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FOREWORD 

T h i s  r e p o r t  i s  t h e  r e s u l t  of  a s c a n n e r  mechanical  d e s i g n  s t u d y  
f o r  t h e  TIROS-N O p e r a t i o n a l  Vert ical  Sounder-Basic  Sounder U n i t ,  
a n  o p e r a t i o n a l  s a t e l l i t e  r a d i o m e t e r  t h a t  w i l l  measure a t m o s p h e r i c  
t e m p e r a t u r e  and m o i s t u r e  p r o f i l e s  from e a r t h  o r b i t .  The s t u d y  
was conducted by Beckman I n s t r u m e n t s ,  I n c o r p o r a t e d ,  Advanced 
Technology O p e r a t i o n s ,  f o r  Gu l ton  I n d u s t r i e s ,  I n c o r p o r a t e d ,  Data 
Systems D i v i s i o n ,  wllich was under  c o n t r a c t  t o  t h e  N a t i o n a l  
Oceanic  and Atmospheric  Agency, N a t i o n a l  Environmental  S a t e l -  
l i t e  S e r v i c e .  The s c a n n e r  t a s k  was one p a r t  of  a n  o v e r a l l  
o p t i c a l ,  r a d i o m e t r i c ,  m e c h a n i c a l ,  t h e r m a l ,  and e l e c t r o n i c  de -  
s i g n  s t u d y  of  t h e  sounder  i n s t r u m e n t .  
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Section 1 - Summary 

REVIEW OF OBJECTIVES AND REQUIREMENTS FOR THE SCANNER DESIGN AM> TEST PROGRAM 

A scan mechanism design and test program was conducted as part of the Basic 
Sounder Unit (BSU) instrument study with the objective of establishing a scanner 
design that is compatible with the BSU instrument and that meets performance 
specifications. Following the design selection, a laboratory mockup of the 
scanner (including electronics) was built and tested. 

The BSU is part of the TIROS Operational Vertical Sounder (TOVS), an 
instrument system that will be flown on the TIROS-N spacecraft. TOVS, in 
turn, is part of an operational meteorological data gathering system that has 
a performance requirement of two years. As a consequence of the operational 
lifetime, as well as the instrument mission, the scanner subsystem must meet 
the requirements listed in the table on the facing page, with respect to 
performance, physical characteristics, and environmental factors. This topic 
discusses those overall requirements and the major considerations in meeting 
them. 

meters of the scan program and from the mirror characteristics. The scan 
mirror, which is designed for accurate manufacture and optical stability, has 
certain physical characteristics. However, for the purpose of the scanner 
design, the only characteristic necessary to consider is the moment of inertia, 
since it is this feature of the mirror that affects scanner performance. The 
other scanner performance requirements resulted from the scan program study; 
they represent scanner output functions which must be achieved. 

by space, weight, and power requirements implied by the BSU instrument system 
design. The environmental requirements are derived from the testing and service 
stresses which the BSU instrument will experience. 

Although all requirements are important and affect successful scanner 
performance, it is specified performance which has the greatest impact upon 
design feasibility. Accordingly, it was the performance requirements which 
primarily were addressed by the scanner study. 
that it was more important to simulate scanner dynamics rather than be an exact 
copy of flight hardware. 

Hardware requirements were also addressed by the study. Of significance 
to the hardware design was the experience gained from building, testing, and 
flying the ITPR instrument, which had many requirements similar to those of the 
B S U .  
optimize scanner subsystem hardware based upon ITPR experience, and to define 
requirements for scanner components, 

Section 4 describes tests of the scanner breadboard. 
flight system design are discussed in Sections 5 and 6 ,  respectively. 

The scanner performance requirements were derived from the given para- 

The physical characteristics of the scanner subassembly are impacted most 

This emphasis also determined 

Accordingly, the design phase of the scanner study was an opportunity to 

Details of the scanner design are provided in Section 3 of this report. 
Component selection and 

1-0 FR 1110-102 



BECKMAN INSTRUMENTS, INC . 
Advanced Technology Operations 
L .  S . Mills 

SCANNER WQUIREMENTS 

The step, dwell, and retrace requirements are extremely critical. 

Performance 
2 

e Inertia Load 25.2 gm cm at motor 

e Step Angle and Accuracy 1.125" k0.1" 

a Step and Settle Time 5 0  ms 

o Retrace Speed 100 steps/s 

e Angular Range 360" 

Physical Characteristics 

e Space Envelope 

e Weight 

e Drive Power 

1 1 . 2 5  in.dia x 15 in. long 

2 . 5  lb" 

8 W'k 

E nv i ro m e n  t a 1 

a Operating Temperature Range -25°C to +70°C 

e Acceleration 22 g 

e Vibration 5 - 2000 Hz Sine, 10 g a11 ax i s  
20-  2000 Hz Random, 20 g r u n s  

Design Goals 

FR- I I I O -  1 0 2  
1 - 1  



S e c t i o n  1 - Summary 

IMPACT OF SCAN SEQUENCE ON SCANPER DESIGN 

The TOW instrument  scanning sequence i s  t h e  s i n g l e  most important f a c t o r  a f f e c t i n g  
t h e  des ign  of t h e  scanner .  To cover t h e  d e s i r e d  f i e l d ,  t h e  scanner  must perform 
r a p i d  s t epp ing  under f ixed  c o n t r o l ,  w i th  f i x e d  t iming .  The t i m e  a l l o t t e d  f o r  scene 
viewing a f f e c t s  t h e  remaining t i m e  a v a i l a b l e  f o r  s t epp ing  and s e t t l i n g ,  and thus  
impacts scanner  dynamics. 

The scanning program has  t h r e e  d i s t i n c t  phases:  s tep-dwel l ,  re t race,  and 
c a l i b r a t e .  The t iming  of each of  t h e s e  func t ions  i s  shown i n  t h e  f i g u r e .  One 
s tep-dwel l  c y c l e  i s  of 100 m s  d u r a t i o n ,  and c o n s f s t s  o f  a dwell  per iod  of 75 m s  
followed by a s t e p - a n d - s e t t l e  per iod  of 37.5 m s  . The chopper f u n c t i o n  i s  shown 
t o  t h e  same t i m e  base  t o  i l l u s t r a t e  t h e  synchroniza t ion  of scanning,  chopping, and 
s i g n a l  i n t e g r a t i o n .  One i n t e g r a t i o n  per iod  c o n s i s t s  of t h r e e  scene chops and 
t h r e e  r e fe rence  chops.  The s t e p  i s  i n i t i a t e d  dur ing  a chopper r e fe rence  phase 
when t h e  scene i s  blocked,  so t h e  amount of d a t a  l o s t  dur ing  scanner  s t epp ing  i s  
minimized. 

s t e p s ,  o r  7.2 s a t  100 ms/s tep .  An a d d i t i o n a l  800 m s  i s  allowed f o r  r e t r a c i n g ,  
b r i n g i n g  t h e  t o t a l  a l l o t t e d  t i m e  f o r  one scan  l i n e  t o  8 .0  s .  S ince  t h e  scanner  
d r i v e  inpu t  f o r  r e t r a c i n g  i s  100 pps,  t h e  72-s tep  i n t e r v a l  i s  a c t u a l l y  r e t r a c e d  
i n  o n l y  72 m s ,  l e av ing  an  8-ms cushion be fo re  t h e  next  scan  l i n e  i s  begun. 

The t h i r d  i l l u s t r a t i o n  i n  t h e  f i g u r e  shows t h e  scanner  sequencing f o r  a 
complete d a t a  g r i d  of 32 scan  l i n e s  as w e l l  as how t h e  c a l i b r a t i o n  func t ions  f i t  
i n t o  t h e  s c a n  program. C a l i b r a t i o n ,  which i s  performed a t  t h e  end of  each scan  
g r i d ,  c o n s i s t s  of  a space look and a housing blackbody look .  The space look, i n  
terms of scanner  r o t a t i o n a l  ang le ,  i s  70 degrees  above n a d i r ;  t h e  housing b lack-  
body look i s  180 degrees  above n a d i r .  

