passive primary, secondary, and t e r t i a r y  
m i r r o r s  and an act ive quaternary mi r ro r - - the  l a t t e r  three m i r r o r s  being 
supported i n  a r e l a t i v e l y  s t i f f  mast. 

The absolute p o i n t i n g  requirement i s  included here f o r  in format ion b u t  i s  
n o t  invo lved i n  the dynamic analys is ,  as i t  i s  considered t o  be a cont ro l  
system requirement f o r  the LDR as a r i g i d  body. J i t t e r ,  however, i s  the 
dynamic response o f  the e l a s t i c  LDR r e s u l t i n g  from slew, scan, or  t rack.  O f  
these three maneuvers, the slew maneuver requ i res  orders o f  magnitude more 
c o n t r o l  torque and hence i s  the maneuver r e l a t e d  t o  the j i t t e r  l i m i t a t i o n  o f  
0.02 arc seconds a l lowing 1 minute o f  s e t t l i n g  time. Slewing the LOR 90" a t  
an average r a t e  o f  45O/minute establ ishes parameters f o r  the torque p r o f i l e .  

The purpose o f  chopping i s  t o  subt rac t  background s igna ls  from the s t a r  
It i s  accomplished by chopping or o s c i l l a t i n g  the secondary m i r r o r  s ignals .  

a t  2 Hz w i t h  an approximate square wave having a throw or double amp1 i tude o f  
1 a r c  minute. The system i s  assumed t o  be 99 percent reac t ion less  t h a t  the 
actuated torques are counterbalanced i n  a way which prevents react ions on the 
module support  s t r u t s  leav ing  1 percent o f  the actuated torque t o  e x c i t e  
secondary m i r r o r  module j i t t e r .  

LDR Models 

The JPL and Ames concepts i l l u s t r a t e d  i n  f igures  1 and 2 provided the bas is  for  
the three conf igurat ions.  The two versions o f  the Ames concept d i f f e r  on ly  i n  the  
secondary m i r r o r  module support s t r u t  design. 
a p p l i c a b l e  in format ion f o r  developing the three f i n i t e  element models shown i n  
f i g u r e s  3-5. Note that the f igures  inc lude on ly  those model g r i d  numbers r e f e r r e d  
t o  i n  the discussion. The pr imary m i r r o r  t r u s s  model shown i n  f igure  6 i s  a 
te t rahedra l  t russ  design t h a t  i s  comnon t o  the three conf igurat ions.  
modeled by the I n t e r a c t i v e  Oesi gn and Eva1 u a t i o n  o f  Advanced Spacecraft (IDEAS) 
program o f  reference 3. A l l  s t r u c t u r a l  members were assumed t o  be f a b r i c a t e d  w i t h  4 

graphi te/epoxy composite mater ia l  w i t h  a modulus o f  e l a s t i c i t y  o f  130.3 GPa. 

3 
M a t e r i a l  densi ty  for a l l  f i n i t e  elements, except those represent ing the shade 
elements, the spacecraft modules, and the secondary m i r r o r  module, 3s 1661 kg/m . 
Shade element dens i t ies  for the Ames and JPL concepts are 7428 kg/m and 4813 kg/m3, 
respec t ive ly .  These are f i  ti t i o u s  d e n s i t i e s  ca lcu la ted  t o  r e f l e c t  the sunshade 
area l  dens i ty  o f  0.645 kg/m given i n  reference 2. Zero d e n s i t i e s  were assumed f o r  
the modules and were replaced w i t h  nons t ruc tura l  mass. 
weights are sumnarized i n  tab les 2 and 3, respec t ive ly .  
were n o t  ava i lab le  i n  references 1 and 2, appropr ia te values were assumed. 

