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ABSTRACT 

The use o f  d ry  f i l m  lubr icated,  s i l v e r  bearing s l  ip r ing lb rush combina- 
t i ons  i s  not new t o  space appl icat ions. General E l e c t r i c ' s  product l i n e  
of  so la r  array d r i v e  and power t rans fe r  assemblies (SADAPTA's), da t ing  back 
t o  the mid 1970Bs, a l l  include s l i p r i n g  assemblies w i t h  t h i s  mater ia l  com- 
binat ion. These s l  i p r i n g  asremblies ( inc lud ing  very s i m i l a r  designs flown 
by other contractors) have enjoyed considerable on-orbi t success, however, 
recent experiences have ind ica ted  the  need t o  improve the  dynamic noise 
performance o f  the s l  ipr ings. 

This paper describes the or ig in21 s l i p r i n g  design f o r  the  DSCS 111 
spacecral't, t he  handling arid t e s t i n g  o f  t he  s l i p r i n g  assembly br ,-ore launch, 
the on-orb i t  performance i nd i cz t i ng  the  need f o r  improvement i n  dynzmic 
noise, t h e  subsequently incorporated design improvements, and the  r e s u l t s  
o f  t e s t i n g  t o  ve r i f y  noise performance improvement. 

INTRODUCTION 

Any Earth o r b i t i n g  spacecraft t h a t  i s  equipped w i t h  a c o n t i n w ~ j  l y  
r o t a t i n g  solar  a r r y  and i s  a t t i t u d e  cont ro l led  i n  such a wav t n a t  one ax is  
i s  cont inua l ly  pointed a t  t he  Earth, requires a means o f  t r a n s f e r r i n g  c iec-  
t r i c a l  power and signals across the r o t a t i n g  j o i n t  ( so la r  drray dr ive; from 
the  s o l a r  array t o  the  spacecraft centerbody. rh i s  t rans fe r  i s  usual l y  
accomplished w i th  a s l i p r i n g  assembly t h a t  i s  i n teg ra l  w i t h  the so la r  array 
d r i v e  assembly. 

A t yp i ca l  s l i p r i n g  assembly i s  shown i n  Figure 1. '$is m i t  i s  pa r t  
of t he  so la r  array d r i v e  and power t r a n s f e r  assembly (SADAPTA) f o r  t he  DSCS- 
111 spacecraft, a synchronous a l t i t u d e  communications s a t e l l i t e  developed 
by General E l e c t r i c  f o r  t he  United States A i r  Force. The u n i t ,  shown i n  
a par t ia ; ly  assembled state, i s  b u i l t  i n t e g r a l l y  w i t h  the  so la r  array d r i ve  
shaft. (For t he  purpose o f  t h i s  paper, the  array w i l l  be considered t o  
be the r o t a t i n g  body and the sate1 l i t e  centerbody stat ionary.)  Wires carry- 
i n g  e l e c t r i c a l  oower and 3ignals from the  r o t a t i n g  ar ray  are routed down 
the ID of the shaft (from the r i g h t  i n  the f igure)  and pass through s l o t s  
i n  the  shaf t  where they are  soldered t o  the  s l i p r i n g s  as p a r t  o f  the  s l i p r i n g  
ro to r  assembly. Brushes, f i xed  t o  the housing by the brush block assembly 
(shown as the  upper surface o f  housing i n  the f i gu re ) ,  contact t he  s l  i p r i n g s  
and "pick o f f "  the power and the signals from the r o t a t i n g  assembly. The 
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wires, shown pro t rud ing  through t he  top  s u r f a c ~  o f  t he  brush block assembly, 
a re  soldered t o  t h e  brdsh ho lders  and c a r r y  t h e  power and t h e  s i gna l s  t o  
connectors (no t  shown) which mate w i t h  t he  veh ic le  harness. 

The subject  o f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  paper i s  t h e  v a r i a t i o n  i n  
s l i d i n g  contact  resfs tance a t  t h e  b rush / r ing  i n t e r f a c e  and t h e  r e s u l t a n t  
va r j a t i ons  i n  s i gna l  s t reng th  (no ise)  f o r  s i gna l s  c a r r i e d  across t h i s  i n t e r -  
face. Although va r i a t i ons  i n  contact  res is tance  can a l so  a f f e c t  t h e  s l i p -  
r i n g s  ca r r y i ng  power, t h i s  paper wi 11 concentrate on t h e  s i gna l  c a r r y i n g  
r i ngs  because: 

Power r i ngs  operate a h igher  cur ren t  dens i t i es  and a r e  l e s s  suscep- 
t i b l e  t o  contact  res is tance  e f f ec t s .  

e Power r i ngs  on a l l  GE SADAPTA's embody two t o  t h r e e  t imes as much 
brush redundancy and, therefore,  a r e  almost t o t a l l y  unaf fected by 
i nd i v i dua l  h igh res is tance spots. 

Small va r i a t i ons  i n  cur ren t  across power r i ngs  a re  l e s s  de t r imenta l  
t o  system performance than s i m i l a r  va r i a r i ons  on s i gna l  l eve l s .  

