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ABSTRACT 

A distinguished pedigree i s  an important  asse t  in the development of Aero- 
Four drives recently developed for  communication s a t e l l i t e s  space mechanisms. 

a re  outgrowths of a previously-proven drive configuration. 

Pedigree by i t s e l f ,  however i s  n o t  enough t o  generate success. Inevitably, 
design changes which are thought t o  be minor, are  generally introduced to f ine  
tune the pedigreed hardware t o  meet particular requirements of a specif ic  new 
application. 
tested i n  the early development stages of the program. This paper describes two 
areas of design change on the solar array drive applied t o  the Japanese Broadcast 
Sa te l l i t e  (BSE) which led t o  subsequent problems during the development phase of 
the program. 
problems are described a s  well as the tes t ing approach adapted t o  prevent similar 
occurrences on the current Communication S a t e l l i t e  Program, The Defense System 
Communications Sa te l l i t e  I11 (DSCS 111). 

Such design changes are often viewed too casuallv and are n o t  thoroughly 

The methods applied to  establish the cause and the solution of these 

INTRODUCTION 

Today the solar  array drive for  the Japanese Broadcast S a t e l l i t e  (BSE) i s  
performing perfectly in o r b i t .  Likewise, the so la r  array drive and the gimbal 
antenna drives for  the Defense Systems Communi cations Sate1 1 i t e  I I I (DSCS I I I ) 
have successful ly  passed the i r  qual i f icat ion t e s t s .  
f o r  the success of these drive mechanisms has been the i r  common pedigree. 

This design concc2t was a fu l ly  redundant drive system u t i l i z ing  two drive modules, 
each one consisting of a D . C .  stepper motor, a harmonic drive speed reducer, 
spur gear speed reducer, and  a wrap spring clutch.  
Mechanisms Conference i n  October, 1973). 

One of the primary reasons 

Dur ing  1971 , GE developed a drive concept u s i n g  company discretionary funds. 

(Reported a t  the 8 t h  Aerospace 

The BSE solar array drive i s  a f l i gh t  version of t h i s  original design concept 
w i t h  some minor changes in order t o  reduce weight. 
i s  a modified version of the BSE drive providing a more compact assembl, and  a 
fur ther  reduction i n  weight. 

The DSCS I11 so la r  array drive 

The DSCS I11 gimbal dish antenna actuators use the basic parts from 
system developed in 1971,including some simplifications t h a t  are  possib 
t h e i r  re1 iabi l  i ty  requirement can be met without redundancy. 

the drive 
e because 
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DESIGN DESCRIPTION 

BSE Solar  Array Drive 

The BSE s o l a r  array drive consis ts  o f  two completely redundant unidirect ional  
dr ive  modules t h a t  a r e  interconnected by two, passive, wrap spring clutches ( s e e  
Figure 1 ) .  
output torque of 18 Nm (160 ?b.In.)  o r  both t o  be energized w i t h  a torque of 36 N m  
(320 i b . I n . ) .  Each dr ive contains a 1.8 degree s t e p  angle ,  s tepper  motor, a 1OO:l 
harmonic dr ive speed reducer, and a 6.05:l spur gear s e t .  
from the ro ta t ing  s o l a r  array panels t o  the  vehicle  s t r u c t u r e  by means of a s l i p  
r i n g  assembly consis t ing of 20 signal rings and four power rings. The s l i p  r i n g  
assembly i s  mounted around the  one-piece output s h a f t  t h a t  connects the two re- 
dundant dr ives .  

These clutches permit e i t h e r  dr ive  t o  be energized w i t h  a r e s u l t a n t  

Power i s  t r a n s f e r r e d  

DSCS 111 Solar  Array Drive 

The DSCS I11 s o l a r  array dr ive i s  a modified version of the  BSE drive (see  
Figure 2 ) .  
of t h e  dr ive modules i s  a common bull gear ra ther  t h a n  the  output s h a f t .  The 
assembly includes two s l i p  r i n g  modules which a r e  in tegra ted  i n t o  the support '  
housings t o  reduce weight and t o  eliminate extra  bearings.  A separa te  torque 
tube.connects the d r i v i n g  half  of the assembly t o  t h e  non-driving ha l f .  

The concept o f  redundant drive modules i s  maintained, b u t  the  output 

DSCS I11 Antenna Actuators 

The DSCS I11 antenna actuators  [see Figures 3 and 4 )  a r e  exact r e p l i c a s  of the 
BSE dr ives  from stepper motor t o  pinion gear. The spur gear has been changed t o  a 
segment, and the gear r a t i o  has been reduced t o  minimize weight. A conductive fi lm 
potentiometer and s tops have been added (see  Figure 5 )  t o  meet design requirements, 
and the  wrap s p r i n g  c lutch has been deleted s ince t h e  need f o r  redundancy has been 
el  imi nated. 