The s p e c i f i e d  scan  sequence imposes two demands on t h e  scanner  des ign:  
s t epp ing  and s e t t l i n g ,  and s lewing .  Of t h e  100 m s  f o r  each d a t a  frame, on ly  
37.5 are a v a i l a b l e  f o r  s t epp ing  and s e t t l i n g ,  which impacts t h e  torque  and damping 
of  t h e  scan  d r i v e  motor .  Slewing involves  t h e  retrace and t h e  movement t o  c a l i -  
b r a t i o n  p o s i t i o n s .  The requirement i s  t h a t  a 100-pps inpu t  t o  t h e  scanner  must 
be followed wi thout  e r r o r  so t h a t  t h e  commanded p o s i t i o n s  w i l l  be reached i n  
t i m e ,  which impacts t h e  motor s l e w  rate of t h e  loaded motor .  

meters: motor ou tput  t o rque ,  system i n e r t i a ,  and damping. The torque  must be 
s u f f i c i e n t l y  h igh  t o  g e t  t h e  motor r o t o r  and connected i n e r t i a s  ou t  of i t s  de-  
t e n t e d  p o s i t i o n  qu ick ly .  S tepping  and s e t t l i n g  t o g e t h e r  must consume no more 
t h a n  37.5 m s  . 
commanded p o s i t i o n s  i n  t h e  times shown i n  t h e  sequencing diagram. The r equ i r ed  
ou tpu t  s l e w  ra te  i s  100 s t e p s  of 1.125 d e g r e e s l s ,  o r  an angular  r a t e  of 1.96?& 
This  a f f e c t s  t h e  s t e p p e r  motor parameter of no-load speed,  o r  s t e p  rate and a l s o  
impacts t h e  motor ' s  d e t e n t  t o rque ,  s i n c e  high d e t e n t  to rque  tends  t o  lower t h e  no- 
load s t e p  r a t e .  Balancing of t h e s e  two parameters  t o  achieve  adequate  speed wh i l e  
keeping good damping i s  one of t h e  t r a d e o f f s  t h a t  must occur  i n  t h e  motor des ign  
p rocess .  

3, The system des ign  shows t h a t  i t  i s  d e s i r a b l e  t h a t  t he  scanner  s t e p  and s e t t l e  
i n  3 7 . 5  m s .  Th i s  va lue  appears  t o  be a t t a i n a b l e ,  but  t h e  b a s e l i n e  inechanical 
des ign  sub jec t ed  t o  breadboard t e s t i n g  was based on a 50-ms s t e p - a n d - s c t t l c  
i n t e r v a l .  

A scan  l i n e  c o n s i s t s  of 72 scenes  viewed s e r i a l l y .  Th i s  r e q u i r e s  72 scanner  

The s t e p - a n d - s e t t l e  requirement a f f e c t s  t h e  choice  of t h r e e  system para-  

The system slewing rate must be h igh  enough t o  a l low movement between t h e  

1 - 2  



BECKMAN INSTRUMENTS, I N C .  
Advanced T e c h n o l o g y  Operations 
J .  C .  Hammond 

40 HZ 
CHOP FREQ 

DWELL & 
MIRROR STEP 

SCENE 0- - - 0 

-- REF. - INTEGRATE 4 - DWELL 
-I POSITION 1 

- - POSITION 2 
0.060 S 0.1 S 

r T : i E P  AND SETTLE ------ 
----_--, 

0.1 s 0 .2  s 
7.92  S 

READY FOR NEXT LINE 1 

=RID & 
ZALIBRAT I O  

STEP 

roNE /-LINE 3 2  

STEP BACK TO START 
OF SCAN LINE 

1110-102-9 

- STEP TIMING 

SCANNER AND CHOPPER 
ARE SYNCHROMIZED. 
NOTE THAT STEPPING 
OCCURS DURING 
CHOPPER REFERENCE 
PHASE. 

TYPICAL SCAN LINE 

CONSISTS OF 72 DWELL 
PERIODS FOLLOWED BY 
R A P I D  RETRACE. 

SCANGRIDAND 
CALIBRATION SEQUENCING 

ONCE EVERY 31 SCAN LINES 
(EVERY 2 4 8  S ) .  A LINE 
I S  SKIPPED TO PERMIT 
SPACE AND HOUSING . 
CALIBRATIONS. 

TOVS SCAN AND CALIBRATION SEQUENCING. A 75-MS INTEGRATION PERIOD 
PERMITS THE USE OF THREE CHOPS PER SCENE, INCREASING THE INSTRUMENT 
SIGNAL-TO-NOISE RATIO. 
THE SCANNER DYNAMICS. 

FR-1110-102 1-3 
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S e c t i o n  1 - Summary 

SUMMARY OF FLIGHT SCANNER DESIGN FEATURES 

The TOVS-BSU scanner  des ign  is a simple,  s t r a igh t fo rward  c o n f i g u r a t i o n  t h a t  meets 
t h e  performance o b j e c t i v e s .  It i s  similar t o  t h e  ITPR des ign ,  b u t  has  been i m -  
proved t o  avoid assembly problems, and t o  provide b e t t e r  thermal s t a b i l i t y  and 
increased  l i f e .  

The scanner ,  a major f u n c t i o n a l  p a r t  of t h e  BSU ins t rument ,  i s  cons t ruc t ed  
as a se l f - con ta ined ,  s e p a r a t e l y  checkable subassembly. I n  a d d i t i o n  t o  being 
designed t o  t h e  demanding parameters  of t h e  BSU a p p l i c a t i o n ,  t h e  scanner  i s  con- 
f i g u r e d  t o  ensure  ease of p r o d u c i b i l i t y  and t h e  h igh  r e l i a b i l i t y  needed f o r  a n  
o p e r a t i o n a l  ins t rument .  

The major des ign  f e a t u r e s  of t h e  i n - l i n e  scanner  assembly are shown i n  
Table  I .  S ince  t h e  instrument  performs a s tepped scan ,  a s t eppe r  motor w a s  
chosen as t h e  source  of motive power. Because of i t s  s i m p l i c i t y ,  low wear ra te ,  
l i g h t  weight ,  and extremely accu ra t e  t r ansmiss ion  of motion, a harmonic d r i v e  
was s e l e c t e d  as t h e  speed reducing element of  t h e  mechanism. The encoder i s  a 
seven- t rack  p i n  c o n t a c t  t ype .  It i s  s i m i l a r  t o  t h a t  used i n  t h e  ITPR ins t rument ,  
b u t  major improvements have been inco rpora t ed .  The main s t r u c t u r e  o f  t h e  sub- 
assembly i s  aluminum. The scan  m i r r o r  s h a f t  i s  supported on pre- loaded b a l l  
bea r ings  whose l a r g e r  s i z e  and inc reased  number r e f l e c t  t h e  g r e a t e r  s i z e  of t h e  
BSU scan m i r r o r .  

The BSU i s  similar i n  concept t o  t h e  ITPR ins t rument .  Some f e a t u r e s  and 
arrangements of  f e a t u r e s  c a r r y  over d i r e c t l y ,  b u t  t h e  p r a c t i c a l  des ign  of t h e  
instrument  and of  t h e  scanner  subsystem i s  impacted by t h e  increased  speed,  
coverage,  and l i f e  requirements  of t h e  BSU. 

ments over  t h e  techniques  used i n  t h e  ITPR. Some s p e c i f i c  d e t a i l s  are shown i n  
Table  11. The des ign  of t h e  d r i v e  motor i s  changed t o  inco rpora t e  a l a r g e  f l ange  
on i t s  f r o n t  end, e l i m i n a t i n g  a j o i n t  t h a t  e x i s t e d  p rev ious ly  and al lowing g r e a t l y  
improved c o n c e n t r i c i t y  between motor and harmonic d r i v e ,  which improves t h e  
accuracy and smoothness of motor t r ansmiss ion .  The non-meta l l ic  motor mount t h a t  
w a s  used f o r  ITPR has  been e l imina ted  t o  improve the  r i g i d i t y  of t h e  motor 
mounting and t o  conduct h e a t  d i r e c t l y  t o  t h e  instrument  hous ing .  The increased  
scanner  dynarnical performance r equ i r ed  t h a t  i n e r t i a s  a t  t h e  motor s h a f t  be re- 
duced by changing t h e  harmonic d r i v e  t o  a low i n e r t i a  des ign .  