References 1 and 2 provided 

Th is  t r u s s  was 

5 
Member s izes  and component 

Where s izes and weights 
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The spacecraf t  i s  composed o f  two modules: the resource module s t a r t i n g  
a t  p o i n t  110 ( f i g u r e  3) and the support module which i s  assumed t o  end a t  
p o i n t  31 i n  the upper surface of the pr imary m i r ro r  t russ  ( f i g u r e  6). The 
inst rument  module and o p t i c a l  system concatenate w i t h  the  spacecraf t  w i th  the 
o p t i c a l  system ending a t  p o i n t  134 shown i n  f i g u r e  3. Construct ion o f  the 
Ames models i s  s i m i l a r  except t h a t  there i s  no o p t i c a l  system and the  
inst rument  module terminates a t  po in t  31. 

To s i m p l i f y  the  shade modeling and reduce the  number o f  shade modes o f  
v i b r a t i o n ,  the shade i s  modeled wi th  one frame i n  the JPL model and two frames 
i n  the  Ames model. Frame members are modeled as beam elements t o  p rov ide  
shade s t a b i l i t y ,  and the remaining members are a x i a l  elements. 

The pr imary m i r r o r  i s  comprised o f  many i n d i v i d u a l  segments. The number 
o f  segments var ies w i t h  the m i r ro r  concept. There i s  a l so  a wide v a r i a t i o n  o f  
m i r r o r  segment weights r e f l e c t i n g  choice o f  mater ia ls ,  s t r u c t u r a l  design, 
method o f  support, and segment size. eferences 1 and 2 i n d i c a t e  areal  

chosen f o r  t h i s  analysis.  Th is  was un i fo rmly  d i s t r i b u t e d  i n  the model by 
l o c a t i n g  equal p o i n t  masses a t  the upper surface t russ  g r i d  po in ts .  

dens i t y  vary ing  from 5 t o  over 50 kg/m h . An a r b i t r a r y  weight o f  20 kg/m2 was 

A sumnary of the LDR mass and moments o f  i n e r t i a  f o r  the completed models 
i s  g iven i n  t a b l e  4. The i n e r t i a s  were used i n  determining the requ i red  
torques f o r  the slew maneuvers. 

Modal Analys is  

Modal frequencies and mode shapes were determined by us ing  the 
eigenvalue/eigenvector determinat ion technique. 
eigenvalues and eigenvectors s t a r t i n g  wi th  the assumption o f  undamped f r e e  
v i b r a t i o n  g i v i n g  the  equat ion o f  motion, 

This method ca l cu la tes  the  

and the r e s u l t i n g  eigenvalue/eigenvector equation, 

where K and M are, respec t ive ly ,  the g lobal  s t i f f n e s s  and mass matr ices 
associated w i t h  the f i n i t e  element model. 
respec t i ve l y ,  the matr ices o f  the  eigenvalues and eigenvectors, o r  modal 
f requencies squared and mode shapes, associated w i t h  the f ree  v i b r a t i o n  o f  the 
model. Two f i n i t e  element programs were used i n  developing and so l v ing  equat ion 
(2 ) :  
3), and the Engineering Analys is  Language (EAL), ( re f .  4). IDEAS expedi ted the  
development o f  the te t rahedra l  t russ-- the geometry fo r  which was t rans fe r red  t o  
EAL. Modal so lu t i ons  from both programs provided conf i rmat ion  o f  r e s u l t s .  The 
documented r e s u l t s  were determined by the EAL program. 

The symbols u2 and + are, 

the I n t e r a c t i v e  Design and Evaluation o f  Advanced Spacecraft (IDEAS), ( re f .  