0 Actual experience on power r i ngs  has been very good w i t h  respect 
t o  cur ren t  var ia t ions.  

SLIPRING CONFIGURATION 

Figure 2 shows t he  DSCS 111 SADAPTA, which conta ins two s l i p r i n g  assem- 
b l i e s :  one t o  t r a n s f e r  t he  power and s igna ls  from t h e  n o r t h  s o l a r  a r ray  
and one f o r  t h e  south array.  These assemblies a r e  in terconnected by a 1.3- 
meter ( s i x - f e e t )  long Bery l l i um s h a f t  and are d r i ven  a t  o r b i t  r a t e  by a 
se t  o f  redundant d r i ves  loca ted  a t  t h e  south end. F igure 3 shows some o f  
the  i n t e r n a l  d e t a i l s  o f  one o f  t h e  s l i p r i n g  assemblies. 

Each o f  t he  two s l i p r i n g  asserr:; ies  cons is ts  o f  a  se t  o f  conduct ive 
r i ngs  ( t h e  r o t o r  assembly) t h a t  r o t t t e  v;ith t h e  so la r  ar rays and a s e t  o f  
brushes (mounted t o  t h e  brush b lock assemblies) t h a t  ar.2 f i x e d  t o  t h e  s a t e l -  
l i t e  centerbody. The conductive r i n g s  are hard s i l v e r ,  p l a t e d  over copper 
which i s  p l a ted  over t h e  epoxy ro to r .  Epoxy b a r r i e r s  a re  prov ided between 
r i ngs  t o  prevent short ing. The brushes are stackpole SM-476, a  s i l v e r ,  
MoS2, and g raph i te  composition, which a re  soldered t o  Gl idcop AL 20 brush 
arms. There a r e  two brushes pe r  s i gna l  r i n g  which a re  e l e c t r i c a l l y  and 
mechanically interconnected by the  brush arms (F igure 3). Brush f o r c e  i s  
maintained a t  23 grams nominal. The r o t o r  assembly i s  assembled t o  t h e  
SADAPTA sha f t  and i s  supported by t he  SADAPTA sha f t  bearings (F igure  4). 





F i g u r e  J .  T y p i c a l  Brush/Brush Spr ing  Assembly 

F i g u r e  4 .  T y p i c a l  S l  i p r i n g  Assembly 
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FUNCTIONAL RELATIONSHIP BETWEEN SLIPRINGS AND CRITICAL SIGNALS 

Figure 5 i s  a  func t iona l  r e l a t i o n s h i p  schematic showing how s i gna l s  
from the  Sun sensors (mounted on t he  r o t a t i n g  so la r  a r ray )  pass through 
t h e  s l  i p r i n g s  and i n t o  t h e  a t t i t u d e  c o n t r o l  e l e c t r o n i c s  (ACE) buf fer  amp1 i - 
f i e r s .  Several o ther  s igna ls  and e l e c t r i c a l  power pass through other  r ings ,  
bu t  have been de le ted  f o r  c l a r i t y  t o  concentrate on t h e  more c r i t i c a l  Sun 
sensor s ignals.  F igure 6 i s  an e l e c t r i c a l  schematic showing how Sun sensor 
s i gna l s  f rom each of  t h e  n o r t h  and south sola,' a r ray  wings pass through 
t he  s l i p r i n g s ,  ar, ,ed t o  t he  ACE b u f f e r  amp l i f i e r s ,  and t h e  outputs o f  
t h e  b u f f e r  a m p l i f i e r s  a re  f e d  t o  t h e  d i f f e r e n c e  a m p l i f i e r s  ( t he  output  o f  
which i s  2 d i r - - t  aneasure of spacecraft  a t t i t u d e ) .  This output,  i n  a d d i t i o n  
t o  be ing ava i l ab le  t o  te lemetry ,  i s  used d i r e c t l y  i n  t h e  yaw a t t i t u d e  c o n t r o l  
1  oop . 

The con t ro l  of t h e  spacecraft  yaw ax i s  dur ing  normal o r b i t a l  operat ions 
i s  accomplished us ing  Sun sensors mounted on t h e  yokes o f  t h e  s o l a r - a r r a y  
f o r  sensing yaw a t t i t u d e  coupled w i t h  Kalman f i l t e r  typ'e a lgor i thms imple- 
mented d i g i t a l l y  i n  t h e  ACE. 

The Sun sensors are simple-analog s i l i c o n  c e l l s  mounted i n  two u n i t s :  
one on t h e  n o r t h  s o l a r  a r ray  yoke and one on t he  south (F igure 7).  
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Figure 5. Funct ional  Relat ionship Schematic 

Each u n i t  i s  comprised o f  f ou r  s i l i c o n  detectors  and a  thermal c o n t r o l  
system t o  mainta in  t he  temperature o f  the  Sun detectors  near ly  constant 

(+0.5"C - v a r i a t i o n  about a  nominal 25OC). The n o r t h  u n i t  i s  comprised of 
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two r o l l  negat ive and two p i t c h  p o s i t i v e  detectors ,  and t h e  south u n i t  i s  
comprised of two r o l l  p o s i t i v e  and two p i t c h  negative. 