of a u n i t i z e d  s h a f t  encoder .  
t h a t  i t  i s  pre-assembled be fo re  being placed i n  t h e  scanner  assembly, which a l lows  
t h e  u n i t  t o  be checked o u t  and shipped by t h e  manufacturer  as an  assembled u n i t .  
R e l i a b i l i t y  i s  g r e a t l y  enhanced and assembly problems t h a t  e x i s t e d  wi th  t h e  ITPR 
are completely absen t .  The method of  w i r ing  t h e  encoder a l s o  was changed, t o  
inco rpora t e  a connec tor .  Th i s  aga in  i s  a g r e a t  improvement over  t h e  hard wi r ing  
used on t h e  ITPR encoder .  Both t h e  scan  mi r ro r  and t h e  encoder a r e  indexed t o  
t h e  main s h a f t  by means of  p r e c i s i o n  Woodruff keys,  a l lowing  easy  phasing of 
encoder t o  m i r r o r  a t  i n i t i a l  assembly. F i n a l l y ,  t h e  method of mounting the  main 
s h a f t  bear ings  was changed. To avoid any p o s s i b l e  thermal  problems which might 
occur  wi th  t h e  pre- loaded bea r ings ,  a monometall ic bea r ing  mount was des igned .  
This  involves  a s t a i n l e s s  s t ee l  s l eeve  pressed  i n t o  the  aluminum scanner  housing.  
The gradual  loosening of t h e  bea r ing  o u t e r  races i n  t h e i r  bores  t h a t  i s  sometimes 
encountered cannot happen with t h i s  des ign .  

and a n a l y s i s .  
a s  r ega rds  scanner  dynamics, a l a b o r a t o r y  breadboard model was cons t ruc t ed  and 
t e s t e d .  

A number of f e a t u r e s  i n  t h e  BSU scanner  r e p r e s e n t  s i g n i f i c a n t  des ign  improve- 

The des ign  improvement most s i g n i f i c a n t  f o r  checkout and assembly i s  t h e  use  
Th i s  dev ice  was changed from t h e  ITPR des ign  so  

The des ign  genera ted  by t h e  scanner  s tudy  was based on both p a s t  exper ience  
To prove ou t  t h e  key des ign  f e a t u r e s  of t h e  scanner ,  p a r t i c u l a r l y  

1-4 FR 1110-102 



BECKMAN INSTRUMENTS, I N C  . 
Advanced Technology Operat ions 
J . C . Hammond 

TABLE I. MAJOR DESIGN FEATURES 

0 Assembly - I n - l i n e  

o Motor -90-degree PM Stepper  

0 Reduction Drive -S ize  1 C  Harmonic Drive 

o Encoder 

e S t r u c t u r e  

0 Bearings 

-Pin Contac t ,  7 - t rack  

-Aluminum f o r  Thermal Conduction 

-Tandem P a i r  Front  S i n g l e  Rear - 
p r e  loaded 

TABLE 11. IMPROVEMENTS I N  BSU OVER ITPR INSTRUMENT 

The TOVS-BSU scanner  des ign  inco rpora t e s  improvements based on prob- 
lems encountered i n  t h e  ITPR assembly. 

0 Drive Motor Mounting - I n t e g r a l  mounting f l ange  f o r  
improved co ncen t r i c  i t  y 

e Harmonic Drive - Low-iner t ia  wave genera tor  

o Encoder Design - Pre-assembled 

0 Bearing Mounting - Monometallic Design 

o Encoder Wiring - Connector 

0 Mirror-Encoder Alignment - Keyway 

0 Motor Thermal C i r c u i t  

I?K 1 110-1 02 1 -5  



S e c t i o n  1 - Sununary 

SUMMARY OF SCANNER BREADBOARD TESTING 

The BSU scanner  breadboard w a s  cons t ruc t ed  t o  i n v e s t i g a t e  t h e  dynamics of t h e  
s e l e c t e d  scanner .  
i s  capable  o f  meeting o p e r a t i o n a l  f l i g h t  performance, and confirmed t h e  per -  
formance a n a l y s i s  (see S e c t i o n  3 ) .  

The scanner  mockup tests demonstrated t h a t  t h e  scan  assembly 

Cons t ruc t ion  and t e s t i n g  of a l a b o r a t o r y  mockup scanner  device  (scanner  
breadboard) w a s  r equ i r ed  as p a r t  of t h e  TOVS-BSU des ign  s tudy .  
of t h e  breadboard t e s t i n g  were t o  demonstrate  system t r a n s i e n t  response ,  
s imula t ing  dynamically important scanner  c h a r a c t e r i s t i c s  such as i n e r t i a s ,  
motor t o rque ,  and system damping. Another o b j e c t i v e  w a s  t o  v e r i f y  scanner  
system power requirements  and t o  d e f i n e  t h e  optimum scanner  d r i v e  c i r c u i t  and 
d r i v e  waveform. 

The scanner  mockup cons i s t ed  o f  a s ize-15  motor having t h e  approximate 
performance c h a r a c t e r i s t i c s  r equ i r ed ,  a s t anda rd  harmonic d r i v e  u n i t  o f  t h e  
proper  s i z e  (a l though wi th  d i f f e r e n t  r a t i o ) ,  a balanced m a s s  t o  s imula t e  mi r ro r  
i n e r t i a ,  and a r e s o l v e r  t o  permit  readout  of  ou tpu t  s h a f t  p o s i t i o n .  The d r i v e  
c i r c u i t  used was a breadboard v e r s i o n  o f  t h e  f l i g h t  d r i v e  c i r c u i t  des ign .  Mode 
of  o p e r a t i o n  of t h e  d r i v e r  c i r c u i t  was s i n g l e  phase,  w i t h  f u l l  winding e x c i t a t i o n  
a t  28 V. Details of  t he  scanner  breadboard hardware and d r i v e  c i r c u i t  are pre-  
sen ted  i n  a la te r  s e c t i o n .  

A comparison of t h e  tes t  performance ve r sus  t h e  c a l c u l a t e d  response i s  
shown i n  t h e  t a b l e .  The a c c e l e r a t i o n ,  v e l o c i t y  g r a d i e n t ,  and crossover  compare 
very  w e l l .  The peak ampli tude and damped response d i f f e r  and can  be a t t r i b u t e d  
t o  the  d i f f e r e n c e  i n  t h e  t i m e  pe r iod  t h a t  power i s  app l i ed  t o  t h e  motor.  
math model assumes power app l i ed  con t inuous ly .  The mockup tes t  w a s  run  w i t h  
power app l i ed  only du r ing  t h e  f i r s t  10 m s .  

A r eco rd ing  o f  an i s o l a t e d  s t e p  dwell  per iod  du r ing  t h e  scan  sequence i s  
shown i n  t h e  f i g u r e .  Power w a s  app l i ed  on ly  f o r  t he  f i r s t  10 m s .  The damped 
response i s  a t t r i b u t e d  only t o  t h e  magnetic d e t e n t  and v i scous  damping of t h e  
motor and wave gene ra to r  bea r ings .  Th i s  tes t  d a t a  was from t h e  l a t e s t  d r i v e  
mod i f i ca t ion ,  which incorpora ted  a double e c c e n t r i c  wave gene ra to r  r a t h e r  than  
t h e  s tandard  e l l i p t i c a l  bea r ing  c o n f i g u r a t i o n .  Ear l ie r  tests wi th  t h e  s tandard 
wave gene ra to r  r e s u l t e d  i n  a seve re ly  underdamped response wi th  out-of-band 
overshoots  occur r ing  w e l l  beyond 50 m s .  The h igh  i n e r t i a  load a l s o  l imi t ed  re- 
t r a c e  r a t e  t o  85 pps .  

Design v e r i f i c a t i o n  by a c t u a l  t e s t ,  as was done wi th  t h e  BSU scanner  bread-  
board r e i n f o r c e s  t h e  confidence r e s u l t i n g  from a r igo rous  des ign  a n a l y s i s .  
P o t e n t i a l  problem areas as w e l l  as areas where f u r t h e r  improvement may be achieved 
are s p o t l i g h t e d ,  and t h e  d e t a i l  des ign  approach t h a t  must be taken  t o  in su re  good 
q u a l i t y  and manufacturing c h a r a c t e r i s t i c s  i s  made more c lear .  