Modal frequencies f o r  the f i r s t  25 modes o f  each con f igu ra t i on  are  given i n  
tab les  5-7 f o r  the JPL, Ames s ix -s t ru t ,  and Ames t r i p l e  bipod s t r u t  con f igura t ions ,  
respec t i ve l y .  As the LDR models a r e  f r e e  from any support cons t ra in ts ,  as i n  space, 
the  f i r s t  s i x  modes are r i g i d  body modes w i t h  zero frequencies. The remaining modes 
a r e  f l e x i b l e  body modes, and o f  these the most s i g n i f i c a n t  i n  t h i s  ana lys is  a re  
modes i n v o l v i n g  pr imary r e f l e c t o r  rock ing and secondary m i r ro r  module motion. 
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Selected mode shapes a re  shown i n  f i gu res  7-30 f o r  the three 
conf igura t ions .  
24. Note t h a t  i n  a l l  the mode shape f igures,  f o r  c l a r i t y  on ly  the upper 
sur face te t rahedra l  t russ  members are  p lo t ted .  Secondary m i r r o r  module 
r o t a t i o n  i s  shown i n  the 11th mode, f i gu re  18, f o r  the s i x - s t r u t  
con f i gu ra t i on ,  b u t  t h i s  r o t a t i o n  i s  n o t  obvious i n  modes for the  t r i p l e - b i p o d  
conf igura t ion .  Module t r a n s l a t i o n  bu t  no t  r o t a t i o n  i s  apparent i n  mode 21, 
f i g u r e  27; however, examination o f  the eigenvector ou tpu t  shows r o t a t i o n  as 
we l l .  Some o f  th is  r o t a t i o n  i s  from r e f l e c t o r  rock ing.  The presence o f  
module r o t a t i o n  w i l l  be shown i n  the d iscuss ion o f  response. 

The r e f l e c t o r  rock ing  modes are shown i n  f i gu res  7, 15, and 

Forc ing  Funct ions 

I n  the examination o f  j i t t e r  response, two f o r c i n g  func t ions  or  e x c i t a -  
t i o n s  were app l ied  t o  the LDR models. One i s  from chopping o f  the secondary 
m i r r o r  i n  the Ames con f igu ra t i ons  ( f i g .  31), and the other  i s  from slewing or  
r o t a t i o n  o f  the LOR t o  a des i red  p o s i t i o n  ( f i g .  32). 

Chopping.- App l ica t ion  o f  the requirements f o r  secondary m i r ro r  chopping 
The 2-Hz "square" wave was modi f ied t o  i nvo l ved  the fo l low ing  assumptions. 

i nc lude  a r i s e  t i m e  o f  10 percent. The 1-arc-minute throw i s  a double- 
ampl i tude r o t a t i o n a l  displacement o f  the secondary m i r r o r  w i t h  the zero 
displacement pos i t i on  ( 8  = 0) loca ted  a t  one o f  the m i r r o r  stops. 
" reac t ion less"  system i s  such t h a t  the m i r ro r  i n e r t i a l  torque i s  
counterbalanced i n  a manner t h a t  i s  99 percent  contained; the remaining 
1 percent i s  reacted by the LDR s t ruc ture .  
the ca l cu la ted  torque a c t i n g  on the m i r r o r  i s  used as an exc i ta t i on .  

The 

I n  other  words, on ly  1 percent o f  

Reference 2 describes the secondary m i r ro r  assembly or module as being 
3 meters i n  height,  1.3 meters i n  diameter, and supported by t r i p l e - b i p o d  
s t r u t s  or s i x  s t r u t s  as shown i n  f i g u r e  31(a). 
i n e r t i a  based on an assumed 1000-kg s o l i d  cy l i nde r .  These were inc luded i n  
the model f o r  the modal ana lys is  as a concentrated mass a t  po in ts  115 and 113 
as shown i n  f igures  4 and 5. 
m i r r o r  moment o f  i n e r t i a  ( I )  i s  ca lcu la ted  as 21.13 kg-m by assuming a s o l i d  
d i sk  w i t h  a diameter o f  1.3 meters. 

Inc luded are module moments o f  

For  the ZOO-kg mass as g i v  n i n  re ference 2, the 5 

A 10-percent r i s e  time i n  a 2-Hz displacement square wave requ i res  the 
assumption o f  a 0.025-second pulse o f  torque every 0.25 second as shown i n  
f i gu re  31(b). The magnitude o f  the torque (T) must equal t h e  product..of the 
m i r r o r  mass moment o f  i n e r t i 9  ( I )  and angular acce le ra t i on  (e ) ,  T = 18. 
I n t e g r a t i o n  leads t o  e = T t  /21. Since T i s  a constant  and e i s  a 
maximum (emaX = 1 arc min) a t  t = 0.025 second, 