BSE Rekd Switches 

t o  the  Att i tude Control Subsystem f o r  r o l l  and yaw axis  cont ro l .  Two switches a r e  
mounted s i d e  by s i d e  i n  eachoof four posi t ion ind ica tor  switch assemblies. 
assemblies aremounted a t  90 spacing around the  s o l a r  a r ray  dr ive  s h a f t  t o  i n d i c a t e  
quadrant posit ion.  
assegbly,  normally keeps the contacts of the two reed switches closed. 
a 90 gap i s  attached t o  the s o l a r  a r ray  dr ive  shaftoand passes between t h e  magnet 
and the  switches ( see  Figures 6 and 7 ) .  sectoroof the d i s c  passes an 
assembly, the switches remain closed; b u t  when the s o l i d  270 s e c t o r  passes an assembly, 
t h e  magnetic f i e l d  i s  interrupted and  the  switches open. Since the  s h a f t  normally 
r o t a t e s  a t  an average speed of one revolution per day, each p a i r  o f  switches i s  normally 
open for  s i x  hours per day and closed f o r  18 hours per day. 

Reed switches a r e  used i n  the BSE solar. a r ray  dr ive  t o  generate posi t ion i n p u t s  

These 

A bar magnet, which i s  i n s t a l l e d  i n t o  the posi t ion ind ica tor  switch 
A d i s c  w i t h  

When the  90 
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BSE Reed Switch Problem 

The Reed Switches were purchased from a contractor t o  a detailed Switch speci- 
f icat ion.  
Reed Switches i n  accordance with MIL-S-55433. 
acceptance tes t ing,  b u t  d u r i n g  qualification testing of the en t i re  solar  array 
drive assembly, the following facts  and theories became apparent. 

This detailed Switch specification was prepared using t e s t  methods for  
These switches worked well during 

Facts 

1 .  Switches that  operated successfully t h r o u g h  extens 
cycling sometimes remained closed a f t e r  vibration. 

ve amb ent and thermal 

2 .  These switches eventually opened a f t e r :  

a )  disturbance of magnetic f i e ld  
b )  physical disturbance 

Theories 

1 .  Despite the presence of the disc ,  the magnetic f i e l d  a t  the swi 
s ignif icant ly  high. 

2.  Vibration causes switch blades, which closed, to s t ick .  ( I t  i s  
known f a c t  tha t  switches do s t ick a f t e r  subjection t o  vibration 
closed. This phenomenon is  l i s t ed  a s  a theory since a l l  our  sw 
were tested for  st icking per MIL-S-55433). 

ch i s  

a we1 
while 
tches 

'To  prove the validity of these theories,  we had to  assume tha t  switch design 
problems could ex is t  that  would n o t  show up until sub-system ins ta l la t ion .  
example, a l l  the switches had been tested for  sticking per MIL-S-55433. 
Theory No. 2 could only be valid i f  the subsystem instal la t ion environmental con- 
dit ions caused greater s t r e s s  t h a n  imposed by the specified piece par t  t e s t ;  

For 
Therefore, 

In order t o  investigate Theory 1 above, a t e s t  was devised t o  plot  magnetic 
f i e ld  a t  the switch locations versus disc position (see Figures 8 and 9 ) .  
of differing known pull-in and d rop-ou t  values instal led i n  the t e s t  f ix ture ,  the 
disc  was moved in and o u t  u n t i l  b o t h  inner and outer switches actuated. A number of 
conclusions were evident from this testing: 

With switches 

1 .  With the disc i n  the switch open position, the magnetic f i e ld  a t  the 
switches i s  considerable (16 ampere turns vs. 20 ampere turns d r o p - o u t ) .  

2 .  The f i e l d  strength a t  the outer switch i s  always higher t h a n  a t  the inner 
switch (due to  magnetic leakage around the d i s c ) .  