The detectors  t h a t  are used f o r  yaw con t ro l  a re  t h e  r o l l  Sun sensors. 
Note t h a t  t he  r o l l  and yaw axes interchange i n e r t i a l  o r i e n t a t i o n  every 90" 
of spacecraf t  o r b i t  mot ion (Figure 7). This r e s u l t s  i n  t h e  r o l l  eyes sensing 
pure spacecraft  r o l l  a t t i t u d e  a t  noon and midnight  and pure spacecraf t  yaw 
a t t i t u d e  a t  6 am and 6 pm. A t  in termediate x i e n t a t i o n s  these de tec to rs  
measure a p o r t i o n  of r o l l  and a p o r t i o n  of yaw, t he  appor t ion ing  f ac to r  
be i  ng a s i  nusoi d of o r b i t  frequency . 

P i t c h  detectors  a re  used t o  sense spacecraf t  p i t c h  mot ion du r i ng  acqui -  
s i t i o n  maneuvers and t o  sense s o l a r  a r ray  p o s i t i o n  w i t h  respect t o  t he  sun- 
l i n e  dur ing  normal o r b i t  operat ions. Accordingly, t he  s l  i p r i n g s  a re  d i r e c t l y  
i n  t h e  spacecraf t  yaw a t t i t u d e  con t ro l  loop and any degradat ion of s l i p r i n g  
perfcrmance can d i r e c t l y  a f f e c t  spacecraf t  a t t i t u d e  perfor mance. 

BACKGROUND OF THE NOISE PROBLEM 

Recognizing t he  s e n s i t i v i t y  o f  t h e  spacecraft performance t o  s l  i p r i n g  
induced noise, several  precaut ions were taken (before t h e  f i r s t  DSCS f 1 i g h t )  
t o  con t ro l  any no ise t o  t o l e r a b l e  l eve l s .  These precaut ions were: 

0 A s p e c i f i c a t i o n  o f  800-mn maximum ( a t  t h e  system l e v e l )  was es tab l i sh -  
ed f o r  any va r i a t i ons  i n  s i gna l  r i n g  res is tance  dur ing  a l l  ground 
t es t i ng .  The l e v e l  was ca l cu la ted  t o  be we l l  w i t h i n  t h e  l i m i t s  
which would y i e l d  w i t h i n  speci f i c a t i  on yaw performance. Component 
1 eve1 acceptance 1 i m i  t s  were much 1 ower (20 mn). 

0 The ACE and i t s  imbedded software converts t h e  analog d i f f e rence  
s igna l  between t he  n o r t h  and t h e  south Sun sensors i n t o  d i g i t a l  
words (counts)  f o r  use i n  t h e  a t t i t u d e  con t ro l  a lgor i thms. It was 
determined t h a t  proper yaw a t t i t u d e  con t ro l  would r e s u l t  i f  no ise-  
induced e f f e c t s  represented l ess  t h a t  m e  count. It was ca l cu la ted  
t h a t  t he  s e n s i t i v i t y  o f  t h e  system t o  s l i p r i n g  no ise was 0.5 t o  
0.6 counts/ohm. Accordingly, t h e  800-mQ 1 i m i t  f o r  s l  i p r i n g  no ise 
content was we1 1 w i t h i n  acceptable 1 i m i  t s .  

0 It was known t h a t  motion between t he  brushes and t h e  r i n g s  i n  a 
mois ture bear ing atmosphere would produce a p a r t i a l l y  i n s u l a t i n g  
f i l m  o f  MoS2 on t h e  r ings .  Accordingly, dur ing  a1 1 per iods when 
t h e  s l i p r i n g s  were ro ta ted  o r  v i b ra ted  dur ing ground t e s t i n g  (o ther  
than i n  thermal -vacuum t e s t i n g ) ,  t h e  s l  i p r i  ng assembly was purged 
w i t h  fi 1 tered, d ry  gaseous n i t rogen.  

0 i : d - to -end  systems t e s t s  were run, s t i m u l a t i n g  t h e  sensor eyes and 
mon i to r ing  t he  output  o f  t h e  ACE d i f f e rence  amp l i f i e r s ,  v e r i f y i n g  
t h s t  t h e  output  was w i t h i n  to lerance l i m i t s .  

The system was designed t o  sample Sun sensor s i gna l s  a t  t he  t ime 
when t he  contact  res is tance  o f  t he  b rushes l r ings  was expected t o  
be most s tab le ,  t h a t  i s  when t h e  s l i p r i n g s / s o l a r  a r ray  d r i v e  sha f t  
were a t  r e s t  between bu rs t s  of motor pulses. 



When the DSCS I 1 1  f i r s t  f l i g h t  veh ic le 's  s l i p r i n g s  were l a s t  tested 
fo r  noise (before launch) t he  res is tance var ia t ions  ranged between 50 and 
700 mS1. 

