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A TECHNIQUE FOR  PASSIVE ATTITUDE CONTROL OF SOLAR 

ORIENTED INTERPLANETARY  SPACECRAFT 

By Vernon K. Merrick,  Francis J. Moran, 
and  Bruce E. Tinl ing 

Ames Research  Center 

SUMMARY 

Solar   pressure  forces   can  provide  res tor ing  torques  that   a l ine a 
spec i f ied  axis of a suitably  shaped  spacecraft  toward  the  sun,  Implementing 
a control   system  that  employs these  torques  requires a means of damping o s c i l -  
l a t o r y  motion  of  the  solar  pointing  axis.   This  paper examines a passive  tech- 
nique  of damping by  dissipating  the  energy  of  relative  motion  between a p a i r  
of  connected  bodies. Two systems a re   s tud ied   i n  which t h e   r e l a t i v e  motion 
occurs  about a single  hinge.  Coupling  between  the  attitude  motions i s  caused 
by  unequal  rates  of change  of solar  pressure  torque  with  each  independent 
a t t i tude   angle .  The performance i s  compared wi th   tha t   o f  a t h i r d  system t h a t  
uses a two-degrees-of-freedom  hinge  and  has no coupling  between  the  att i tude 
m t i o n s .  

INTRODUCTION 

Solar   rad ia t ion   exer t s  a pressure which  can  cause  torques  large enough t o  
be  an  important   considerat ion  in   the  a t t i tude  control   of   spacecraf t ,   par t ic-  
u l a r l y  when the  spacecraft   mission i s  of  long  duration.  In most instances 
solar  torques  cause  undesirable  disturbances  that  must be  countered  by  the 
control  system. However, for   spacecraf t   required  to   point   cont inuously  toward 
the  sun,   solar   torques  can  be  an  asset  i f  the  spacecraf t  i s  shaped so t h a t   t h e  
des i r ed   a t t i t ude   o r i en ta t ion  i s  also  one  of  stable  equilibrium  with  respect  to 
the  solar   torques.   Both  passive and  semipassive  control  systems  that   rely  on 
t h i s   p r i n c i p l e  have been  proposed  (refs.  1, 2, and 3).  

Att i tude  control   systems  that   exploi t   solar   pressure  torques  differ  
pr imari ly   in   the  technique  used  to  damp the  a t t i tude  motions . I n  some, t he  
damping may be  act ive,  as in   the   cont ro l   sys tem  for   the   Mar iner   spacecraf t  
( r e f .  4) . I n   o t h e r s ,   t h e  damping may be  passive,   requiring no sensors,  actu- 
a to r s ,  or additional  energy  sources.  An example of a system  of t h i s  la t ter  
type i s  descr ibed   in   re fe rence  3 where a structural element  provides  the  phase 
s h i f t  between the   so la r   res tor ing   to rque  and a t t i t u d e  motion  necessary t o  damp 
the  a t t i tude  motions.  

An a l te rna te   pass ive   t echnique   for   so la r   o r ien ted   a t t i tude   cont ro l  
systems i s  proposed i n  reference 5. This scheme aims t o  remove any  unwanted 
mechanical  energy,  result ing  from  external  disturbances,   by  connecting  to  the 
spacecrdt ,   through dampers,  one or m r e   a u x i l i m y   b o d i e s .  If t h e  



configurat ion  of   these  auxi l iary  bodies  i s  correct,   any  att i tude  motion w i l l  
cause  relative  motion  between  the  spacecraft   and  auxiliary  bodies,  and t h e  
energy  contained i n   t h i s   r e l a t i v e  motion w i l l  be  absorbed by the  dampers. 
Mechanical   s implici ty   suggests   the  desirabi l i ty   of   using a s ing le   aux i l i a ry  
body with a single  degree  of  freedom  relative  to  the  spacecraft .  To achieve 
this s impl ic i ty  it i s  necessary  to promote coupling  between  the  degrees  of 
freedom o f  the  ent i re   system so t h a t  any a t t i t u d e   e r r o r  w i l l  cause  re la t ive 
motion  between  the two bodies. Two techniques of coupling  the modes of  motion 
a re   poss ib le .  One i s  t o   d i s t r i b u t e   t h e  mass asymmetr ical ly   in   e i ther  or both 
bodies.  The performance of a solar o r i en ted   spacec ra f t   u t i l i z ing   t h i s   t ech -  
nique  has  been  examined  and  reported in   re fe rence  5.  The other  technique i s  
t o  create   unequal   ra tes  of  change of solar  torque  with  each  independent a t t i -  
tude  angle  by means of su i t ab ly  shaped  i l luminated  surfaces   of   e i ther  or both 
bodies.  Any a t t i t ude   dev ia t ion   o f   e i t he r  body then  produces a solar  torque 
that  causes  relative  motion  between  the two bodies.  This  technique i s  demon- 
s t r a t e d   i n   t h i s   r e p o r t   b y  an  analysis and comparison  of two possible   s ingle-  
hinge  configurations,   both  exhibit ing  "torque  coupling. " 

The performance o f  t h i s   t ype  of solar oriented  spacecraft   probably can 
be  improved by  increasing  the nuniber o f  bodies or t he  number of  degrees  of 
freedom  between  the  bodies. The p r i ce   fo r   t he  improved  performance i s  addi- 
tional  mechanical  complication. To i l l u s t r a t e   t h e  magnitude  of the   per for -  
mance ga ins   ob ta inable   in   th i s  manner, a third  system  consisting  of a s ing le  
aux i l i a ry  body  having two degrees  of  freedom  relative t o  the  main spacecraf t  
body i s  analyzed.  This  system i s  made as  simple  as  possible  by  arranging  for 
both  bodies   to  have symmetrical mass d i s t r ibu t ions  and s o l a r   r e f l e c t i n g  sur- 
f aces   r e l a t ive   t o   t he   sun   l i ne  and two hinges  orthogonal  to  each  other and t o  
the  sun l i n e .  The a t t i t u d e  motions of  such a system  must  be  uncoupled. 