In order t o  investigate Theory 2 ,  a t e s t  f ix ture  was fabricated to  allow vibra- 
Dur- tion testing of the switches and disc disassembled from the complete assembly. 

ing th i s  tes t ing ,  one of the switches remained closed despite: 
the disc w i t h  a demagnetized disc ,  2 )  reduction of the disc gap t o  zero (reduced 
magnetic f i e l d ) ,  and 3) replacement o f  the magnet with a weaker magnet. I t  opened 
when i t  was l i gh t ly  tapped. The switch was revibrated and stuck a g a i n .  This time 
the switch was l e f t  alone and opened by i t s e l f  a f t e r  approximate1.y s ix  hours. The 
vibration was then separated into bands by frequency with the following resu l t s :  

1 )  replacement of 
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Frequency 

80 - 160 HZ 

160 - 230 HZ 

230 - 1100 HZ 

1100 - 1400 HZ 

1400 - 2000 HZ 

g level 

24 

36 

26 

60 

13 

Results 

No Sticking 

No Sticking 

Stuck 

Stuck 

No St icking 

An accelerometer mounted t o  the switch assembly indicated a resonance a t  around 
900 Hz w i t h  an amplification of  about 4.5X. 
natural frequency which would remove the  resonance m i g h t  prevent s t ick ing .  
t o  t e s t  this theory,  an .090" aluminum s t i f f e n e r  was bonded t o  the switch assembly. 
The switch d i d  n o t  s t i c k  a f t e r  vibration. 
switch stuck a f t e r  vibration. The conclusion reached was t h a t  t h e  switch s t i c k s  when 
the  g level exceeds about 36 9's.  

f e l t  t h a t  the switch being used was "too small" fo r  a c r i t i c a l  appl icat ion and t h a t  
t he  next la rger  switch would perform be t t e r  f o r  t he  following reasons: 

I t  was f e l t  t h a t  an increase i n  t he  
In order 

The s t i f f e n e r  was removed and again the  

Discussions were held with the  switch vendor regarding our  f a i l u r e s .  The vendor 

1 .  
2.. More snap act ion 
3.  

The la rger  switches were purchased and fabricated in to  s i x  (6 )  assemblies using 

A heavier coating o f  rhodium 

Made on automatic equipment ( i . e . ,  be t t e r  qua l i t y  cont ro l )  

ident ical  procedures and mater ia ls .  
l eve ls  w i t h  gap settings equivalent t o  only two ampere turns margin w i t h o u t  f a i l u r e .  

These switches were vibrated a t  the  highest  

The following changes were implemented t o  eliminate the problem: 

1.  Changed switches t o  l a rge r  type. 

2. Changed switch spec i f ica t ion  t o  t igh ten  pul l - in  and drop-out ranges and 
t o  r e j e c t  switches t h a t  s t i c k  by 1 ampere t u r n  o r  more. 

3.  Redesigned bracket f o r  higher stiffness. 

4. Added a f i e ld  s t rength requirement t o  the  magnet drawing t o  control a l l  
magnets. 

5. Tested a l l  switch assemblies as  follows:. 

a )  must pul l - in  w i t h  .40 oersted magnet 
b )  must d r o p - o u t  with .92 oersted magnet 
c )  
d )  vibrat ion t e s t  

d i sc  posit ion @ drop-out must exceed vehicle set t ing by 1.5mm 
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BSE Wrap S p r i n g  Problem 

Wrap springs are used in the BSE solar array drive t? transmit torque from the 

Accurate control of th i s  gap i s  necessary t o  prevent the spring from 

two redundant drive modules to  the common o u t p u t  shaf t  (see Figure 10).  In  trans- 
mitting th i s  torque, each spring must bridge a gap between the driving h u b  and the 
driven shaft .  
wedging i t s e l f  i n t o  the gap. 

Two s ignif icant  changes were made between the original testing of the wrap 
springs and the f l i g h t  configuration. 
the o u t p u t  shaf t ;  whereas, i n  the f l i g h t  configuration, two widely separated springs 
(56 cm between springs) were ut i l ized.  
reduced cross section in order t o  minimize weight. 
the spring exhibited a tendence t o  wed e i t s e l f  i n t o  the gap  under extreme loading 
(20 t o  30 times the anticipated torque 3 . Analysis of the anomaly revealed the following 
fac ts  : 

In the original tes t ing,  a single swing d r o \ -  

As a resu l t  of these two changes, 
In  addition, the f l i g h t  springs had dras t ica l ly  

1 .  Bearing axial play, shimming, thermal e f fec ts ,  and gap set t ing tolerances 
were producing a 0.84 mm gap. 

2 .  Under extreme loading, the s p r i n g  forces a t  the gap def lect  the s t ructure  
thereby causing the gap to  open a s  much as 0.46 mm on one side. 

The corner radi i  (or  chamfers) on the spring cross section cause a wedging 
action on the shaf t  that  permits the gap to  increase as much as 0.38 mm 
due to  structural  f l ex ib i l i t y .  

3. 

Previous analysis of Item 1 had shown ample margin (.84 mm gap vs. a 1 .47  mm 
cross sectional w i d t h  of the l igh ter  s p r i n g ) .  
complete assembly that  Items 2 and 3 in combination w i t h  Item 1 resulted i n  a gap  
that  would exceed the s p r i n g  widgh (.84 + .46 + .38 = 1.68 mm which i s  greater than 
1.47 mm). 
The dynamic e f fec ts  may only be measured by performing t e s t s  on the component. 