ON-ORB1 T OPERATIONS 

Shor t l y  a f t e r  DSCS I11 o r b i t  i n j e c t i o n  and approximately 6 hours a f t e r  
three-axis a t t i t u d e  cont ro l  was established, the  so la r  a r ray  d r i v e  was com- 
manded t o  t rack  the  Sun, and an o s c i l  l a t i o n  i n  yaw was detected. The redun- 
dant r o l l  Sun sepsor loop ( there are  two complete loops, from Sun sensors 
through ACE) was selected f o r  control .  The osci  1 l a t i o n s  were e l  ini nated. 
Approximately 1 month l a t e r ,  t he  o r i g i n a l  r o l l  Sun sensor loop was again 
selected for  cont ro l  as a diagnost ic measure. Yaw osci 1 l a t i o n  immediately 
resulted. The redundant r o l l  Sun senscr loop was again selected f o r  con t ro l  
and the  o s c i l l a t i o n s  stopped. The redundant r o l l  Sun sensor loop has success- 
f u l l y  con t ro l l ed  the  spacecraft ever since. Except fo r  f u r the r  diagnostics, 
there were no add i t iona l  occurrences o f  yaw osci  1 l a t i  on. 

POTENTIAL CAUSES OF YAW OSCILLATIONS 

A l l  po ten t i a l  causes o f  t he  prev iously  mentioned anomaly were i n v e s t i -  
gated. I n  add i t ion  t o  the  s l i p r i ngs ,  those included: 

a The Sun sensors 

a The vehic le and so la r  array harnesses 

a The op t i ca l  e f fec ts  

a The ACE 

Each o f  the  prev iously  l i s t e d  po ten t i a l  causes o f  the problem were 
the  subject o f  in tens ive  invest igat ions.  These inves t iga t ions ,  other  than 
the s l i p r i n g  invest igat ions,  are outside the  scope o f  t h i s  paper. Although 
a s i n g l e  source o f  the  problem was no t  pinpointed, t he  most l i k e l y  cause 
was determined t o  be resistance va r ia t i on  noise introduced i n t o  the  Sun 
sensor s ignal  c i r c u i t s  by contact res is tance changes a t  t he  s l ipr ing/brush 
in ter face.  This conclusion has been determined f o r  the f o l  lowing reasons: 

a Measured on-orbi t  data have ind ica ted  var ia t ions  i n  the  output s ig -  
nal s  o f  the  ind iv idua l  b u f f e r  amp1 i f i e r s  and o f  the  d i f f e r e n t i a l  
amp l i f i e r  

a Var iat ion i n  the output o f  the ACE d i f f e r e n t i a l  a m p l i f i e r  w i l l  d i r e c t -  
l y  r e s u l t  i n  the type o f  anomalous yaw a t t i t u d e  performance t h a t  
has been observed. 

a The only element i n  the loop cons is t ing  o f  the  Sun detectors, t he  
t r i m  res is to rs ,  t he  harnessing, the s l  ip r ings ,  and the  ACE amp1 i f i e r s  
tha t  has been measured t o  have a var iable parameter t h a t  could ac- 
count fo r  the  anomaly i s  the  s l i p r i n g  assembly, the  contact r e s i s t -  
ance o f  which has been measured t o  vary. 



Postlaunch fround t e s t s  on d e l i b e r a t e l y  degraded s l i p r i n g  assemblies 
have resu l t ed  i n  res is tance  v a r i a t i o n  no ise o f  t h z  r i g h t  o rder  o f  
magnitude t o  have caused t h e  anomaly. (Note t h a t  a l l  t e s t i n g  before 
1 aunch on undegraded s l  i p r i  ng assembl i e s  resu l t ed  i n  no ise  f i g u r e s  
we l l  below the  l eve l  necessary t o  account f o r  t he  anomaly.) 

CAUSES RELATED TO SLIPRINGS 

Several p o t e n t i a l  causes o f  t h e  yaw anomaly, which a re  r e l a t e d  t o  t h e  
s l  i p r i n g  assembly, were considered. These causes are discussed i n  t h e  f o l  low- 
i n g  paragraphs. 

E l e c t r o s t a t i c  Discharge - 
The spacecraft  was launched du r i ng  a per iod  o f  h igh so lar -s torm a c t i v -  

i t y ,  so t h e  p o s s i b i l i t y  o f  b u i l d  up o f  h i gh  n l e c t r o s t a t i c  discharge (ESD) 
energy near entrance t o  t h e  umbra was thought t o  be possible.  Theoreeical 
analyses were performed t o  p r e d i c t  t h e  magnitude o f  t h e  ESD discharge cur-  
ren ts  and subsequently t e s t s  were performed t o  v a l i d a t e  t he  numbers. The 
t e s t s  i nd i ca ted  t h a t  t h i s  phenomena could r e s u l t  i n  0.05 A surg ing through 
t he  s l i p r i n g s  f o r  a per iod  o f  1200 ns. Tests us ing t h e  engineer ing model 
SADAPTA were subsequently performed t o  demonstrate t h e  e f f e c t s  o f  var ious 
ESD discharge cur ren t  magnitude and duty  cycle.  The r e s u l t s  o f  t h e  t e s t s  
i nd i ca ted  t h a t ,  i f  anything, ESD discharge cur ren ts  tended t o  c lean  t h e  
s l i p r i n g s  and brushes. I n  add i t ion ,  no apparent p i t t i n g  o f  t h e  brushes 
o r  r i n g s  occurred. Accordingly, ESD was e l im ina ted  as a cause o f  t h e  prob- 
lem. 