The o b j e c t i v e s  

The 

CALCULATED DATA VS.  TEST DATA FOR SCANNER MOCKUP 

Calcula ted  Tes t  Data 
Veloc i ty  Gradient  117  100 
F i r s t  Crossover 
Peak Amplitude 
Damping R a t i o  
S e t  t 1 ing  Time 

1 7  m s  27 m s  
1 .9  rad 1.78 rad 
0 . 6  0 . 8  

50 ms 40 ms 
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S e c t i o n  1 - Summary 

DISCUSSION OF ITPR SCANNER PERFORMANCE 

Presen t  understanding of t h e  f a i l u r e s  t h a t  have been experienced wi th  t h e  ITPR 
scanner  does not  appear t o  i n v a l i d a t e  t h e  s imilar  TOVS-BSU scanner  d e s i g n .  The 
f a i l u r e s  appear  t o  have been caused by reduced motor to rque  and l u b r i c a n t  de-  
g r a d a t i o n  r a t h e r  t han  by a b a s i c  des ign  f law,  and both of t hese  c o n d i t i o n s  can 
be prevented by improving motor and l u b r i c a n t  manufactur ing c o n t r o l s .  - 

The scan  mechanism i n  t h e  I n f r a r e d  Temperature P r o f i l e  Radiometer (ITPR) 
on NIMBUS-5 i s  very  s imilar  i n  des ign  t o  t h a t  recommended f o r  t h e  TOVS-BSU. 
It m e t  t h e  somewhat less demanding t r a n s i e n t  response and r e t r a c e  requirements  
f o r  ITPR and w a s  e x t e n s i v e l y  t e s t e d  i n  engineer ing  model, p ro to type ,  and f l i g h t  
u n i t  tests p r i o r  t o  s p a c e c r a f t  i n t e g r a t i o n .  

The scanner  on t h e  ITPR f l i g h t  u n i t  f o r  NIMBUS-5 malfunct ioned i n  thermal-  
vacuum t e s t i n g ,  f a i l i n g  t o  fo l low t h e  commanded sequence r e l i a b l y .  Disassembly 
of t h e  scanner  f a i l e d  t o  show any obvious mechanical f a i l u r e  o r  source  of  i n -  
c reased  to raue  load ,  a l though t h e r e  was some evidence of wear and a g l a s s y  
p a r t i c l e  w a s  found i n  t h e  hannonic d r i v e  l u b r i c a n t ,  b u t  a t  an  u n c r i t i c a l  
l o c a t i o n .  Motor to rque  w a s  lower than  nominal.  The f a i l u r e  was a t t r i b u t e d  
p r i m a r i l y  t o  low temperatures  which increased  l u b r i c a n t  v i s c o s i t y ,  a l though t h e  
scanner  w a s  overheated du r ing  t e s t i n g .  

The pro to type  instrument  w a s  then  s u c c e s s f u l l y  t e s t e d  i n  thermal  vacuum, 
i n t e g r a t e d  wi th  t h e  s p a c e c r a f t ,  and launched i n  December 1972 .  A f t e r  s e v e r a l  
weeks of s u c c e s s f u l  o p e r a t i o n  of t h e  e n t i r e  ins t rument ,  t he  scanner  aga in  be- 
gan t o  behave e r r a t i c a l l y ,  as the o t h e r  u n i t  had done. Later it w a s  found t h a t  
t h e  instrument  could b e  turned  back on, and t h a t  t h e  scanner  would ope ra t e  
normally;  b u t ,  a f t e r  a per iod  of t i m e ,  t h e  e r r a t i c  o p e r a t i o n  would aga in  occ.ur. 
Th i s  behavior  p a t t e r n  has  been moreor less c o n s t a n t .  There i s  no obvious co r -  
r e l a t i o n  between errat ic  behavior  and ope ra t ing  temperature ,  a l though t h e  scan-  
ne r  temperature  has  exceeded t h e  q u a l i f i c a t i o n  l i m i t  of 45°C. 

not  complete.  So f a r ,  t h e  r e s u l t s  of t h e  i n v e s t i g a t i o n  a re  as fo l lows:  
I n v e s t i g a t i o n  of t h e s e  f a i l u r e s  i s  i n  p rogres s ,  and t h e  i n v e s t i g a t i o n  is 

Mechanical and s t r u c t u r a l  a n a l y s i s  conducted du r ing  t h e  TOVS scanner  
des ign  e f f o r t  has  no t  d i s c l o s e d  any source  of bea r ing  f a i l u r e ,  exces- 
s i v e  d r i v e  wear, o r  o t h e r  fundamental mechanical d e s i g n  f l a w .  

Glassy p a r t i c l e s  have been found, not  on ly  i n  t h e  harmonic d r i v e ,  bu t  
r e c e n t l y  a l s o  were found i n  t h e  unused G-300 g rease  used t o  l u b r i c a t e  
t h e  motor.  These p a r t i c l e s  were found deep i n  t h e  squeeze tube  and were 
e v i d e n t l y  e i t h e r  i n  t h e  g rease  when d e l i v e r e d  o r  were the  r e s u l t  of 
aging t h a t  occurred s i n c e  t h e  motor w a s  g reased .  

The g rease  used t o  l u b r i c a t e  t h e  harmonic d r i v e  was purchased s e p a r a t e l y  
by t h e  d r i v e  s u p p l i e r .  

The tendency t o  form such p a r t i c l e s  i s  a known p rope r ty  of some s i l i c o n e  
g r e a s e s .  

The permanent magnet motors were opera ted  above t h e  45°C q u a l i f i c a t i o n  
temperature .  Conceivably,  demagnet iza t ion  could have r e s u l t e d  from 
repea ted  thermal c y c l i n g .  The motor involved i n  t h e  f i r s t  f a i l u r e  was 
sent: t o  t he  s u p p l i e r ,  who found i t  t o  be p a r t i a l l y  demagnetized. 

The motor s u p p l i e r  d i d  not t es t  t h e  motor with the  s ing le-phase  d r i v e  
c i r c u i t  used i n  t h e  instrument  b u t  r a t h e r  used a two-phase c i r c u i t  
which provided more to rque .  
phase d r i v e  i s  used .  

The torque  becomes marginal  when a s i n g l e -  

1 - 8  
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A t  t h i s  p o i n t  i n  t h e  i n v e s t i g a t i o n ,  it appears  t h a t  t h e  f a i l u r e  was caused 

Th i s  problem may have been aggravated 
by improper t e s t i n g  and inadequate  sc reen ing  of  t he  motors,  which allowed use 
of motors of  marginal  to rque  c a p a b i l i t y .  
by contaminat ion of t h e  g rease  and overhea t ing  of t h e  motors .  
r ecu r rence  i t  i s  e v i d e n t l y  necessary  t o  inc rease  the  c o n t r o l s  used i n  procure-  
ment of scan  d r i v e  components, a p recau t ion  which would be taken  i n  any case 
f o r  a n  o p e r a t i o n a l  ins t rument .  

A number of improvements have been made i n  t h e  TOVS scanner  des ign  t o  
f a c i l i t a t e  assembly and t e s t i n g  and t o  provide g r e a t e r  performance margins .  
ITPR encoder w a s  o f  separable  design--one p a r t  w a s  a f f i x e d  t o  t h e  output  s h a f t  
and t h e  o t h e r  t o  the  scanner  d r i v e  housing.  Because of t h e  encoder l o c a t i o n ,  
t he  assembly was b l i n d  and v e r i f i c a t i o n  of proper  assembly was d i f f i c u l t .  En- 
coder wi r ing  w a s  a l s o  d i f f i c u l t  i n  t h a t  t h e r e  w a s  hard  wi r ing  t o  t h e  p i n  cage ,  
and i t  was p o s s i b l e  t o  o v e r - s t r a i n  the  c a b l e .  The TOVS encoder i s  a u n i t i z e d ,  
pre-assembled des ign  and has  i t s  own e l ec t r i ca l  connec tor ,  t hus  avoiding t h e s e  
problems. 
which were mounted d i r e c t l y  i n t o  t h e  aluminum of t h e  scanner  housing.  
been f ixed  i n  t h e  TOVS scanner  by adding a p res sed - in  s t a i n l e s s  steel  s l eeve  
i n t o  which t h e  bea r ings  are s e a t e d .  
i s  thus  monometallic and d i f f e r e n t i a l  thermal expansion problems are avoided. 
The bea r ing  s i z e  has  been increased  because of t h e  g r e a t e r  mass of t h e  TOVS 
Scan m i r r o r .  The use of d i f f e r e n t  l u b r i c a n t s  i s  being cons idered ,  

with t h e  TOVS scanner  t o  a s s u r e  r e l i a b i l i t y  i n  o r b i t :  motor q u a l i f i c a t i o n  t o  
h igher  temperatures ,  improved materials and process  c o n t r o l s ,  and improved 
implementation of s u p p l i e r  r e l i a b i l i t y  and q u a l i t y  programs t o  a s s u r e  adequate 
screening  and acceptance t e s t i n g  of motors,  d r i v e s ,  and o t h e r  d e v i c e s .  