The study i s  r e s t r i c t e d  t o  hel iocentr ic   orbi ts   wherein  the  natural  
f requency  of   osci l la t ion  of   the  spacecraf t  i s  large compared wi th   t he   o rb i t a l  
frequency.  This  implies  that   the  torques due t o  the  gravi ty   gradient   of   the  
sun  and the  gyroscopic   effect  of the   curva ture   o f   the   o rb i ta l   pa th   a re   negl i -  
g ib le  compared t o  those  derived from the   so la r   p ressure .  It f o l l o w s  t h a t  
so l a r   s t ab i l i za t ion  can  only  be  achieved  about two axes  normal t o  the  sun  l ine.  
It i s  assumed tha t   the   spacecraf t  i s  s t a b i l i z e d  t o  prevent  rotation  about  the 
sun l i n e  by  other means . 

NOTATION 

Coordinate  Systems 

Tj(j = 1,2,3) un i t   vec to r s  of the  vehicle  hinge  coordinate  system  defining 

J 

a reference  frame  fixed  in  the main s a t e l l i t e  body  and 
derived  from  the v.( j = l,2,3) reference  frame  by  rotation 
about T3 through  the  hinge  angle y (The  hinge  axis i s  

- 

- 
c 2 . )  
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unit   vectors   of   the  damper coordinate  system  along  principal 
axes  of  the damper body ( In   the   undis turbed   s teady   s ta te  
d = v. (  j = l ,2,3) 
- - 

j J  
C.( j = 1,2,3) 

J 
unit   vectors  of  the  orbital   coordinate  system  defining a 

right-hand  orthogonal  reference frame f ixed   i n   t he  
s a t e l l i t e   o r b i t  such t h a t  03 is  d i rec ted  toward the sun 
(Orientation  of  the  reference  frame  about 53 is  
arb i t ra ry .  ) 

v.( j = 1,2,3) 
J 

unit  vectors  of  the  vehicle  coordinate  system  defining  the 
torque  decoupling and principal  axes  of  the main s a t e l l i t e  
body (In  the  undis turbed  s teady state v = o . (  j = l ,2 ,3) . )  

- - 
j J  

Symbols 

B dimensionless damping constant, 

dimensionless  spring  constant, (3 r& C 

D viscous damping constant  of  angular  rate damper located on - c2 ax is  

pr inc ipa l  moments of i n e r t i a  of main s a t e l l i t e  body 

K spr ing  constant   of   spr ing  res t ra ining  rotat ion of damper 
body r e l a t i v e   t o  main body about c2 axis  

so l a r   sp r ing   r a t e s  of damper body about d l  and d2 axes, 
- 

respec t ive ly  

so l a r   sp r ing   r a t e s  of main body about v1 and v2 axes, 
- 

respect ively 

undamped natural  frequency  parameter - - e: 3 L 

Laplace  transform  variable  expressed i n  dimensionless  time S 

Laplace  transform  variable  expressed  in  real   t ime 

t r e a l  time 

T4e external  torque  acting on damper about i t s  hinge 

3 



T 

d 

vc, etc. 

external  torques,  other  than s o l a r  torques,  acting  on 
complete  satellite 

vector  rotation of damper  body  with  respect  to  inertial 
space 

vector  rotation  of  main  body  with  respect  to  inertial 
space 

hinge  angle  (See  definition  of c j )  

imaginary  part  of  a  root  of  the  characteristic  equation 

- 

small  rotation  angle  of  damper  about F2 axis 

vector  rotation of damper  body  with  respect  to  main  body 

real  part of a  root of the  characteristic  equation 

dimensionless  time, & 
small  rotation  angles  about vl, v2, and 73 relating  the 

" 

- - 
v frame  to  the o frame 
j j 

Subscripts 

quantity  measured  with  respect  to  the  c or h  frame, 
respectively 

damper  body 

quantity  measured  with  respect  to  the  d  frame 

solar  torques 

- 
j 

main  body 

quantity  measured  with  respect  to  the  v  frame 
- 
3 

Double  Subscripts 

variable  used  in  describing  relationships  between  the 
'v frame  and  frame, etc. For example qc 
is  direction  cosine  matrix  relating  the v frame 
relative to the  c  frame 

j  j 
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SCOPE OF ANALYSIS 

The analytical   technique  adopted i s  aimed a t  establ ishing  the  broad 
feas ib i l i ty   o f   th i s   type   o f   sys tem and a t  comparing t h e  performance  of  three 
configurations.  Unlike  the  performance  of many spacecraft  control  systems, 
the  steady-state  performance  of  those  considered  here i s  not  dependent  on  any 
present ly   wel l -def ined  external   d is turbances.   Apart   f rom  the  meteori te   prob-  
lem, poss ib ly   the  most s ign i f i can t   l imi t a t ion  on steady-state  pointing  accu- 
racy i s  t h e  inhomogeneity  of  surface  solar  reflection  properties due t o  
nonuniform  aging,  and  inaccuracies in   the  torque-free,   s teady-state   a l inement  
of   the two bodies due to  manufacturing  errors.   Since  these  considerations  are 
not  strongly  related  to  the  problem  of  selecting  fundamental   parameters,   the 
question of steady-state  performance i s  n o t   t r e a t e d   i n   t h i s   r e p o r t .  