'max = Tt2/21 = 1 arc min = 0.291E-03 rad  

and 

T = 0.9311 

As p rev ious l y  shown, I = 21.13 kg-m 2 . Therefore, T = f19.67 N-m (f174 i n -  
l b ) .  For  a 99 percent reac t i on less  system, T = f0.197 N-m (f1.74 i n - l b ) .  
This e x c i t a t i o n  torque was app l ied  a t  p o i n t  115 i n  f i gu re  4 and p o i n t  113 i n  
f i g u r e  5 f o r  the two Ames conf igurat ions.  
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Slew maneuver.- Th is  analys is  assumes the same cond i t i on  considered by 
JPL i n  re fe rence 1; t h a t  i s ,  a t o t a l  slew angle of  90' i s  assumed complete i n  
2 minutes, which complies w i t h  the requirement. The con t ro l  torque, 
accomplished w i t h  c o n t r o l  moment gyros (CMG), i s  assumed t o  vary as a vers ine  
func t ion  ( f i g .  32). The torque p r o f i l e  i s  def ined as fo l lows:  

T = A ( l  - COS w t )  0 < t < 60 sec 

T = -A(1 - COS w t )  60 < t < 120 sec 

where w equals 2n/120 rad/sec and A i s  a constant  t o  be determined f o r  
each conf igura t ion .  The torque (T) must a l so  equal the product  o f  the mass 
moment of i n e r t i a  ( I )  and the angular acce le ra t i on  (e ) .  Equating I e  t o  each 
o f  the  above expressions f o r  T y i e l d s  
i n teg ra ted  t o  y i e l d  the fo l l ow ing  equat 

ll (1-cos 60 t) ]  
n 

3600 
2 

A tL: 120t + 3600 + - (1-cos 
e = - T k -  n 

d i f f e r e n t i a l  equat ions which can be 
ons f o r  the slew p o s i t i o n  or angle, e: 

0 < t < 60 sec 

& t)] 60 < t < 120 sec 

By s u b s t i t u t i n g  t = 120 sec and 0 = n/2 i n  the second equat ion f o r  e, the 
maximum torque (2A) for  each conf igura t ion  (see f i g .  32) i s  determined as 
Tmax = 2A = nI/3600. I n  add i t i on  t o  the torque p r o f i l e  and slew pos i t i on ,  
f i g u r e  32 inc ludes a sumnary o f  T f o r  the three LDR conf igura t ions .  The 
respec t i ve  torque p r o f i l e s  were ap7:ed a t  p o i n t s  115, 112, and 111 about the 
y-axes o f  the models shown i n  f igures 3, 4, and 5. 

Response 

The dynamic response o f  the various LDR models depends on the r e s u l t s  o f  
the modal analys is ,  i n t e r n a l  damping, and the ex terna l  forces. The f o l l o w i n g  
equat ions d e f i  ne the dynamic response o f  the model s : 

(3)  
T .. 

q + 2zoq t w2q = I# f 

Y = wi ( 4 )  

where z ,  W, q, I#, f, and y are the matr ices of the viscous s t r u c t u r a l  
damping r a t i o s ,  modal frequencies, general ized displacements, mode shapes, 
f o rc ing  func t i on  and t r u e  nodal displacements, respec t i ve l y .  The ex terna l  
fo rce  or f o r c i n g  func t i on  i s  appl ied a t  the des i red nodal l oca t i on .  The 
s t r u c t u r a l  damping r a t i o s ,  which vary w i t h  the modal frequencies, c u r r e n t l y  
can on ly  be determined through experimentation. Therefore, the damping r a t i o  
was assumed t o  be contan t  throughout the modal frequency range. 

Response analys is  determined with the EAL program ( re f .  4), i s  l i m i t e d  t o  
the response o f  the secondary m i r ro r  module due t o  chopping and t o  the 
response o f  the pr imary r e f l e c t o r  due t o  slewing. 
given: one f o r  the 0.002 damping r a t i o  and another f o r  the 0.02 damping 
r a t i o .  J i t t e r  displacements a t  s i g n i f i c a n t  po in ts  i n  time f o r  the three 
conf igura t ions  are given i n  t a b l e  8. Displacement t ime h i s t o r i e s  are shown i n  
f igures  33 through 37. 