Temperature Gradients 

Temperature grad ients  w i t h i n  t he  s l  i p r i  ng brush block assembly were 
considered as a p o s s i b i l i t y .  I f  t h e  s l i p r i a g s  experienced a l a r g e  tempera- 
t u r e  grad ient ,  thermal ly  induced stresses could r e s u l t  i n  f a i l u r e  o f  t he  
s i gna l  leads. Examination o f  f l  i g h t  and qua1 i f i c a t i o n  data, however, showed 
t h a t  t he  SADAPTA temperatures were near normal (approximately 20°C), so 
t h i s  t ype  f a i l u r e  was e l im ina ted  as 2 suspected cause. 

Mechanical S h i f t i n g  

Also considered as p o t e n t i a l  problems were mechanical s h i f t s  w i t h i n  
t h e  s l i p r i n g  assembly t h a t  would cause t h e  brushes t o  contact  t h e  s ides 
o f  t he  t r ack  and misalignments o f  t he  brushes t h a t  would r e s u l t  i n  t h e  brush- 
es con tac t ing  t h e  t r a c k  i n  a skewed a t t i t u d e  f o r  a p o r t i o n  o f  t h e  t o t a l  
360" o f  t r a v e l .  Inves t iga t ions  o f  t he  t r ack  and brush to lerances i nd i ca ted  
t h a t  displacement o f  t h e  brush b lock  s u f f i c i e n t  t o  cause contact  w i t h  t h e  
s ide  o f  t he  t r ack  could no t  occur. Tests on t he  engineer ing model SADAPTA 
were subsequently run  t o  t e s t  these hypotheses. Becaus~~  the t e s t  r e s u l t s  
d i d  no t  produce t h e  noise signatures observed i n  t he  f l i g h t  data, f u r t h e r  
i nves t i ga t i ons  o f  brush displacement/misal ignment were no t  considered neces- 
sary. 



Contamination 

Contamination on t h e  sur face o f  t h e  s l i p r i n g s  was considered as a pos- 
s i b l e  cause o r  c o n t r i b u t o r  t o  t h e  problem. I n v e s t i g a t i o n  o f  system t e s t  
data, which i nd i ca ted  t h a t  contaminat ion would be cleaned up a f t e r  severa l  
r o t a t i o n s ,  a l s o  i n d i c a t e d  t h a t  a l a r g e  amount o f  no ise  cou ld  appear i f  t h e  
SADAPTA was quiescent f o r  several  weeks--even under constant purge. The 
most s t r i k i n g  evidence o f  t h i s  i s  a 6 hour t e s t  which had been performed 
about 2 weeks a f t e r  a thermal-vacuum t e s t .  Dur ing t h i s  t ime, t h e  r i n g s  
were under cont inuous purge, bu t  t h e  f i r s ' . '  o r b i t  o f  t h e  r i n g s  showed l a r g e  
values o f  Sun sensor no ise over a s i g n i f i c a n t  p o r t i o n  o f  t h e  o r b i t .  Noise 
o f  amp1 i t u d e  o f  20 counts peak-to-peak occurred on t he  n o r t h  r o l l  negat.ive 
Sun sensor s igna l  cover ing a span o f  2.5 hours from near spacecraf t  r i i gh t  
t o  3:00 am. Because t h e  f l i g h t  spacecraf t  was s ta t i oned  a t  NASAIKennedy 
Space Center f o r  a long  pe r i od  be fo re  launch, i t  i s  c e r t a i n l y  poss ib le  f o r  
i n i t i a l  contaminat ion t o  be present  when t h e  r i n g s  were f i r s t  used i n  space. 

Although i t  was a v i a b l e  theory,  a l l  ground t e s t  r e s u l t s  i nd i ca ted  
t h a t  t h e  no ise would disappear w i t h i n  severa l  r o t a t i o n s  o f  t h e  SADAPTA 
shaf t .  This was no t  happening on-orbi  t. Furthermore, t h e  magnitude o f  
s l  i p r i  ng res is tance  v a r i a t i o n  apparent ly  necessary t o  produce t h e  on-orbi  t 
disturbances (20 t o  3 0 ~ )  was several  t imes t h e  magnitude o f  any t h e o r ~ ~ i c a l  
contaminat ion induced con tac t  res is tance  change o r  t h a t  which had been meas- 
ured i n  ground t e s t i n g .  

Other i n t e r e s t i n g  t heo r i es  considered and discarded were: 

a D i s c o n t i n u i t i e s  o r  bumps a t  t h e  r i n g j l e a d  wi r e  attachment--CAD gener- 
m o t s  o f  design a t t ach  p o i n t s  (below sur face o f  r i n g s )  showed 
t h a t  t h e  l oca t i ons  bore no resemblance t o  t h e  observed l o c a t i o n s  
( s o l a r  a r ray  p o s i t i o n  w i t h  respect  t o  t ime )  o f  on -o rb i t  o r  ground 
t e s t  noise. 

r V ib ra t i on  o f  brush lbrush spr ings causing brushes t o  bounce ou t  o f  
con tac t  w i t h  r ings - -Ca lcu la t ions  showed t h a t  we l l  over  100 g ' s  ,auld 
m v e  a normal ly  preloaded brush ou t  o f  con tac t  w i t h  
i t s  r i n g .  Nothing i n  t h e  system dynamics cou ld  cause t h a t  l e v e l  
of acce le ra t ion  on t h e  brushes i n  o r b i t .  