The remaining  significant  control  system  performance  cri terion i s  the  
damping time, which d i c t a t e s  how long it takes  the  system  to  reach  the  steady 
s t a t e   a f t e r   i n j e c t i o n  or a f t e r  some subsequent  disturbance.  Consideration  of 
the damping time  goes f a r  toward  establishing  the bounds  on many of t he  impor- 
tant  design  parameters  for  this  type  of  system. As in   r e f e rence  5, the  analy- 
s is  i s  based on t h e   l i n e a r  autonomous equations  approximating  the  system 
behavior. The damping c r i t e r i o n  i s  the  damping of t h e   l e a s t  damped  mode of 
motion,  which, i n   t h i s   c a s e ,  i s  character ized  by  the m a x i m u m  r ea l   pa r t   o f   t he  
roots   of   the   character is t ic   polynomial .   Minimizing  this   quant i ty  i s  then 
equivalent   to   insuring  that   any  arbi t rary  a t t i tude  dis turbance  decays a t  the 
maximum r a t e .  For the   coupled  configurat ions,   th is   minimizat ion  is  accom- 
plished  by  the  steepest   ascent  computational  techniques  described  in  refer-  
ence 5 .  An ana ly t ica l   so lu t ion   for   the   min imiza t ion   ex is t s   for   the   tm-hinge  
uncoupled  configuration . (See  appendix B . ) 

In   p r inc ip l e ,  it i s  poss ib le   to   f ind   the   bes t  damped two-body,  one - or 
two-hinge  configuration  without  restricting  the mass d i s t r ibu t ion ,  body  shape, 
or hinge  orientation.  In  practice,  the  computational  problems  and,  in  partic- 
u l a r ,   t he  slow r a t e  of convergence t o  a solut ion,  make such a program  too 
ambitious, a t   l e a s t   f o r   t h e   p r e s e n t .  The best   that   can  be  a t tempted  a t  th is  
time i s  t o  choose c e r t a i n  of  the  parameters so a s  t o  promote some symmetry, 
thereby  reducing  the  computations  to a more manageable l eve l .   I n   pa r t i cu la r ,  
it i s  assumed throughout  that   the  body geometry  and mass d is t r ibu t ion   permi t  
the  existence  of  "torque  decoupling"  axes as described  in  appendix A and t h a t  
these  are   coincident   with  the  pr incipal   axes   of   iner t ia .   Furthermore,   the  two 
bodies  are assumed to  be  connected so tha t   the i r   cen ters   o f  mass coincide  and 
t h e i r   r e l a t i v e   o r i e n t a t i o n  i s  assumed to   be  such  that ,   in   torque-free  equi l ib  - 
rium, their  "torque  decoupling"  axes and therefore ,   a l so   the i r   p r inc ipa l   axes  
of   iner t ia ,   coincide.  These r e s t r i c t i o n s  imply  the  existence  of two orthog- 
ona l   p l anes   r e l a t ive   t o  which the  mass d i s t r i b u t i o n  and surface  geometry  of 
both  bodies  are  symmetrical. When the   i n t e r sec t ion  of  these two planes i s  
alined  with  the  sun  l ine,  no torques  are   act ing on e i t h e r  body. The hinge or 
hinges  are assumed to   be   perpendicular   to   the   in te rsec t ion   of   the  two planes.  
One of  the  .chief  implications  of  these  assumptions i s  that ine r t i a l   coup l ing  
due t o  asymmetrical mass d i s t r i b u t i o n  i s  excluded.  This  type  of  coupling  has 
a l ready  been  invest igated  in   reference 5.  

5 



It i s  pointed  out   in   reference 5 t h a t   t h e  damping of   pass ive   so la r  
oriented  systems,  expressed  in terms of real time, can  always  be improved by 
increasing  the  natural   f requency.  T h i s ,  i n   t u r n ,  might  imply u n r e a l i s t i c  
ra t ios   o f   the   so la r   spr ing   cons tan t   to   the  moments o f   i ne r t i a   o f   t he  satel l i te  
bodies. To  make the  solut ions  physical ly   real izable   and yet avoid  specif ic  
prac t ica l   des ign   cons t ra in ts ,   the  damping i s  normalized  by  expressing it i n  
terms of a u n i t  of time ro o r t i o n a l   t o   t h e  undamped frequency  in  roll of  the 
main s a t e l l i t e  body jl;e Kvl Ivl, where ql i s  the   so l a r   sp r ing   r a t e  and Ivl 
i s  the  moment o f   i ne r t i a .   I n   add i t ion ,   t he   po in t  of  view i s  adopted  that   the  
main s a t e l l i t e  body w i l l  be  constructed  to have the   l a rges t   p rac t ica l   va lue   o f  
d- and,  therefore,  with a l l  other  parameters  sized  accordingly,  the 

maximum damping, and that  the  remaining  corresponding  parameters 4- 
d m ,  ,/w2 w i l l  be no grea te r   than  this. The argument i n   f a v o r  
o f   t h i s  i s  t h a t  i f  any of  the  above parameters  could  be made larger   than 
,,/-, then  the same constructional  technique  could  be  used  to  increase 

JKvl/Ivl t o   t h e  same value.   This  idea  can  be  expressed  in  the form of the 
inequal i ty  

The l inear   equat ions of motion  of a c l a s s  of   configurat ions  suff ic ient ly  
general   to   include  as   special   cases  a l l  those   conf igura t ions   o f   spec i f ic  
i n t e re s t   a r e   de r ived   i n  appendix A 

ANALYSIS OF SPECIAL  SPACECRAFT  CONFIGURATIONS 

Three  separate  spacecraft  arrangements were s tudied which a re   c l a s s i f i ed  
according t o  t he   va r i a t ion  of solar pressure  torques  with  a t t i tude.  Two 
types,  described as the wedge-wedge and cone-wedge configurations,  have 
unequal  rates of  change of  solar  pressure  torque  with  each  independent  at t i-  
tude  motion.  These two types,  therefore,  can  be damped  when a single  degree 
of  freedom of t h e   r e l a t i v e  motion e x i s t s  between  the  coupled  bodies. The 
third  type,   descr ibed as the cone-cone configuration, i s  a x i a l l y  symmetric 
about  the  solar  pointing axis i n   b o t h  mass d i s t r i b u t i o n  and external  shape. 
The cone-cone configuration,  therefore,   requires a two-degrees-of-freedom 
hinge. These three  configurations will be discussed  separately i n  the  
following  sections. 