I t  was determined d u r i n g  t e s t s  of the 

T h u s ,  the gap w i d t h  should be sized by dynamic a s  well as s t a t i c  analysis. 

By accurately controlling the shimming of the bearings and the set t ing of the 
gaps, we are  able to  reduce the contribution of Item 1 to  0.45 mm. 
changes, the s p r i n g  ceased to  wedge into the gap .  
ing and worst tolerances, the gap i s  0.18 mm less  than the s p r i n g  cross sectional 
w i d t h .  

W i t h  these 
Under even the most severe load- 

DSCS I11 Amroach to  Testina 

The approach to  tes t ing on the DSCS I11 program has been t o  perform as much 

A l i s t  of the s ignif icant  t e s t s  performed on the DSCS I11 solar  array 
in-process tes t ing as possible in order t o  uncover potential problems as early as 
possible. 
drive and antenna drives i s  as follows: 

1 .  Complete functional and environmental, testing of an engineering model. 

2 .  100% r u n - i n  of bearings and gears for  prime usage. 

3. Precise monitoring of wrap s p r i n g  gap. 

4. Measurement of motor and harmonic drive f r ic t ion  torque a t  temperature 
extremes. 
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An engineering model of  the  so l a r  array dr ive was fabricated including a l l  of  
the c r i t i c a l  piece par ts  (see Figure 11 ) .  The assembly was subjected t o  the  fu l l  
DSCS I11 qual i f ica t ion  t e s t  l eve ls  fo r  vibrat ion and temperature. 
of these environmental t e s t s ,  the  assembly was completed disassembled and inspected 
fo r  damage and/or wear. 

A t  t he  conclusion 

The inspection d i d  not reveal any out  of tolerance conditions.  

A11 bearings and gears,  including the  harmonic dr ive ,  were r u n - i n ,  inspected, 
T h i s  r u n - i n  and thoroughly cleaned before being in s t a l l ed  in to  prime assemblies. 

assures a smooth r u n n i n g  assembly w i t h  no poss ib i l i t y  fo r  h i g h  f r i c t i o n  due t o  burrs ,  
chips , o r  surface imperfections. 

In the  modified s o l a r  array drive configuration of DSCS 111, the  c r i t i c a l  wrap 

As a r e s u l t  of these con t ro l s ,  

spring gap i s  n o t  capable o f  d i r ec t  measurement. In order t o  prevent a repeat of 
the BSE wrap s p r i n g  problem, the  piece par t  tolerances were held extremely t i g h t  and 
the mating pieces were measured prior t o  assembly. 
the gap was held t o  0.25 2 0.10 mm which eliminated the  poss ib i l i t y  of  a problem. 

The most important pre-assembly tes t  on DSCS 111 was a measurement of s tepper  
motor and harmonic drive f r i c t i o n  torque i n  a prime configuration a t  temperature 
extremes, This measurement y ie lds  a d i r ec t  indicat ion o f  t he  excess s tepper  motor 
torque, over and above internal  f r i c t i o n ,  t h a t  i s  ava i lab le  t o  overcome external 
loads and i n e r t i a .  
w i t h  the  harmonic dr ive and a h i g h  temperature problem associated w i t h  t he  s tepper  
motor. Both o f  these problems were readi ly  iden t i f i ed  a n d  corrected.  However, i f  
t h i s  t e s t ing  had n o t  been performed, we would have experienced these problems fo r  
the  f i r s t  time a t  the  assembly level .  
low temperature, i t  would have been extremely d i f f i c u l t  t o  ident i fy  t h e  two separate  
sources,  motor and harmonic dr ive,  a t  this level of  assembly. 

This in-process t e s t  revealed a low temperature problem associated 

Since the problems occurred a t  b o t h  h i g h  and 

CONCLUSIONS 

A proven pedigree p l u s  ear ly  testing of a l l  modifications insure a successful 
design. 
These pr inciples  have been successful ly  applied i n  the development'of four drive 
mechanisms f o r  the BSE and DSCS I11 communication s a t e l l i t e s .  

A successful des ign  plus ample in-process testing produces qua l i ty  hardware. 
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Figure 3. DSCS I11 Gimballed Antenna 
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Figure 8 . Reed Switch/Disc Test Fixture 

I 

I I I I I 
1 2 3 4 5 

DISC DISTANCE TO BRACKET (mm) 

Figure 9. Effect of Disc Position on Magnetic Field 
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