To prevent  

The 

A p o t e n t i a l  problem w a s  noted with t h e  ITPR mi r ro r  s h a f t  bea r ings ,  
This  has  

The immediate area o f  t h e  bea r ing  mounting 

I n  a d d i t i o n  t o  t h e  above improvements, t h e  fo l lowing  s teps  should be taken 

IMPROVEMENTS I N  BSU SCANNER DESIGN AND MANUFACTURE 

These improvements are a d i r e c t  r e s u l t  of ITPR exper ience .  

o Motor i s  heat-sunk t o  instrument  housing.  

a Encoder i s  a u n i t i z e d  assembly. 

0 Use o f  connec tors .  

o Monometallic s h a f t  bear ing  des ign .  

e Increased  manufacturing c o n t r o l s .  

a Use of  more r e l i a b l e  l u b r i c a n t s .  
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Section 2 - Comparison of Scan Drive Mechanisms 
ANALYSIS OF SCAN DRIVE MECHANISM REQUIREMENTS 

Analysis of the speed, accuracy, and weight requirements for the BSU showed that 
only a few alternative designs are suitable. 

The primary requirements of the scan drive are response time, accuracy, and 

The requirements are intended to ensure that operation 
ability to operate for two years in orbit. The scanner operates in two modes: 
step-dwell, and retrace. 
is satisfactory in both modes, 
instrument success. 

response-time requirements. The mechanism design analysis (Section 3 of this 
report) shows that there are two torque conditions to be met: the motor peak 
torque must be at least 8 oz-in., and the average or running torque at 100 pps 
must be 2.6 oz-in. minimum. 

The detailed dynamic analysis also defined the necessary system damping, 
The step-dwell transient response should be slightly underdamped to achieve a 
minimum response time and to reduce losses which would increase torque require- 
ments during retrace if the motor were critically damped, 
of Section 3 shows that a damping factor of 0.4 to 0.6 is needed. 

accuracy of the instrument's look angle is determined directly by how accurately 
the scanner steps. "he overall pointing accuracy requirement for the instrument 
is 0.1 degree, which also means a scanner positioning accuracy of 0.1 degree, as 
there is no optical doubling in the scanner. If half of this total allowable 
system error is allotted to the scanner, the required output shaft positioning 
accuracy would be 0.05 degree. For an 80:l speed-reduced system, the accuracy 
requirement at the motor shaft then would be decreased to 4 degrees; and, simi- 
larly, for other speed reduction ratios. 
direct-drive system would still be 0.05 degree. 

specification. If it is assumed that one BSU has to operate continuously for the 
entire_two-year period, the scanner output shaft will experience an equivalent of 
4 x 106 revolutions total. Geared-up parts of the system would experience corres- 
pondingly higher total revolutions; thur, for the case of an 80:l speed-reduced 
system, motor total revolutions would be 3 

Several systems which could meet the requirements are listed in Table I1 on 
the facing page. First is a 90-degree stepper motor with 80:l harmonic-drive 
speed reduction. The next system--the Responyn--is a variation of the harmonic 
drive principle wherein the rotating wave generator is replaced by the rotating 
magnetic field, and there is no physical high-speed shaft, The Responsyn is also 
a stepper. The third alternative is a stepper motor driving through conventional 
gears rather than the harmonic drive. 
to would be a "pancake" type dc torque motor directly coupled to the scanner out- 
put shaft. 

discussed above in detail. 

The life requirement, of course, is vital to 

The necessary motor torque and speed characteristics can be derived from the 

The detailed analysis 

The accuracy requirement relates to the step-dwell mode of operation. The 

Positioning accuracy required of a 

The life requirement is a fundamental part of the operational instrument 

108'- revolutions. 

Finally, the direct drive servo referred 

It would have both rate and position feedback, 
The following sections of this report will examine the alternative designs 
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TABLE I. SCAN DRIVE MECHANISM REQUIREMENTS 

The d e r i v e d  r e q u i r e m e n t s  were e s t a b l i s h e d  and t a k e n  as f i r m  
c o n s t r a i n t s  on d e s i g n .  

SPECIFIED REQUIREMENTS DERIVED REQUIREMENTS 

Response Time 
0 S t e p  and s e t t l e  i n  1 .125 - Peak Motor Torque = 8 o z - i n .  - Avg Motor Torque = 2.6  o z - i n .  

- Damping R a t i o  = 0.4 - 0.6 

d e g r e e s  i n  0.04 s 
a t  100 pps 

Accuracy 

R e p e a t a b i l i t y  
0 Each s t e p  +0.05 d e g r e e  

0 S t a r t  each  s u c c e s s i v e  
s c a n  l i n e  a t  same p o i n t  
k0.05 d e g r e e  

2 y e a r s ,  +2000-hr t e s t i n g  - 3 x 108 r e v s  a t  i n p u t  s h a f t  
L i f e  - 
Power 

0 Less  t h a n  10 W a v e r a g e  - 30 W peak 
Weipht 

0 Minimum p o s s i b l e ,  con- - 2 . 5  l b  
s i s t e n t  w i t h  we igh t  
budge t 

TABLE 11. CANDIDATE SYSTEMS 

E a c h  sys t em i s  ana lyzed  i n  S e c t i o n  3 and a s e l e c t i o n  i s  made 

0 S t e p p e r  Motor - Harmonic - 
Drive 

0 Responsyn - 

0 S t e p p e r  Motor - Gear - 
Drive  

0 D i r e c t  Dr ive  Servo - 

Accuracy e a s i l y  met; s e l e c t  
sys t em p a r a m e t e r s  t o  meet 
r e s p o n s e  t i m e  r e q u i r e m e n t s  

Equa l s  performance of s t e p p e r /  
harmonic d r i v e ,  b u t  h a s  no 
h o l d i n g  t o r q u e  

D i f f i c u l t  t o  meet a c c u r a c y  
r e q u i r e m e n t s .  Dynamics abou t  
same a s  t h o s e  above 

Mechan ica l ly  s i m p l e ,  bu t  heavy 
Much system c o m p l e x i t y  t o  meet 
a c c u r a c y  re  qu i r emen t 
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Sec t ion  2 - Comparison of Scan Drive Mechanisms 

SUMMARY OF DRIVE MECHANISM CONPARISON 

The s t eppe r  motor-harmonic d r i v e  des ign  was s e l e c t e d  f o r  t h e  scanner of i t s  s i m p l i c i t y ,  
low backlash ,  low weight ,  low wear, low stress f a c t o r s ,  and power-off holding torque ,  

Severa l  cand ida te  des igns  f o r  t h e  TOVS-BSU scanner  were compared t o  select  the  
b e s t  des ign .  The cand ida te s  were: a permanent.magnet stepper-harmonic d r i v e  combina- 
t i o n ,  a s t eppe r  d r i v i n g  through convent iona l  g e a r s ,  a d i r e c t - d r i v i n g  dc to rque r  type 
motor wi th  feedback,  and t h e  "Responsyn" dev ice ,  which a l s o  inco rpora t e s  a harmonic 
d r i v e .  