Wedge  -Wedge 

This  configuration i s  probably  the  simplest  conceivable, two-body s ingle-  
hinge,  sun-stabilized  system. I t s  e s s e n t i a l   f e a t u r e s   a r e   i l l u s t r a t e d   i n   f i g -  
ure  1. Both the  main s a t e l l i t e  body  and damper body a r e  shown as wedges t o  
ind ica te   tha t   they  have solar restoring  torques  about one axis  only.  I n  
torque-free  equilibrium,  these "solar spring" axes are  perpendicular t o  each 
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S2 

Figure 1.- Wedge-wedge configurat ion.  

0 

( s2+1) s i n  y 

0 

other  and, together   with  the  hinge  l ine,  
are   perpendicular   to   the sun l i n e ,  o r  yaw 
axis. The roll and p i t ch   p r inc ipa l   i ne r -  
t i a s  of   the main s a t e l l i t e  body are  
equal .   These  special   character is t ics  
can  be summarized as   fol lows:  

\ 
K = O  
v2 I 

Kdl 
I = I  
v1 = O  v2 i 

The characterist ic  polynomial of t h i s  
system may be  obtained  directly from the  
l i n e a r  dynamical  equations  derived  in 
appendix A.  Using  conditions (l), the  
polynomial,  in  dimensionless form, i s  
the  determinant 

- s 2  cos y 

where s i s  a dimensionless  Laplace  transform  variable  and 
C = (K/Idl)  (Ivl/Kvl) and B = (D/Idl) ,/- are  the  dimensionless  hinge 
spr ing and damper constants.  The f a c t o r  s2 = 0 in   equa t ion  (2) merely  repre- 
s en t s   t he   f ac t ,  mentioned e a r l i e r ,   t h a t  motion  about the   sun   l ine  (yaw a x i s )  i s  
not   s tab i l ized .  It i s  c l e a r  from  equation (2)  tha t   the   h inge   ax is  must be 
skewed to  the  torque  decoupling  axes  because if  s i n  y = 0 o r  cos y = 0, an 
undamped mode of  motion i s  present.  Thus, a system  with damping about  both 
p i t c h  and roll can  be  achieved  only if 

Y#? n = 0,1,2 ( 3 )  

In   addi t ion ,   the   ra t io   o f   the   cons tan t   coef f ic ien t   to   the   coef f ic ien t   o f   the  
highest  power (s') of   the  character is t ic   polynomial  i s  

7 



and s i n c e ,   f o r   s t a b i l i t y ,   t h i s   q u a n t i t y  must be  posit ive,  it fol lows  that  
C(Q2/KVl) (Idl/Ivl) must be  posit ive.   Since C = (K/Kvl) (Ivl/Idl), it follows, 
therefore ,   tha t  K/K& must b e   p o s i t i v e   f o r   s t a b i l i t y .  !his requi res   tha t  
Q2 be  posit ive  since K must a l s o  be p o s i t i v e   f o r  a mechanical  spring.  In 
other  words, the  solar   torques on the damper must be in   t he   s t ab le   s ense .  The 
above  der ived  condi t ions  necessary  for   s tabi l i ty  are i l l u s t r a t e d   i n   f i g u r e  1 

1.2 r 

.8 . 

.4 ' 

1 I I I 1 
0 .2 A .6 .8 I .o 

W1.1 

Figure 2.  - Optima damping  and associated 
values o f  free  parameters f o r  the wedge- 
wedge configurat ion.  

by  the  posit ion  of  the  hinge  l ine and 
the  shape of the damper. 

The r e s u l t s  of  computations  by  the 
mthod  of   s teepest   ascent   ( ref .  5) t o  
f ind   the   bes t  damped  wedge-wedge con- 
f igu ra t ions   a r e  shown in   f i gu re  2. The 
damper i n e r t i a  parameher Idl/Ivl has 
been  chosen as the  independent  variable, 
and the  other  free  parameters shown a r e  
required  to  achieve optimum damping f o r  
a par t icu lar   va lue  of  Idl/Ivl. The 
damping parameter crmax/d- repre- 
s e n t s   t h e   r e a l   p a r t  of  the  root of the 
least  damped  mode normalized by the 
natural   frequency  of  the main body 
alone. 

A s  noted i n  the  Introduction,  the 
performance  of  an a l t e r n a t i v e  scheme 
which r e l i e s  on  asymmetric mass distri-  
but ion  to  promote  the  necessary coup- 
l i n g   f o r  a s ingle-axis  damper has  been 
reported  in   reference 5. A comparison 
of r e su l t s   i nd ica t e s   t ha t  a comparable 
spacecraft   of  the wedge-wedge type 
would be b e t t e r  damped by a f a c t o r  of 
3 or more. 

Cone  -Wedge 

Some improvement i n   t h e  performance of the  torque-coupled,  single-hinge 
systems  might be expected i f  t h e  main body produced  restoring  torques  about 
a l l  axes  normal to   the   sun   l ine .  A special   configurat ion  of   this   type was 
s tud ied   i n  which the main body w a s  assumed t o  be a x i a l l y  symmetric i n  mass 
d i s t r i b u t i o n  as wel l  as in   external   shape.  A s  i n   t h e  wedge-wedge arrangement, 

a 



r 

the  hinge  axis was assumed t o   b e   i n  a plane  normal t o  the axis   of  symmetry. 
The spec ia l   condi t ions   for   the  cone-wedge can  be summarized as follows, 

K = K  

= o  I 
I = I  
v1 v2 J 

Using  conditions ( 5 ) ,  the  determinant  of  the  characterist ic  polynomial  of  the 
dimensionless  l inearized  equations  of  mtion becomes : 