ENGINEERING SADAPTA TEST RESULTS 

A se r i es  o f  t e s t s  were run on t h e  engineer ing south SADAI'TA which was 
t h e  l i f e  t e s t  u n i t .  Th is  SADAPTA had been s to red  i n  t h e  engineer ing labora-  
t o r y  w i thou t  n i t r ogen  purg ing  and had been exposed t o  va ry ing  cond i t i ons .  
Furthermore, t h e  brush forces on a l l  r i n g s  were w e l l  below t h e  s p e c i f i c a t i o n  
values o f  23 grams. 

A number o f  obserlvations were made concerni  ng t h i s  engi neer i  ng u n i t  : 

a. There was no d i f f e r e n c e  i n  no ise as a r e s u l t  o f  a change i n  s i gna l  
p o l a r i t y  . 
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b. There were small d i f f e rences  i n  no ise  due t o  r a d i a l  and a x i a l  fo rces  
up t o  10 pounds app l ied  t o  t h e  output  shaf t .  

c. The no ise was s i g n i f i c a n t l y  lower w i t h  two brushes than i t  was 
w i t h  one brush ( l i k e w i s e  f ou r  brushes produced b e t t e r  r e s u l t s  than 
two (i.e., two r i ~ l g s  i n  p a r a l l e l ) .  

d. The t r a i l i n g  brush appeared t o  be q u i e t e r  than t h e  lead ing  brush. 

e. Inc reas ing  brush f o r ce  above 23 grams d i d  no t  appear t o  reduce 
noise,  bu t  decreasing f o r c e  below 10 t o  13 grams d i d  cause an i n -  
crease i n  noise. 

Test da ta  p l o t t e d  i n  F igure 8 were generated by d e l i b e r a t e l y  l i f t i n g  
t h e  brush o f f  o f  t he  r i n g  w i t h  c a l i b r a t e d  fo rces  when t h e  companion brush 
was out o f  contact .  The f o l l o w i n g  impor tant  observat ions a re  from these 
data:  

e The 23-gram fo r ce  appears t o  have been op t ima l l y  se lected because 
i t  l i e s  j u - t  beyond t h e  knee o f  t h e  curve. 
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0 I nc reas ing  nomina; brush fo rce  beyond 23 grams does n o t  appear t o  
improve contasct ,  b u t  i t  can p rov ide  margin f o r  brush f o r c e  v a r i a t i o n  
i n  p roduc t ion  o r  s e r v i c e  w i t h o u t  degrading perfo-mance. 

0 Decreasing t h e  brush f w c e  below t h e  23-gram nominal can produce 
r e s i s t a n c e  v a r i a t i o n s  o f  t h e  magnitude necessary t o  account f o r  
o r b i t a l  performance ( p a r t i c u l a r l y  when viewed i n  t h e  l i g h t  o f  subse- 
q u e n t l y  d iscussed system non l  i near i  t i e s ) .  

With a t t e n t i o n  focused on low brush fo rce ,  a s e r i e s  o f  more c o n t r o l l e d  
brush f o r c e  versus n o i s e  t e s t s  were run. A spec ia l  f i x t u r e  was designed 
and b u i l t  f o r  accu ra te l y  measuring t h ~  und is turbed brush fo rces  o f  t h e  eng i -  
neer ing  u n i t  s l i p r i n g  assemblies. As can be seen f rom F igures 9 and 10, 
t h e  brushes on t h i s  u n i t  ( a f t e r  cons ide rab le  t e s t i n g  and hand1 i n g )  do n o t  
l i n e  up w e l l  and s i g n i f i c a n t  v a r i a t i o n s  i n  brush fo rces  a r e  t o  be expected. 
I n  f a c t ,  on t h e  south  u n i t  t h e  fo rces  v a r i e d  f rom f i v e  t o  18 grams, and 
on t h e  n o r t h  u n i t  (which had always been a q u i e t  pe r fo rmer )  t h e  fg rces  v a r i e d  
from 16 t o  22 grams. A s e r i e s  o f  dynamic n o i s e  measurements were then  made 
( i n c l u d i n g  some w i t h  d e l i b e r a t e l y  a l t e r e d  brush fo rce ) .  

F igures 11 and 12 are  p l o t s  o f  t h e  r e s u l t i n g  data. Again, t h e  s e n s i t i v -  
i t y  t o  brush f o r c e  i s  obvious, bo th  on magnitude and frequency o f  n o i s e  
s p i  kes. 

It was concluded t h a t  t h e  cause ;nd c o r r e c t i v e  a c t i o n  f o r  t h e  p o t e n t i a l  
low brush f o r c e  must be i d e n t i f i e d .  