Two sets  o f  r e s u l t s  are 
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Response i s  l i m i t e d  t o  the two Ames con f igu ra t i ons  which 
d i f f e r  -- on y i n  the way the secondary m i r r o r  module i s  supported. The s i x -  
s t r u t  con f i gu ra t i on  e x h i b i t s  orders o f  magnitude greater  module r o t a t i o n  than 
the  t r i p l e - b i p o d - s t r u t  c o n f i g u r a t i o n  ( t a b l e  8 )  because the cen te r l i nes  o f  the 
s i x  s t r u t s  i n t e r s e c t  a t  the module center o f  mass, and prov ide res is tance t o  
r o t a t i o n  on ly  through s t r u t  bending and t w i s t .  The t r i p l e - b i p o d - s t r u t  design 
prov ides a much s t i f f e r  res is tance through s t r u t  a x i a l  s t i f f n e s s ,  as i s  
normal ly  found i n  a t russ.  As a r e s u l t ,  the s i x - s t r u t  con f i gu ra t i on  exceeds 
the  requirement o f  0.02 arc  second by an order o f  magnitude, whereas the bipod 
c o n f i g u r a t i o n  exh ib i t s  module r o t a t i o n  two orders o f  magnitude l e s s  than the  
requirement. 

Examination o f  the response shown i n  f i gu res  33 and 34 for both con f ig -  
u r a t i o n s  shows t h a t  the h igher  damping s i g n i f i c a n t l y  reduces the t i m e  requ i red  
fo r  the t r a n s i e n t  v i b r a t i o n  t o  damp out. The remaining steady s t a t e  or 
f o r c i n g  v i b r a t i o n  amplitude i s  over h a l f  o f  the maximum, bu t  s t i l l  much too  
h igh  i n  the s i x - s t r u t  con f igura t ion .  I n  the t r i p l e - b i p o d  conf igura t ion ,  the 
ampl i tudes w i t h  both l e v e l s  o f  damping are  almost i n s i g n i f i c a n t .  
case, the determining fac to r  i n  meeting the requirement was no t  an increase i n  
damping, b u t  ra ther  one o f  s t r u c t u r a l  con f igura t ion .  

I n  t h i s  

- Slew.- The response of the pr imary r e f l e c t o r  from slewing i n  a l l  th ree  
con f igu ra t i ons  i s  predominantly from r e f l e c t o r  rock ing  which can be seen i n  
the  seventh mode ( f i gs .  7 and 15) o f  the f i r s t  two conf igura t ions  and the 
n i n t h  mode ( f i g .  24) o f  the t r i p l e - b i p o d - s t r u t  con f igura t ion .  
f i r s t  and t h i r d  e l a s t i c  modes, respec t ive ly .  Because of the s t r u c t u r a l  
s i m i l a r i t y  of the three conf igura t ions ,  i t  i s  n o t  s u r p r i s i n g  t o  see the 
s i m i l a r i t y  i n  responses shown i n  t a b l e  8 and f i gu res  35 through 37. The 
e f f e c t  o f  increas ing the damping r a t i o  one order o f  magnitude t o  0.02 c l e a r l y  
(see tab le  8) br ings the r e f l e c t o r  p o i n t i n g  dev ia t ions  t o  we l l  w i t h i n  the 
requirement o f  0.02 a rc  second 1 minute a f t e r  slew. 

These are  the 

CONCLUSIONS 

J i t t e r  response o f  three l a r g e  deployable r e f l e c t o r  (LDR) con f igu ra t i ons  was 
examined. Two forms o f  exci  t a t i o n  were appl ied.  One i s  from chopping or  
o s c i l l a t i o n  o f  the secondary m i r r o r  f o r  the purpose o f  sub t rac t i ng  background 
s igna ls  from s ta r  s ignals.  The other i s  from slewing the LDR t o  a des i red pos i t i on .  