S2 

+ ++1 

0 

0 

(s2+1) s i n  y -( s2+1) cos y 
1% 

I V l  

(C+Bs) - 

A s  i n   t h e   c a s e  of t he  wedge-wedge system, an undamped mode of  motion e x i s t s  
unless the  hinge axis i s  skewed to  the  torque  decoupling  axes,  so t h a t   t h e  
condition  expressed  by (3) must be   s a t i s f i ed .  The r a t i o  of  the  constant  coef - 
f i c i e n t   t o   t h e   c o e f f i c i e n t  of the   h ighes t  power ( s 6 )  of   t he   cha rac t e r i s t i c  
polynomial is , i n   t h i s   c a s e ,  

which must be  posi t ive for s tab i l i ty .   This   impl ies   tha t  

Kd2 - > - C  

Kvl cos2 y r$) + c 

Since C i s  pos i t ive  for a real  sp r ing   i n  which  torque  opposes  rotation,  the 
r a t i o  of  the  solar  "springs" Kd2 and Kvl must always  be more pos i t ive   than  
some negative number. Since  the manner i n  which the  Laplace  variable was 
normalized  implies  that ql i s  always pos i t ive ,  it fo l lows   t ha t   t he   c r i t e -  
r ion   can   be   sa t i s f ied  when the  solar   torques on the  damper body are   des tab i -  
l i z i n g  as w e l l  as when they are s t ab i l i z ing .   Th i s   poss ib i l i t y  i s  i l l u s t r a t e d  
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Figure 3 - Cone-wedge configuration. 

.I3 

.4 ' 

B 
- 

Figure 4 . -  Optimum damping  and assoc ia ted  
values  of  free  parameters  for  the  cone- 
wedge configuration. 

by  the cone-wedge arrangement i n   f i g u r e  3 
where the  wedge, represent ing  the damper 
body, i s  shown open  toward the  sun. 

The r e s u l t s  of the  computations t o  
find t he   bes t  damped cone-wedge systems 
are shown i n   f i g u r e  4. The damper body, 
for a l l  damper i n e r t i a   r a t i o s ,  i s  shown 
t o  be   des tab i l ized  by the   so l a r   p re s su re  
torques (Kd2/Ql negative).  This  system 
should be b e t t e r  damped than   t he  wedge- 
wedge because  the  torques on the  coupled 
bodies  caused by a g iven   a t t i tude   e r ror  
w i l l  be   opposi te   in   sense,   thus   leading 
t o   t h e  maximum r e l a t i v e  motion  and, t he re -  
f o r e ,   t o   t h e  maximum energy  dissipation 
i n   t h e  damping mechanism. This i s  borne 
out by t h e   r e s u l t s  which show t h a t   t h e  
damping f o r   t h e  cone-wedge system i s  
about 20 percent   g rea te r   than   for   the  
best  system of t h e  wedge-wedge type.  

Cone-Cone 

When both  connected  bodies  are 
a x i a l l y  symmetric, t h e  small angle 
motions a r e  not  coupled  and,  therefore, 
two degrees of  freedom are required.  
Axial symmetry r equ i r e s   t ha t  : 

K = K  
dl  

I = I  

v1 v2 I 
(9) 

J 

When these   condi t ions   a re  imposed and 
the  hinge angle 7 i s  chosen t o  be 7r/2 
the   l inear ized   equat ions  of motion  given 
i n  appendix A y ie ld   the   fo l lowing   for   the  
determinant   of   the   character is t ic  
polynomial : 
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Sun-line . 
Figure 5. - Cone-cone configuration  (two- 

degrees-of  -freedom  hinge). 
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Figure 6.- Optimum damping and assoc ia ted  
values  of  free  parameters  for  the  cone- 
cone  configuration. 

(52 + 1) (Bs + c)  
=VI  

(10) 

A s  would be  expected,  there are two 
modes of  motion which are undamped. One 
of these  modes represents  rotations  about 
an  axis normal t o   t h e  hinge axis and w i l l  
be damped i f  an  additional  degree  of 
damper freedom i s  allowed. 

The optimization  of  the damping of 
the  planax  osci l la t ions  represented by 
t h e  2x2 determinant  of  equation (10) can 
be  cast i n  a form  analogous t o   t h e  damp- 
ing of t h e   p i t c h   l i b r a t i o n s  of a gravi ty  
s t a b i l i z e d   s a t e l l i t e  such as t h a t  ana-  
lyzed   in   re fe rence  6.  Pe r t inen t   r e su l t s  
from  reference 6 are  used i n  appendix B 
t o  derive  the  parameters for t h e  best 
damping for two-degrees-of-freedom s o l a r -  
s tab i l ized   spacecraf t .  A typical   cone-  
cone configuration i s  sketched i n  
f igure  5 and  formulas for t h e  optimum 
damping and associated  parameters  are 
given i n   t a b l e  I .  

The r e s u l t s   f o r  two-degrees-of- 
freedom dampers a re   g iven   i n   f i gu re  6. 
The damping exceeds  that   for   the  s ingle-  
hinge  systems  by a f a c t o r  of 2 or more. 
To achieve  this  damping, the damper body 
i s  shown t o  be  destabi l ized  by  the  solar  
pressure  torques.  From Idl/Ivl = o t o  
0.382, ( ~ l / I v l ) / ( K v l / I v l )  = -1, i n d i c a t -  
ing  that ,   per   uni t  of i ne r t i a ,   equa l  and 
opposite  torques  axe  generated on  each 
body i n  response t o  a disturbance. A s  
w i l l  be  noted i n   t h e  next  section,  desta- 
b i l iz ing   so la r   p ressure   to rques  on t h e  
damper body are undes i rab le   in  some 
instances.  The performance was a l s o  
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s tudied ,   therefore ,   for   the   case  when t h e  damper i s  s p e c i f i e d   t o  have no solar 
torques (Q, = 0) .  For t h i s   c a s e   t h e  damping i s  approximately  halved. 