Severa l  s e l e c t i o n  c r i t e r i a  were used. Foremost was accuracy ,  s i n c e  t h i s  i s  
v i t a l  t o  ins t rument  success .  Both output  accuracy  and backlash were t abu la t ed .  
System complexity i s  i n d i c a t e d  by feedback requi rements ,  e l e c t r o n i c  complexi ty ,  
b a l l  bea r ing  count ,  and t o t a l  e lec t romechanica l  o r  mechanical device  count .  
b e s t  i n d i c a t o r  of expected l i f e  i s  t h e  stress on t h e  mechanism; t h i s  was t a b u l a t e d  
a s  c o n t a c t  stress i n  t h e  speed r educ t ion  elements .  Also examined were weight ,  
whether o r  no t  a p p l i c a t i o n  of e l e c t r i c a l  power was necessary  t o  achieve  holding 
to rque ,  and p o t e n t i a l  l u b r i c a t i o n  problems. 

i s  based p r i m a r i l y  on maximum r e l i a b i l i t y  and maintenance of s p e c i f i e d  performance 
a f t e r  two yea r s  i n  o r b i t ,  Q u a n t i f i c a t i o n  of these  cons ide ra t ions  was accomplished 
by weight ing t h e  s e l e c t i o n  c r i t e r i a .  
they  could be "scored" by mul t ip ly ing  r ank  f i g u r e s  and weighted va lues  of t h e  
c r i t e r i a .  The r e s u l t a n t  f i g u r e s  a r e  shown i n  the  t a b l e  on the  f a c i n g  page. 

one i s  ques t ionab le  l i f e  due t o  t h e  high Her tz ian  con tac t  stresses i n  the  gear  t e e t h .  
This  i s  a problem inhe ren t  i n  i nvo lu te  gea r ing  which cannot be avoided i n  weight- 
opt imized systems. Lubr i ca t ion ,  t o o ,  promised t o  be a problem--the backlash r e q u i r e -  
mer i t  would d i c t a t e  such a t i g h t  mesh t h a t  t h e r e  would be no room f o r  t he  copious 
l u b r i c a n t  f i l m s  needed f o r  good gea r  l i f e ,  The gear  d r i v e  was t h e r e f o r e  d i squa l i f i ed8  

excess ive  weight ,  system complexi ty ,  and high power consumption because of t h e  cont ro l  
e l e c t r o n i c s  r equ i r ed .  The p ro jec t ed  weight of t h i s  system was t h r e e  t o  f i v e  t imes 
t h e  p ro jec t ed  weight of t he  o t h e r  cand ida te s ;  and t h e r e  would be t h e  need f o r  an 
a u x i l i a r y  angu la r  r a t e  feedback device  t o  c l o s e  t h e  loop--a device  not  r equ i r ed  by 
any of t h e  o t h e r  systems, 
locked,  The d i r e c t  d r i v e  system does ,  of cour se ,  o f f e r  mechanical s i m p l i c i t y ;  hence 
the  need t o  cons ider  i t .  

The Responsyn d r i v e  i s  b a s i c a l l y  a harmonic d r i v e  and s t eppe r  motor i n t e g r a t e d  
i n t o  one device ,  There is  no mechanical element t o  deform the  f l e x i b l e  member; 
i n s t e a d ,  t h i s  i s  accomplished by t h e  r o t a t i n g  magnetic f i e l d  of t h e  e l e c t r i c a l  s t a t o r ,  
The device  i s  a t t r a c t i v e  f o r  t h e  same reasons  t h a t  recommend the  stepper-harmonic 
d r i v e  combination. However, i t  has  one f a u l t :  t h e r e  i s  no phys ica l  con tac t  between 
t h e  f l e x s p l i n e  and i t s  mating member except  i n  t h e  presence of e l e c t r i c a l  e x c i t a t i o n ,  
so  t h a t  t h e r e  i s  no power-off ho ld ing  torque ,  I n  f a c t ,  t h i s  device  would r e q u i r e  
cont inuous a p p l i c a t i o n  of power, and t h i s  high power requirement  i s  s u f f i c i e n t  t o  
d i s q u a l i f y  t h i s  d r i v e ,  

reducer--was t h e  one s e l e c t e d ,  This  system o f f e r s  t h e  b e s t  combination of perform- 
ance ,  low weight and power, and f avorab le  l i f e  f a c t o r s .  This s u b j e c t i v e  e v a l u a t i o n  i s  
r e i n f o r c e d  by the  "score" f i g u r e s  r e s u l t i n g  from t h e  numerical  t r adeof f  e x e r c i s e  
d e t a i l e d  i n  t h e  t a b l e .  

The 

Since each des ign  can be made t o  achieve  t h e  d e s i r e d  c h a r a c t e r i s t i c s ,  s e l e c t i o n  

Then, when the  candida te  des igns  were ranked,  

The geared s t eppe r  motor des ign  has  a number of drawbacks. The most s e r i o u s  

There a r e  t h r e e  primary d isadvantages  t o  t h e  d i r e c t  d r i v e ,  c losed  loop motor:  

Power mus t  be kept  on a t  a l l  t imes t o  keep the  servo  loop 

The remaining des ign- - the  combination of s t eppe r  motor and harmonic d r i v e  speed 
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COMPARISOX OF SCAN DRIVE CANDIDATE MECHANISMS 

Only t h e  open loop stepper-harmonic d r i v e  m e e t s  de s ign  o b j e c t i v e s  wi th  
accep tab le  weight ,  power, and p ro jec t ed  l i f e .  - 
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Sect ion  2 - Comparison of Scan Drive Mechanisms 

DESCRIPTION OF HARMONIC DRIVE 

The harmonic d r i v e  i s  a n  aerospace  proven power t ransmiss ion  device  t h a t  uses  the  
e l a s t i c  p r o p e r t i e s  of metals t o  e f f e c t  a d i f f e r e n t i a l  motion between engaging mem- 
b e r s  and thus  achieve  a high v e l o c i t y  r a t i o .  I ts  outs tanding  f e a t u r e s  a r e  g r e a t  
t o r s i o n a l  r i g i d i t y ,  and the  a b i l i t y  t o  achieve  a ve ry  high speed r a t i o  without  
i n t e rmed ia t e  s h a f t s ,  

Harmonic Drive - The harmonic d r i v e ,  of 10 yea r s  ago by t h e  USM Corporat ion,  
has  been engineered f o r  both i n d u s t r i a l  and ae rospace /mi l i t a ry  a p p l i c a t i o n s ,  such 
as  missi les ,  s a t e l l i t e s ,  t h e  Apollo Lunar Rover, and o t h e r s .  It i s  a v a i l a b l e  i n  
s t o c k  des igns  i n  a wide range of s i z e s .  

An i l l u s t r a t i o n  of t h e  harmonic d r i v e  p r i n c i p l e  i s  shown i n  F igure  A. 
c o n s i s t s  of t h r e e  primary elements:  a f l e x i b l e  s p l i n e  which appears  as  a normal 
g e a r ,  a c i r c u l a r  s p l i n e  which i s  s i m i l a r  t o  an  i n t e r n a l  g e a r ,  and a wave g e n e r a t o r ,  
The f l e x i b l e  s p l i n e  i s  d e f l e c t e d  by the  wave gene ra to r  i n t o  an e l l i p t i c a l  shape 
and c o n t a c t s  t h e  c i r c u l a r  s p l i n e  i n  two areas.  Rota t ion  of t h e  wave gene ra to r  
causes  t h e  major a x i s  of t h e  e l l i p s e  t o  r o t a t e .  The r e s u l t a n t  p rog res s ive  meshing 
of f l e x  s p l i n e  and c i rcu lar  s p l i n e  t e e t h  l eads  t o  d i f f e r e n t i a l  a c t i o n ,  because of 
t h e  d i f f e r i n g . t o o t h  numbers. 
ber - -  r e s u l t s .  

e p i c y c l i c  gea r  t r a i n .  However, t he  harmonic d r i v e ' s  load ca r ry ing  c a p a c i t y  i s  
g r e a t e r  t han  f o r  a convent iona l  gear  t r a i n  because the  load i s  c a r r i e d  a t  two 
oppos i t e  a r e a s  i n  t h e  s p l i n e  mesh a n d i s  d i s t r i b u t e d  over a number of s p l i n e  t e e t h  
a t  each a r e a  of c o n t a c t ,  
i n  r o l l i n g  contact--which i s  necessary  because of t he  r e l a t i v e  motion between t h e  
mating t e e t h - - t h e  harmonic d r i v e  has  e s s e n t i a l l y  ze ro  v e l o c i t y  a t  t h e  po in t  of 
c o n t a c t .  
c o n t a c t ,  harmonic d r i v e  t e e t h  have area c o n t a c t .  