Because o f  i n s u f f i c i e n t  d e f i n i t i o n  o f  the JPL o p t i c a l  system, chopping response 
i s  l i m i t e d  t o  two Ames conf igura t ions  which d i f f e r  on ly  i n  the way the secondary 
m i r r o r  module i s  supported. Module r o t a t i o n  i n  the s i x - s t r u t  con f i gu ra t i on  exceeds 
the 0.02-arc-sec requirement by an order o f  magnitude, b u t  module r o t a t i o n  i n  the 
t r i p l e - b i p o d  conf igura t ion  i s  two orders o f  magnitude less  than the requirement. 
Damping i s  requi red t o  decay t r a n s i e n t  v ib ra t ions .  I n  t h i s  case, the determining 
fac to r  i n  meeting the requirement was n o t  an increase i n  damping, b u t  r a t h e r  the 
s t r u c t u r a l  con f i gura t i on. 

The response of the primary m i r ro r  from slewing i n  a l l  three con f igu ra t i ons  i s  
predominantly from r e f l e c t o r  rock ing  r e l a t i v e  t o  the spacecraf t .  The s i m i l a r  
response i s  p r i m a r i l y  the r e s u l t  o f  s i m i l a r i t y  i n  the models and mass d i s t r i b u t i o n .  
The order o f  magnitude increase i n  damping r a t i o  t o  0.02 reduced the rock ing  
amplitudes t o  less than the requirement o f  0.02 arc  sec w i t h i n  the requ i red  1 minute 
maximum s e t t l i n g  time. 
damping, some add i t iona l  form o f  damping or a c t i v e  con t ro l  may be requi red.  

As 0.02 i s  considered r e l a t i v e l y  h igh  i n t e r n a l  s t r u c t u r a l  
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TABLE 1. - SELECTED LDR PERFORMANCE REQUIREMENTS 
FOR DYNAMIC ANALYSIS 

Parameters Requirements 

Diameter 

F/ratio 

Absolute pointing 

Jitter 

Slew 

Scan 

Track 

Chopping 

20 m primary, 1.3 m secondary 

F/0.7 primary 

0.05 arc sec 

0.02 arc sec - within 1 min after slew 

20" - 5O0/min 

i " ~ 1 "  - linear scan at i"/min 

O.T/hour (for comets E 25"from Sun) 

2 Hz square wave, 1 arc min throw 
(reac tionless) 

* Selected from reference 1. 

TABLE 2. - STRUCTURAL MEMBER SIZES 

Tubular Components 

Resource module 
Support module 
Instr. module 
Optical system (1) 

Primary mirror truss 
Upper surface 
Diagonals 
Lower surface 

Frames 
Shade 

Diagonals 

Verticals 

(1) For JPL model. 

Tube 
Diameter 
(mm) 

4500 
4500 
4500 
3800 max 
1100 min 

39.4 
20.2 
39.4 

152.4 
70.4 

78.4 

Tube 
Thickness 

(mm) 

2.0 
2.0 
2.0 
2.0 
2.0 

0.66 
0.66 
0.66 

0.66 
0.66 

0.66 

Length (mm) 

JPL 

6600 
3000 
6800 
7000 

2956 
1744 
2934 

11582 
12629 

12292 

AMES 

(2) 
(2) 
(2) - 

2956 
1744 
2934 

11582 
11123 upr 
9927 Iwr 
9496 

(2) Total length of Ames modules assumed to be 9910 mm. 



Figure 1. - 3pL Concept 
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X= 11.58m 
(456 in) 

110  

Figure 3. - 3pL Model 
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F i g u r e  5. - h Triple-Bipod Strut Model 

57 

F i m  6. - Primary Mrror Truss 
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Table 3.- LDR COMPONENT WEIGHTS (kg) 

Configuration 

JPL 

A E S  six strut 

M S  triple bipod 

Component 

Mass (kg) 

23477 

2 1309 

21309 

Modules 
Resource module 
Support module 
Instrument module 
Total 

Primary mirror (20 kg/m2) 

Secondary mirror module 

Optical systems less primary 

Primary mirror truss 

Secondary mirror struts 

Sunshade C.645 kg/m3) 