DESIGN  CONSIDERATIONS 

Most missions  for which a pass ive ,   so la r -s tab i l ized   spacecraf t  i s  a t t r a c -  
t ive   a re   l ike ly   to   be   ex t remely   long   and  may r equ i r e   an   e l l i p t i c   he l iocen t r i c  
o r b i t .  Both  of these  factors   can  cause  s ignif icant   departures   f rom  those  con-  
d i t i ons   fo r  which t h e  damping of t h e   a t t i t u d e  motion  has  been  maximized. On 
lengthy  missions  the  propert ies   of   the   spacecraf t   surfaces   are   expected  to  
deter iorate ,   thereby  changing  the  res tor ing  torques.  A more pronounced,  and 
predic tab le ,   e f fec t  w i l l  be  caused by e l l i p t i c   o r b i t s .  These orb i t s   cause   o f f -  
optimum conditions  because  of  the  inverse  square  variation  of  solar  pressure 
wi th   d i s tance   to   the   sun .  The c r i t e r i a   f o r ' s e l e c t i n g  a particular '   design, 
therefore ,  w i l l  probably be heavily  weighted  toward  maintaining  adequate damp- 
ing  despite  departures  from  the  design  parameters.  

1000 

1 0 0  

TSD= I 
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" Cone-cone ( K d  = 0 )  
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I L  I 
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Distance lo sun for optimum 
Distance lo sun , sD 

Figure 7.- The e f f e c t  of  solar dis tance  on 
damping. 

The e f f e c t  of v a r i a t i o n  of  distance 
from the  sun i s  shown i n  f i gu re  7 f o r   t h e  
configurat ions  that  have  been s tudied.  
The r e s u l t s   a r e   p r e s e n t e d   t o  show t h e  
e f f ec t s  of   departure   f rom  the  solar   dis-  
t ance   fo r  which t h e  performance i s  an  
optimum. The ordinate  TSD=l i s  t h e  

time t o  damp t o   l / e  of t h e   i n i t i a l  
amplitude  normalized by t h e   n a t u r a l   f r e -  
quency when SD = 1. The curves,   there- 
fore ,   represent   the  var ia t ion  of  damping 
t ime  wi th   re la t ive   d i s tance  from the  sun.  
Several   of   the   configurat ions  are  shown 
t o  be unstable when the   so la r   d i s tance  i s  
decreased by as l i t t l e  as 10 percent.  
T h i s   i n s t a b i l i t y  i s  t r a c e a b l e   t o   t h e  
presence  of a des tab i l iz ing  damper body. 
Although  such  bodies  consistently  provide 
t h e   b e s t  damping fo r  optimum conditions,  
they are more sens i t i ve  t o  off-design con- 
d i t i o n s .   I n s t a b i l i t y   r e s u l t s  when the 
des tab i l iz ing   to rque  on t h e  damper over- 
comes the   res tor ing   to rque  on t h e  mechan- 
i c a l   s p r i n g   t h a t   p o s i t i o n s   t h e  damper 
r e l a t i v e   t o   t h e  main body. The  damped 
body then  moves t o  one s i d e   u n t i l   t h e  
limit i s  reached,  causing  an  att i tude 
e r ro r  and  cessation  of damping. 

The instabi l i ty   with  decreasing  solar   dis tance i s  avoided i f  a configura- 
t i o n  i s  chosen  for which t h e  damper  body i s  at least neutral ly   s table   with 
respec t   to   so la r   p ressure   to rques .  For t h e  wedge-wedge configurat ion,   the  
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damper  body i s  ' required t o  be  s table   and  the damping does  not  diminish drasti- 
c a l l y  as the   so l a r   d i s t ance  is decreased. The cone-cone  arrangement  can  be 
s p e c i f i e d   t o  have no solar   pressure  torques on t h e  damper. This  arrangement 
has somewhat bet ter   performance  than  the wedge-wedge for  almost any so la r  
dis tance.  

The choice  of a single-degree-of  -freedom or two-degrees-of  -freedom damper 
would most ce r t a in ly  be  based on cons idera t ions   o ther   than   the   l eve l   o f  damping 
afforded by each. For e i t h e r  damper, t h e   c r u c i a l  item i n   t h e  mechanization  of 
a pass ive   so l a r   s t ab i l i za t ion  scheme i s  most l i k e l y   t o  be  the  spring-damper 
mechanism  which connects  the main and damper bodies. When it is r e a l i z e d   t h a t  
t h e  whole scheme depends upon pressures,  which at Ear th   d i s tance   a re  on t h e  
order  of  only 0.45~10'" newtons/meter2, it becomes apparent   tha t   the   spr ing-  
damper  must be e n t i r e l y   f r e e  of f r i c t i o n ,  or " s t i c t ion"  as it has come t o  be 
ca l led ,  and must furn ish  a precise,   but small, spring  constant .  Spring-damper 
devices   wi th   these   charac te r i s t ics  have  been  designed  and  built  for  passive- 
gravity-oriented  spacecraft .   (See refs. 7 ,  8, and 9 . )  O f  pa r t i cu la r   i n t e re s t  
for   appl ica t ion   to   so la r   spacecraf t   a re   devices   tha t  employ a diamagnetic 
bearing. 

CONCLUDIJSG REMARKS 

Several  techniques  have  been  studied  for  passively damping a n   i n t e r -  
p lane tary   spacecraf t   tha t  i s  oriented  toward  the  sun by solar pressure  torques.  
All of t h e  methods considered  re ly  on diss ipat ing  the  energy of t h e   r e l a t i v e  
motion  between two connected  bodies. The pr inc ipa l   d i f fe rence  i n  t h e   t e c h -  
niques was whether  one or two degrees  of  freedom of t h e   r e l a t i v e  motion was 
permitted. When only a s ingle   degree of  freedom was permitted, it was neces - 
sary  to   provide  coupl ing between t h e   a t t i t u d e  motions so t h a t  any  disturbance 
would cause  relative  motion  between  the two bodies .   In   this   s tudy,   the   coup-  
l i n g  was provided by d i f f e r e n t   r a t e s  of  change  of torque  for  each  independent 
a t t i t ude   ang le .  