t he  f l e x  s p l i n e  and the  c i r c u l a r  s p l i n e  ( i t  i s  e s t ima ted  t h a t  on ly  a maximum of two 
pe rcen t  s l i p  occurs  between t h e  two members under f u l l  l o a d ) ,  a more optimum l u h r i -  
c a t i o n  system than  f o r  o t h e r  d r i v e s  i s  f e a s i b l e .  The c i r c u l a r  s p l i n e  can be gold 
p l a t e d  t o  provide a low-s t ress  shear  s u r f a c e ,  and the  mating t e e t h  can be coa ted  
with a vacuum g r e a s e ,  A r e s e r v o i r  can be loca ted  a d j a c e n t  t o  t h e  gear  mesh, a s s u r -  
ing  molecular  f low a c r o s s  the  meshing s p l i n e s ,  support  bea r ings ,  and out  t o  the  
l a b y r i n t h  seals .  

be a non-ro ta t ing  element ,  t h e  s t eppe r  motor and wave gene ra to r  can be packaged a s  
a he rme t i ca l ly  s e a l e d  u n i t ,  o f f e r i n g  improved bear ing  l i f e  as  a r e s u l t  Of optimum 
l u b r i c a t i o n  techniques ,  
a p p l i c a t i o n s .  

One of t h e  l i m i t a t i o n s  of the  harmonic d r i v e  i s  t h e  tendency t o  seek a pre-  
f e r e n t i a l  p o s i t i o n  of t h e  f l e x i b l e  s p l i n e .  
o r i e n t a t i o n ,  the  f l e x i b l e  s p l i n e  tends  t o  seek a n  e l l i p t i c a l  p o s i t i o n  a t  a f i x e d  
angu la r  l o c a t i o n .  Therefore ,  when t h e  d r i v e  i s  stopped a t  some o the r  p o s i t i o n ,  t h e r e  
i s  a tendency t o  s p r i n g  back. Since a permanent-magnet s t eppe r  motor i s  being used ,  
t h e  motor r e s t o r i n g  f o r c e s  w i l l  oppose t h e  torque  genera ted  by t h e  f l e x i b l e  s p l i n e .  
This  to rque  input  i s  a measurable va lue  and i s  inc luded  i n  the  harmonic d r i v e  s p e c i -  
f i c a t i o n  t o  a s s u r e  t h a t  the p o s i t i o n  accuracy  i s  we l l  w i t h i n  t h e  a l l o t t e d  t o l e r a n c e  
band. Typ ica l ly ,  t h e  maximum p r e f e r e n t i a l  p o s i t i o n i n g  torque  i s  0 .3  oz - in .  o r  l e s s .  

An a p p l i c a t i o n  of t he  harmonic d r i v e  t o  the  BSU scanner  i s  desc r ibed  i n  d e t a i l  
i n  Sec t ion  3 .  

It 

A slow r o t a t i o n  of t h e  f l e x  s p l i n e - - t h a t  ou tput  mem- 
The d i r e c t i o n  of r o t a t i o n  i s  oppos i t e  t o  t h a t  of t h e  wave gene ra to r .  

The outward a c t i o n  of t h i s  assembly i s  i d e n t i c a l  t o  t h a t  of a d i f f e r e n t i a l  

Unlike a gear  which uses  an  invo lu te  p r o f i l e  r e s u l t i n g  

Therefore ,  where gear  t e e t h  have r o l l i n g  a c t i o n  which i s  e s s e n t i a l l y  l i n e  

Because of t h e  lower c o n t a c t  stresses and near -zero  r e l a t i v e  v e l o c i t y  between 

Another advantage of t h e  harmonic d r i v e  i s  t h a t ,  s i n c e  the  f l e x i b l e  s p l i n e  can 

This unique f e a t u r e  has  been e x p l o i t e d  i n  a number of 

Due t o  r e s i d u a l  s t r e s s e s  and g r a i n  
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Responsyn - Another harmonic drive device considered in the scan drive com- 
parison was the Responsyn. This device is a variation of the basic harmonic drive, 
and is also made by the USM Corporation. It incorporates the harmonic drive into 
a stepper motor. The mechanical wave generator is replaced by a rotating magnetic 
field which flexes the internal spline, This greatly simplifies the assembly and 
provides a minimum weight actuator as well as the highest response and damping 
characteristics. The Responsyn, however, requires power to retain position, and the 
driving power and average holding power combined are excessive and exceed the 
allotted power budget. 
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Sect ion  2 - Comparison of Scan Drive Mechanisms 

DESCRIPTION OF GEAR TRAIN 

A number of problems are inhe ren t  i n  us ing  a gea r  t r a i n  t o  reduce the  s t eppe r  motor 
speed down t o  output  s h a f t  speed. The most s e r i o u s  problems a r e  (1) backlash ,  which 
a f f e c t s  accuracy ,  and (2) workinp s t r e s s e s  i n  t h e  mechanism, which o f f s e t  s e r v i c e  l i f e ,  

A scanner  g e a r  d r i v e  which w a s  designed i n  d e t a i l  t o  e s t a b l i s h  the  conf igura-  
t i o n  t o  be compared i s  shown i n  t h e  f i g u r e  on t h e  f ac ing  page. Because it  was 
important  t o  reduce system i n e r t i a  r e f l e c t e d  t o  t h e  motor s h a f t ,  t h e  i n i t i a l  g e a r s  
were made as  small p h y s i c a l l y  a s  poss ib l e .  It was a l s o  p o s s i b l e  t o  use r e l a t i v e l y  
f ine - too thed  g e a r s  because t r ansmi t t ed  to rques  a r e  a t  t h e i r  lowest i n  t h e  input  
end. Add i t iona l ly ,  i t  was d e s i r a b l e  t o  make t h e  output  gea r - - the  l a s t  g e a r ,  which 
i s  mounted on t h e  mi r ro r  s h a f t - - a s  l a r g e  as  p o s s i b l e ,  s i n c e  t h e  l a r g e  r a d i u s  of 
a c t i o n  gained thereby  would minimize l o s t  angular  motion due t o  backlash .  

With these  g u i d e l i n e s  i n  mind, gear  s i z e  and mesh r a t i o s  had t o  be chosen, 
An o v e r a l l  r a t i o  of 80:l would normally be achieved i n  t h r e e  passes .  
chosen were 13:56, 14:52, and 20:100, f o r  t h e  f i r s t ,  i n t e rmed ia t e ,  and f i n a l  
meshes r e s p e c t i v e l y ,  When m u l t i p l i e d  toge the r  t hese  r a t i o s  gave the  d e s i r e d  r a t i o  
of 80 : l .  Note t h a t  t oo th  numbers f o r  t h e  f i r s t  and in t e rmed ia t e  meshes a re  not  
m u l t i p l e s  so t h a t  c y c l i c  wear problems could be avoided.  The r a t i o  of t h e  f i n a l  
pass  a l s o  i s  a n  i n t e g r a l  m u l t i p l e ,  even though the  output  s h a f t  o s c i l l a t e s  and 
does not  go through a complete r e v o l u t i o n ,  The d i ame t ra l  p i t c h e s  of t he  t h r e e  
meshes were 120,  64 ,  and 48 f o r  f i r s t ,  i n t e r m e d i a t e ,  and output  r e s p e c t i v e l y .  