Total 

AMES 

Total is 
uniformly 
distributed 
over 9.9 1 m 
10000 

9124 

1000 

136 

51 

998 

2 1309 

JPL 

7999 
1237 
3393 

12628 

9124 

1126 

136 

463 

23477 

TABLE 4. - LDR MASS AND INEFITIA PROpERTlES 

Distribution 

Uniform over 6.6 m 
Uniform over 3.0 m 
Uniform over 6.8 m 

Concentrated masses on 
truss upper surface joints 

Concentrated mass 

Uniform over 7.0 m 

Uniform 

Uniform 

Reflected in fictitious 
material density 

Moments of Inertia (kg*m2) 
Ix l Y  lz 

939,000 939,000 70 1,000 

1 , 130,000 1,130,000 770,000 

1 , 155,000 1,155.000 769.000 



TABLE 5. - JPL MODAL FREQUENCIES (Ht) 
Mode Freq 

1 .oo 
2 .oo 
3 .oo 
4 .oo 
5 .oo 
6 .OO 
7 .54 
8 .54 
9 .61 

10 .61 
11 1.34 
12 1.54 
13 1.97 
14 2.73 
15 2.73 
16 3.27 
17 3.27 
1% 3.31 
19 3.61 
20 3.61 
21 3.74 
22 3.74 
23 3.93 
24 3.95 
25 4.41 

Rigid body 
Rigid body 
Rigid body 
Rigid body 
Rigid body 
Rigid body 
Reflector rocking plus shade motion 
Same 
Shade frame motion 
Same 
Same 
Symmetrical reflection motion 
Shade motion 
Same 
Same 
Unsymmetrical reflector motion plus shade motion 
Same 
Symmetrical reflector motion 
Unsymmetrical reflector motion plus shade motion 
Same 
Unsymmetrical reflector motion plus shade motion 
Same 
Shade motion 
Unsymmetrical reflector motion plus shade motion 
Same 

TABLE 6. - AMES SIX-STRUT MODAL FREQUENCIES ( H t )  

Mode Freq 
1 .oo 
2 .oo 
3 .oo 
4 .oo 
5 .oo 
6 .OO 
7 .68  
8 .6% 
9 1.43 

10 1.47 
11  1.52 
12 1.52 
13 1.72 
14 1.74 
15 2.12 
16 2.51 
17 2.51 
1% 2.54 
19 2.77 
2 0  2.81 
2 1  2.85 
22 3.01 
23  3.09 
24 3.09 
25 3.75 

Rigid body 
Rigid body 
Rigid body 
Rigid body 
Rigid body 
Rigid body 
Reflector rocking plus shade motion 
Same 
Shade frame motion 
Symmetrical reflector motion 
Sec. mirror assy. rot. about y axis 
Sec. mirror assy. ro t  about x axis 
Shade frame motion 
Shade frame motion 
Sec. mirror assy. rot. about z axis 
Shade frame motion 
Same 
Same 
Same 
Same 
Same 
Symmetrical reflector motion 
Unsymmetrical reflector and shade motion 
Same 
Same 
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TABLE 7. - 
Mode Freq 

1 .oo 
2 .oo 
3 .oo 
4 .oo 
5 .oo 
6 .OO 
7 .55 
0 .56 
9 .65 

10 .65 
11 1.17 
12 1.43 
13 1.48 
14 1.09 
15 1.90 
16 1.94 
17 2.51 
18 2.51 
19 2.85 
20 2.98 
21 2.98 
22 3.04 
23 3.59 
24 3.59 
25 3.74 

LDR 
Configuration 

JPL 

Ames six 
strut 

Ames triple 
bipod 

AMES TRIPLE-BIPOD MODAL FREQUENCIES (Hz) 

Damping 
ratio 

.002 

.020 

.002 

.020 

.002 

.020 

Rigid body 
Rigid body 
Rigid body 
Rigid body 
Rigid body 
Rigid body 
Shade frame motion 
Shade frame motion 
Spacecraft module rocking rei. to reflector 
Spacecraft module rocking rel. to reflector 
Shade frame motion 
Shade frame motion 
Sym. reflector motion 
Shade frame motion 
Shade frame motion 
Strut motion 
Shade frame motion 
Shade frame motion 
Shade frame motion 
Reflector, strut & secondary mirror assy motion 
Reflector, strut & secondary mirror assy motion 
Sym. reflector motion 
Unsym. reflector & strut motion 
Unsym. reflector & strut motion 
Strut motion 