BRUSH SPRING INVESTIGATIONS 

The m a t e r i a l  used f o r  t h e  s l i p r i n g  brush spr ings,  Gl idcop AL20, and 
t h e  processes used f o r  f a b r i c a t i n g  t h e  spr ings were i n v e s t i g a t e d  i n  d e t a i l .  
These i n v e s t i g a t i o n s  a r e  t o o  leng thy  t o  d iscuss i n  d e t a i l  here, bu t  t h e  
s a l i e n t  p o i n t s  o f  t h e  i n v e s t i g a t i o n s  were: 

0 Solder ing t h e  Gl idcop w i t h  a h i g h  temperature s i l v e r  so lde r  caused 
a s i g n i f i c a n t  drop i n  e l a s t i c  modulus (13-percent change). 

0 Tests of  t h e  sp r ing  constant  o f  G l '  Jcop spr ings showed t h a t  t h e  
c a l c u l a t e d  values u s i n g  pub l i shed  data were much lower than t h e  
t e s t  r e s u l t s  (35-pecent l ower ) .  

0 The process used t o  bend t h e  sp r ings  produced nonuni form bends, 
some ?f which cou ld  r e s u l t  i n  su r face  c r a c k i n g  o f  t h e  spr ings.  

Each o f  the  fac to rs  suggested t h a t  t h e  f o r c e  on t h e  brush h o l d i n g  i t  
aga ins t  t h e  r i n g  may have been inadequate on some brbush/r ing assemblies. 
Th is  concern has been removed f o r  f u t u r e  SADAPTA's by changing t h e  brush 
s p r i n g  m a t e r i a l  t o  b e r y l  l ium-copper and i n c r e a s i n g  brush f o r c e  f rom 23 t o  
41 grams p e r  brush t o  p rov ide  margin. 
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Figure 11. 
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SY NCHHON I ZAT I ON 

The e f f e c t  of synchronizaticn between tho  Sun sensor signal sampling 
and so la r  array d r i ve  cycle must be considered i n  any discussioti o f  the  
e f f e c t  o f  s l i p r i n g  noise on a t t i t u d e  cont ro l  errors.  It has been determined 
tha t  the  lack o f  such synchronization w i l l  introduce er rors  i n t o  the Sun 
sensor s ignals (and resu l tan t  a t t i t u d e  cont ro l  e r ro rs )  which can readi l y  
be e l  i m i  nated by resynchroni zat ion. 

Figure 13 shows the t im ing  re la t ionsh ip  between the periods when the  
solar  array d r i v e  i s  dr iven by bursts o f  aotor  pulses, the  r e s t  periods 
bptween pulse bursts,  and the t yp i ca l  resistance va r ia t i on  as a funct ion 
a f  t ime which resu l t s  from s l i p r i n g  motion. As shown, the  planned data 
sampling t ime was designed t o  occur near the  end o f  the  r e s t  periods when 
resistance i s  expected t o  be most stable. Should data sampling occur dur ing 
motion (o r  s h o r t l y  thereaf te r ) ,  considerably l a rge r  resistance var ia t ions  
should be expected. I n  fac t ,  ea r l y  i n  the OSCS I 1 1  mission, t h i s  lack o f  
synchronization d i d  occur because o f  ce r ta in  commands tha t  reset  the re1 a t ion-  
sh ip between onboard counters. A t  t h a t  t ime i t  was bel ieved t h a t  the sl 'p- 
r i n g  performance was degrading rap id l y  w i th  time, when i n  fac t  what had 
occurred was the previously mentioned desynchronization. When discovered, 
t h i s  problem was eas i ly  corrected by ground command t o  resynchronize. 

NONLINEARITIES 

As mentioned before, ea r l y  mission performance ind ica ted  apparent i n -  
creases i n  s l i p r i n g  resistance which were very high compared t o  any reason- 
able expectation o f  increased s l  i p r i n g  resistance. It was discovered by 
analyzing and t e s t i n g  the Sun sensor c i r c u i t r y  t ha t  increases i n  t o t a l  c i r -  
c u i t  resistance (contr ibuted t o  by increases i n  s l i p r i n g  resistance) caused 
nonl inear e f fec ts  which made the  resistasnce increase appear higher than 
i t  a c t u a l l y  was, This was corrected by c i r c u i t  changes t h a t  are outside 
the scope of t h i s  paper. 

DESIGN AND PROCESS CHANGES 

For subsequent DSCS soacecraft the  fo l low ing changes are being imple- 
mented: 

a. Pa ra l l e l i ng  of Rings 

A l l  c r i t i c a l  Sun sensor signal s are now brought across the  r o t a t i n g  
j o i n t  on two p a r a l l e l  s l i p r i ngs  ( four  brushes f o r  ehch s ignal  and four brush- 
es f o r  each return) .  As previously ~ o t e d ,  t h i s  para l  l e l i n g  d r a s t i c a l l y  
reduces s l i p r i n g  noise i n  the  fo l low ing manner: 

(1) The contact resistance o f  a set o f  four  brushes i s  , inimized by 
the law governing resistances i n  paral  l e l  : 
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(2) The s t a t i s t i c a l  probabi 1 i t y  o f  hav ing a t  l e a s t  one low-res is tance 
pa th  a t  any i n s t a n t  o f  t ime  i s  very high. I f  such a low-res is tance 
path ex i s t s ,  i t  w i l l  dominate t h e  t o t a l  res is tance  (RT)  and main- 
t a i n  a *-noise s i gna l  across t h e  s l i p r i n g  set .  