Although t h e  damping of  the  single-hinge  spacecraft  w a s  always i n f e r i o r ,  
single-hinge  arrangements were found  that  were s u f f i c i e n t l y  well damped t o  
reduce  the  osci l la t ion  ampli tude by 60 percent  within  the  t ime  required  for 
one cycle   of   osci l la t ion  of   an undamped spacecraf t .  It i s  poss ib le   to   p rovide  
b e t t e r  damping for  ei ther  arrangement by shaping the   aux i l i a ry ,  or damper, body 
t o  cause   t he   so l a r   p re s su re   fo rces   t o  be  destabi l iz ing.  The  damping of  such 
arrangements, however, i s  extremely  sensi t ive  to   changes  in   the  dis tance from 
the   sun and  have an  unstable mode  when the   so l a r   d i s t ance  i s  decreased by as 
l i t t l e  as 10 percent .  

Ames Research  Center 
National  Aeronautics  and  Space  Administration 

Moffett  Field, Calif., 94035, Mar. 28, 1968 
125-19-03 -04-00-21 
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APPENDIX A 

DERIVATION OF THE LINEARIZED EQUATIONS OF MOTION 

The l inear ized  equat ions of motion are   developed  for  a spacecraft   config- 
ura t ion   suf f ic ien t ly   genera l   to   inc lude ,  as special   cases ,  a l l  the   spacecraf t  
configurat ions  analyzed  in   this   report .  The conditions  defining  the  degree of 
genera l i ty  of the  configuration  along  with  other  simplifying  assumptions are 
as follows: 

(a) A s e t  of three  mutually  orthogonal  axes  (torque  decoupling  axes)  can 
be  found  for  both  the main satel l i te  body and damper body, such  than  an  angu- 
lar rotation  about any  one axis produces no solar   torques  about   e i ther   of   the  
other two axes.  

(b )  The undis turbed  s teady-state   or ientat ion  of   the main s a t e l l i t e  body 
and damper body r e l a t i v e   t o  one another i s  such  that   their   torque  decoupl ing 
axes  coincide.  Furthermore,  in  undisturbed  steady state one of  these axes 
co inc ides   wi th   the   sun   l ine ,   and   angular   ro ta t ion   about   th i s  axis produces no 
solar   torques  about   e i ther  body. 

( c )  The vector   solar   torque  act ing on e i t h e r  body in   the   undis turbed  
s teady-s ta te   o r ien ta t ion  i s  zero.  

(d)  The principal  axes  of iner t ia  and  torque  decoupling axes of t h e  main 
s a t e l l i t e  body and t h e  damper  body coincide.  

( e )  The centers  of mass of   the  damper  body and main s a t e l l i t e  body 
coincide. 

( f )  Both t h e  main s a t e l l i t e  body and damper body a r e   r i g i d .  

(g)  The o r b i t a l   a n g u l a r   v e l o c i t y   o f   t h e   s a t e l l i t e  i s  small compared with 
the  c i rcular   f requency of o s c i l l a t i o n  of t h e   s a t e l l i t e .  

The l inear ized  dynamical   equat ions  of   the   satel l i te   system  are   der ived 
most elegantly  from  Lagrange's  equations of motlon. 

For small r o t a t i o n s ,   t h e   o r i e n t a t i o n  of t h e  main body and damper from 
t h e i r  i n i t i a l  posit ions  can  be  described by a vec tor   ro ta t ion   quant i ty .  Thus, 
the   vec tor   ro ta t ion  p of t h e  main body wi th   r e spec t   t o  i t s  equilibrium 
pos i t ion  i s  
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The r o t a t i o n  5 of t h e  damper body with  respect t o   t h e  main body is 
- 

where t o  a first order 

cos y - s i n  y 0 

Mvc = s i n  y cos y 0 

0 0 1 

Substi tuting  equation (A3)  in to   equat ion (A2) produces the  following, 
- 
6 = (Fly v2, v3l -e  s i n  y 
” 

d 

e COS y a 
0 

Therefore ,   the   rotat ion a of t h e  damper wi th   r e spec t   t o   i ne r t i a l   space  i s  

The k ine t ic ,   po ten t ia l , ,  and dissipative  energy  expressions may now be wr i t ten  
as follows 

J 

A = &  1 



Lagrange's equations for the system are, 

Subs t i t u t ing  for T ,  V, and A from  equations ( A 5 ) ,   ( A 6 ) ,  and ( A 7 )  i n t o  equa- 
t ions ( A 8 ) ,   ( A g )  , ( A 1 0 )  , and ( A l l )  and  using  equation ( A h )  fo r  a y i e l d s   t h e  
following  equations of motion. 

- 

(Ida + '~2); + (Kd2 + KvL) 

+(Kd2 cos2 y + Kdl ed + K B ~  + ~b~ = T,, (A15 1 

The character is t ics   determinant   of   this   system i s  
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0 0 

0 0 

0 
= o  

0 0 

0 

By standard  operat ions  this   determinant  may be  reduced to   the  fol lowing form. 

0 

= o  0 

Equation ( A l 7 )  may be made dimensionless  by  replacing s f  by  sJql/Ivl and 
dividing  each row by K . The r e s u l t   i s  

v1 

0 

S 2  0 

(s2 + 1)si.n (Bs + C) - Id1 
IVl 

where cons tan t   fac tors  have been  deleted.  