8 7 C  

.205 (4) 

.120 ( 5 )  

.000069 (4) 

.000059 ( 5 )  

TABLE 8. - JITTER DISPLACEMENTS DUE TO CHOPPING & SLEW 

A (microns) 
838.200 

0.508 
6 85.800 

0.21 1 
787.400 

0.122 

Slew Chopping (211 (31 

@ (s i c )  
14.9 

12.2 

14.0 

.0090 

,0038 

.0022 

(1) Requirement 5 . 0 2  sec. 
(2) Secondary mirror module rotat ion response from secondary 

mirror chopping. 
(3) A =  reflector truss edge displacements ( 2 )  at point 57  (see fig. 

3-5) 1 min. after slew maneuver (t-180 sec.). Based on slew 
of 90"in 2 min. wi th  1 min. settling time. - 
@= rotat ion of ref lector truss structure (sed. 

(4) Rotation at 19.78 sec-transient plus steady state vibration. 
( 5 )  Rotation at 19.78 sec-transient vibration almost zero. 

b 

c 
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Figure 6. - 3% Cantiguratierr, lbtk 9, 0.61 Hz 
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Figure 10. - 3pL Contiguratim, Male 16, 3.27 Hr 
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figure 11. - 3pL Configuration, Mode 18, 3.31 Hz 

E 
fim 12. - 3pL Configuration, ? M e  20, 3.61 Hz 
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Figure 13. - 3X Configuration, Mode 21, 3.74 Hz 

Figure 14. - 3pc Configuratim, btk 24, 3.95 Hz 
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Figure 15. - k e s  SixtStrut eonfiguration, Mode 7, 0.68 Hz 

Figure 16. - k e s  S i x S t r u t  eonfiguration, Mde 9, 1.43 Hz 
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Figure 17. - Ams Six-Strut Cmfiquration, Mode 10, 1.47 Hz 

F i g u r e  18. - h e s  Six-Strut Configuration, Mode 11, 1.52 Hz 
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Figure 19. - h e s  SixtStrut Configuration, M e  15, 2.12 Hr 

bnflgcnatlon, Mode 22, 3.01 Hz 
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I 
Figure 21. - h e s  Six-Strut eonfiguration, W e  24, 3.09 Hz 

Figure 22. - k e s  Sin-Strut eonfiguration, IkJe 25, 3.75 Hz 
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Figure 23. - k s  Triple4ipad-Strut eonfigurat,orr, b 7 ,  0.56 Hz 

c 

Figure  24. - kes Triple-Bipod-Strut Configuration, !Me 9, 0.65 Hz 
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Figure 25. - h s  Triple-Bipod-Strut eonfiguration, Mode 13, 1.48 Hz 

I- 
Figure 26. - h e s  Triple-Bipod-Strut btfiguratian, bde 16, 1.94 & 
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Figure 27. - h s  TripletBipodtStrut f h f i q u r a t h ,  M e  21, 2.98 Hr 
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Figure 29. - h s  Triple-Bipod-Strut Confiquration, Mode 24, 3.59 Hr 
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r secondary 3 

Module inertias: 
2 M = 1000 kg 

I, =i2=855.63 kg-m 

rT% Mirror throw 

.5 
t ( s e d  

.025 sec U 
(b) Mirror Qlopping Torque and Rotation 

Figure 31. - Secondary Mirror Chopping 

Slow position 
( 0 ) -  dog 

- 

- 
T= -A( l - C O 8 W t )  

-2A- 
2A N-m (in-lb) Configuration Tmax = 

JPL 820 (7256)  
Am08 six strut 985 (8720) 
Am08 bipod rtrut 1008 (8918) 

Figure 32. - LDR Slewing Torque and Position 
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