(b)  Ni t rogen Purgi ng 

The n i t r ogen  purge has been extended so t h a t  i t  now covers t h e  t o t a l  
veh i c l e  l i f e  ( w i t h  t h e  except ion o f  a few hours). Purging w i l l  e l i m i n a t e  
t h e  possi  b i  1 i t y  o f  contami na t i on  caused by ox ida t ion .  

( c )  Brush Conf igu ra t ion  

The brush contact  f o r ce  has been increased from 23 grams per  brush 
nominal t o  41 grams pe r  brush nominal. 

The brush p a i r s  t h a t  were mechanical ly and e l e c t r i c a l l y  in terconnected 
have been e l e c t r i c a l l y  separated t o  enable t e s t i n g  o f  i n d i v i d u a l  brushes 
f o r  no ise  dur ing  acceptance t e s t i n g  a t  t h e  vendor. 

The brush sp r i ng  ma te r i a l  has been changed f rom 0.010" Gl idcop AL20 
t o  0.012" b e r y l l i u m  copper, and t h e  brush attachment has been changed from 
s i l v e r  so lder  t o  s o f t  solder.  

( d l  Relocat ion of Bu f fe r  Ampl i f i e rs  

The ACE b u f f e r  a m p l i f i e r s  have been r e l o e t e d  t o  t h e  r o t a t i n g  ar ray.  
This has t he  e f f e c t  o f  t r a n s m i t t i n g  a m p l i f i e d  s i gna l s  across t h e  s l i p r i n g s  
and reduc ing t h e  system's s e n s i t i v i t y  t o  s l i p r i n g  no ise  from 0.5 ohms per  
count t o  42 ohms per  count. 

The changes have been t es ted  on both engineer ing and prime hardware 
and have shown t h a t :  

S i g n i f i c a n t l y  less no ise i s  produced by t h e  s l i p r i n g s .  

The system i s  cons iderab ly  l ess  s e n s i t i v e  t o  any no ise t h a t  i s  p ro -  
duced. 

A l i f e  t e s t  t o  eva luate t h e  e f f e c t s  o f  increased brush f o r ce  on brush 
l i f e  i s  c u r r e n t l y  underway. 

CONCLUSIONS 

The f o l  lowing general conclusions can be reachec about t h e  management 
o f  s l i p r i n g  no ise i n  a spacecraf t  c o n t r o l  system. 

e To i n i t i a t e  t he  noise,  some form o f  d i e l e c t r i c  contaminat ion must 
e x i s t  a t  t h e  s l i p r i ng /b rush  i n t e r f ace ,  

r A reduc t ion  i n  brush sp r i ng  f o r ce  t o  s i g n i f i c a n t l y  less  than t h e  
design minimum fo r ce  must occur t o  render t h e  s l i p r i n g  assembly 
suscep t ib le  t o  t h e  p rev i ous l y  mentioned contamination. 



a The fewer t he  number of b rush / r ing  sets  i n  contact  w i t h  each s i gna l  
c i r c l ~ i t ,  t h e  more s t a t i s t i c a l l y  suscep t ib le  t he  c i r c u i t  i s  t o  contam- 
i n a t i o n  induced res is tance var ia t ions .  

a C r i t i c a l  sensor s igna ls  should be c a r r i e d  by two p a r a l l e l  s l i p r i n g s ,  
thus p l ac i ng  f ou r  brushes i n  p a r a l l e l .  

a Synchronizat ion o f  sensor sampling t imes and d r i v e  pulses must be 
maintained a t  a1 1 times. 

Haltner,  A. J., "Po ten t ia l  f o r  I c e  Formation cn S l i p  Rings During Launch 
Phase (Response t o  Act ion Item 26)," PIR-U-1R30-DSCS-1212-B-0903, Apri 1 12, 
1982. 

a S l i p r i n g  assemblies o f  t h i s  t ype  must be purged w i t h  clean, d r y  
n i t r ogen  a t  a l l  t imes (except when s p e c i f i c a l l y  precluded by t e s t  
operat ions underw8y a t  the  t ime such as leak t e s t i n g )  up t o  as c l ose  
t o  launch t ime  as possible.  

a Margin above nominal brush f o r ce  should be prov ided t o  account f o r  
in-process o r  i n - se rv i ce  degraadt ion ( t h i s  was changed from 23 t o  
41 grams per  brush f o r  DSCS-111). 

a The i n d i v i d u a l  brushes o f  a brush p a i r  should be e l e c t r i c a l l y  separat- 
ed t o  enable i n-process measurement o f  i n d i v i d u a l  b r u s h l r i n g  con tac t  
res is tances dur ing  t es t i ng .  

a Whenever possible,  c r i t i c a l  s i gna l s  should be a m p l i f i e d  be fo re  pass- 
i n g  across t h e  s l i p r i n g s .  
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