APPENDIX B 

O P T I "  DAMPING O F  TWO-DEEREES -0F-FREKWM UNCOUPUD CONFIGURATION 

It follows  from  equation (10) that the   chaxac ter i s t ic   equa t ion   for   the  
motion  about t h e  -d; axis of  an  uncoupled  two-degrees-of-freedom  configura- 
t i o n  i s  

+ [ C ( L 2 +  

where 

Equation (Bl) has t h e   i d e n t i c a l  form of the   cha rac t e r i s t i c   equa t ion  
t r e a t e d   i n   r e f e r e n c e  6. Rather  than  attempt t o   i n t e r p r e t   t h e   s o l u t i o n s   g i v e n  
i n   r e f e r e n c e  6 i n  terms of the   par t icu lar   no ta t ion   adopted   here ,  one  of t h e  
g e n e r a l   r e s u l t s  of re ference  6 will be used t o   d e r i v e   t h e  
o f   i n t e re s t .  

It i s  shown in   r e f e rence  6 t h a t   t h e  best damping f o r  
consideration  occurs when the   cha rac t e r i s t i c   equa t ion  has 
complex r o o t s .  The character is t ic   equat ion  therefore   can 
form 

( s  + u + is)'(s + u - is)' = o 

pa r t i cu la r   so lu t ions  

t h e  system  under 
repea ted   pa i r s  of 
be m i t t e n   i n   t h e  

where rs and 6 a r e   r e a l   q u a n t i t i e s .  The  expanded  form  of  equation (Bl) i s  

The coe f f i c i en t s  of equations (Bl) and (B3) may be  equated;  thus, 



2($ + 3u2) = c - + 1 + L (2) 
b ( u 2  + S2)  = B (L 2 + 1) 

(02 + s2)2 = c (L 2+ 1). L 

The quan t i t i e s  6, B, C may be  eliminated  from  equations (B4) t o  (B7) t o  
y ie ld   the   fo l lowing   express ion   for  u i n  terms of Id,/Iv, and L . 

6 ’  

Dividing  equation (B6) by equation (B4) y i e l d s  

and   subs t i tu t ing   for  u from equation (B8) into  equat ion (B9) r e s u l t s   i n  t h e  
following  expression f o r  s2 

A necessary  condi t ion  that   the   solut ion  be of t h e  form given by equation (B2) 
i s  that 



s2 2 0 

From equations (B8) , and (B10) these  condi t ions become 

It follows  from  equation (B8) that f o r  a given  value of Idl/Ivl t h e  smaller 
the   va lue  of L the   g rea t e r   t he   va lue  of t h e  damping coe f f i c i en t  0. Thus, 
m a x i m u m  damping f o r  a given  value of Idl/Ivl occurs at the  smallest   value 
of L fo r  which the  following  conditions hold: 

J 

The t h i r d  of t he   i nequa l i t i e s  (B11) shows tha t   the   lowes t  bound on L is  -1. 
From equation (B8) the  corresponding maximum damping i s  

0 max 
- - ( B12 ) 

However, the  range  of   val idi ty   of   this   solut ion i s  given by t h e  f irst  two of 
i nequa l i t i e s  (B11) which, when L = -1, become 

Id1 

1% 
- 5 1  
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r 

The second of i nequa l i t i e s  ( B l 3 )  holds i f ,  and only i f  

3 + J T  
2 

However, the  f irst  of i nequa l i t i e s  (B l3 )  excludes  Idl/Ivl 2 (3  + 0 ) / 2  and 

since  physical   considerations  ensure  that   Idl/Iyl  2 0 ,  t he   so lu t ion  (B12) 
exists i f ,  and  only i f ,  

f i ) / 2 ,  the  f i rs t  two of   inequal i t ies  (B11) must determine 

and L = -1 the   so lu t ion  l ies  .on the  boundary  of  the 
L and, therefore ,   the  maximum damping. Since, when 

region-defined  by  the  second  of  inequalities (Bll), it seems reasonable   to  
examine the  solution  along  the  boundary  for  Idl/Ivl  > (3 - p) / 2 .  
case,  the  second of inequal i ty  (B11) becomes an  equality and may be 
L 

T. = " 

Subst i tut ing  this   value  of  L i n t o   t h e  f irst  of i nequa l i t i e s  (B11) 

+ 1) 

I n   t h i s  
solved  for  

y ie lds  

which i s  always  greater  than  zero when Idl/Ivl > 0 so  tha t   the   va lue  of L 
which s a t i s f i e s  E2 = 0 satisfies t h e  f irst  of i nequa l i t i e s  (B11) when 
Idl/IV1 > 0 .  Therefore ,   the   solut ion on t h e  boundary E2 holds when 

Id1/Ivl > (3  - 47) /2 and the  value f o r  t h e   m a x i m  damping from  equation (B8) 
i s  
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Graphs  of urnax agains t  Idl/Ivl. from  equations (B12)  and (B16) are g i v e n   i n  
f igu re  6 .  The corresponding  values  of B and C can be derived from 
equations (B4)  t o  (B7) ,  

B =  40max 

If t h e  damping body i s  cons t r a ined   t o  have no solar torques  act ing on it, then  
L = 0. For t h i s  condi t ion   the  f i r s t  a n d  t h i r d   i n e q u a l i t i e s  of (B11)  are 
always sa t i s f i ed ,   wh i l e   t he  second of i nequa l i t i e s  (B11) i s  s a t i s f i e d  i f  

Therefore ,   in   the   reg ion  0 < I , z J~ / I~~  S 4 t h e  maximum damping i s  given by 

d max 

The damping constant B and spring constant C are given by equations ( B l 7 )  
and (B18), respect ively,   wi th  L = 0.  When Ia,/Iv, > 4, t h e   s o l u t i o n  on t h e  
62 = 0 boundary holds and J > 0. 

A s v  of a l l  pertinent  formulas i s  given i n  t a b l e  I. 
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TABLE I. - FOFWLAS FOR UNCOUPLED SYSTEMS 

Unconstrained optimum damping 

I 
Damping, 

%ax 
Frequency, 

6 

i- - 
I 

1 

+ 2 rey’2 0 

Damping constant, 
B 

Optimum damping with L = 0 

I Spring  constant, 

2 

(1+3 
L -JI 

.2 1 

(1 + 2s 