Backlash i s  always a p o t e n t i a l  problem i n  a geared system. 
of i t  i s  normally provided t o  minimize chances of i n t e r f e r e n c e ,  However, t h e  
po in t ing  accuracy  requirement  of t h e  BSU instrument  w i l l  no t  t o l e r a t e  t h e  normal 
amount of backlash ,  Accordingly,  g e a r s  of v e r y  high p r e c i s i o n  would be r e q u i r e d ,  
and would have t o  be lapped toge the r  by running- in  t o  ensure  meshes of v i r t u a l l y  
ze ro  backlash,  It was c a l c u l a t e d  t h a t  t h e  maximum a l lowable  backlash a t  t h e  ou t -  
pu t  mesh would be 0.0018 i n .  A t o l e r a n c e  a n a l y s i s  of t h e  gear  t r a i n  was made and 
i t  was determined t h a t  t he  output  mesh i t s e l f  had a backlash of 0.0016 i n . ,  wi th  
c o n t r i b u t i o n s  of 0.0008 i n .  and 0.0005 in .  from t h e  in t e rmed ia t e  and f i r s t  meshes, 
r e s p e c t i v e l y ,  g iv ing  a t o t a l  backlash of 0.0029 i n .  This f i g u r e  was cons idered  
t o  be accep tab le  c l o s e  t o  t h e  a l lowable  0.0018 i n . ,  because v a r i o u s  s t e p s  could be 
taken t o  reduce t h e  backlash ;  f o r  example, lapping the  gea r  t e e t h  t o g e t h e r ,  making 
p a r t s  i n t e g r a l l y  t o  e l i m i n a t e  some f i t s ,  and making a more r e a l i s t i c  e r r o r  a n a l y s i s  
t ak ing  r m s  averages  of t h e  random-type e r r o r s .  
achieved by using g e a r s  of 14.5-degree p re s su re  ang le ,  r a t h e r  than  t h e  more common 
20-degree p re s su re  angle .  This l a s t  s t e p  a lone  would l ead  t o  a 30-percent r educ t ion  
i n  backlash.  

Any wear i n  t h e  g e a r s  would show up d i r e c t l y  a s  i nc reased  backlash and the  t i g h t n e s s  
of  t h e  meshes would hamper good l u b r i c a t i o n ,  whether l i q u i d  l u b r i c a n t s  o r  bonded 
f i l m s  were used. These f a c t o r s  compromise g e a r  l i f e .  

It should be noted t h a t  t h e  number of  g e a r  passes  i s  not  too  important  w i t h  
r e s p e c t  t o  backlash-- the g r e a t e s t  c o n t r i b u t o r  t o  backlash a t  t he  output  gea r  i s  t h e  
l a s t  gea r  mesh. Backlash a t  t h e  o t h e r  meshes i s  decreased cons ide rab ly  when r e -  
f l e c t e d  t o  the  output  s h a f t .  

A p o t e n t i a l  l i f e  problem with a system using spur  g e a r s  a r i s e s  from the  r a t h e r  
h igh  and complex p a t t e r n  of con tac t  stresses i n  t h e  gea r  t e e t h .  For the  system t h a t  
was des igned ,  t he  h ighes t  such stress i n  dynamic ope ra t ion  was 19,000 p s i .  This 
c o n t r a s t s  unfavorably wi th  d r i v e  systems which do not  have the  same problems of l i n e  
c o n t a c t  and consequent high stresses. It i s  a l i f e - r e d u c i n g  f a c t o r .  

The r a t i o s  

A c e r t a i n  amount 

Also ,  a s i g n i f i c a n t  g a i n  could be 

A g r e a t e r  problem than  achiev ing  s p e c i f i e d  accuracy  might be main ta in ing  i t .  
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Some a d d i t i o n a l  disadvantages of t he  geared system were noted,  such as  high 
bear ing  count ,  which l eads  t o  added procurement, manufactur ing,  and in spec t ion  
c o s t s .  
s t r a igh t fo rward  design.  
t h e  geared system less d e s i r a b l e  than systems using harmonic d r i v e s ,  

Some p o s i t i v e  f e a t u r e s  of t h e  des ign  a r e  r e l a t i v e l y  low weight (3.5 lb )  and 
However, i n  t h e  ba lance ,  the  many apparent  problems make 
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ervo were eva lu  t d as 

S e c t i o n  2 - Comparison of Scan Drive Mechanism 

DESCRIPTION OF DIRECT DRIVE SERVO 

The requirements  f o r  a d i r e c t - d r i v e  v e l o c i t y  n a l t e r n a t i v e  
t o  t h e  stepper-motor gear  approach. Two conf igu ra t ions  were cons idered:  a brush 
type  dc  torque  motor w i th  a r e s o l v e r  and tachometer;  and a b r u s h l e s s  dc motor wi th  
a 14 -b i t  encoder f o r  p o s i t i o n  and v e l o c i t y  feedback.  

The system requirements  i n d i c a t e  t h a t  t h e  servo  des ign  problems are speed 
of response and accuracy.  F u r t h e r ,  an  a n a l y s i s  of  t h e  loop t r a n s f e r  f u n c t i o n  
i s  r equ i r ed  t o  d e f i n e  t h e  component parameters .  

DC torque  motors are i d e a l  f o r  d i r e c t  d r i v e  (no g e a r s )  because they  provide 
h igh  a c c e l e r a t i o n  and d e c e l e r a t i o n  whi le  ma in ta in ing  c o n t r o l  a t  a l l  speeds up t o  
t h e  no-load speed of t h e  motor.  Another advantage i s  ze ro  backlash  s i n c e  t h e  
load i s  d i r e c t l y  coupled t o  t h e  n o t o r ,  wi th  no wear s u r f a c e s  t o  be l u b r i c a t e d  
except  s h a f t  bea r ings .  

c o n t r o l  t h e  scan  m i r r o r  p o s i t i o n  and scan rate.  
s i m p l i f i e d  b lock  diagram of t h e  v e l o c i t y  servo  wi th  t h e  loop f u n c t i o n s .  
motor-load t r a n s f e r  f u n c t i o n  a l s o  inc ludes  t h e  induc t ive  (L/R time cons t an t  of 
t h e  motor.  I t  can  be neglec ted  f o r  small motors where t h e  t i m e  cons t an t  i s  a few 
m i l l i s e c o n d s .  

During the  s tep-dwel l  pe r iod ,  t h e  load a c c e l e r a t i o n  and d e c e l e r a t i o n  must 
be c o n t r o l l e d  t o  t h e  d e s i r e d  damped response c h a r a c t e r i s t i c s .  
i s  not  taken ,  t h e  ga in  and frequency of t h e  a m p l i f i e r  w i l l  have t o  be g r e a t e r .  
Th i s  i s  one of t h e  t r a d e o f f s  t o  be considered i n  the  d i . rec t  se rvo  des ign .  I n  
c o n t r a s t ,  t h e  retrace and c a l i b r a t i o n  sequence r e q u i r e  only  t h a t  a s p e c i f i c  average 
v e l o c i t y  be maintained t o  a r r i v e  a t  t h e  commanded p o s i t i o n  i n  phase wi th  the  
sequence l o g i c .  The d r i v e  motor feedback requirements  a r e  determined by t h e  
peak a c c e l e r a t i o n  of t he  s tep-dwel l  per iod .  

permanent-magnet, dc motor wi th  tachometer and r e s o l v e r  feedback;  and (2) a 
brus l i less  dc motor w i th  d i g i t a l  encoder f o r  v e l o c i t y  and p o s i t i o n  feedback. 
The brush motors w i t h  tachometer and r e s o l v e r  feedback are  t h e  more convent iona l  
type  of d i r e c t - d r i v e  servo.  Brushless  motors a r e  most d e s i r a b l e  s i n c e  they  
e l i m i n a t e  a source  of wear and drag.  
t i m e s  h e a v i e r  f o r  t h e  same torque  as t h e  brush  type i f  t hey  are  t h e  mul t i -pole  
permanent-magnet type ,  and h e a v i e r  s t i l l  i f  t hey  a r e  t h e  eddy-current  type. 

The s e l e c t i o n  of  t r ansduce r s  f o r  p o s i t i o n  and v e l o c i t y  feedback i s  dependent 
on t h e  loop accuracy a t t a i n a b l e .  Resolver  accuracy i s  t y p i c a l l y  2 2  minutes  wi th  
temperature  compensation, and must be temperature  compensated. 

The r e s o l v e r s  pro- 
v i d e  d i r e c t  e r r o r  s i g n a l s  t o  the  p o s i t i o n  loop network. Using d i g i t a l  encoders 
t o  provide  v e l o c i t y  and p o s i t i o n  informat ion  r e q u i r e s  a t  l eas t  one b i t  between 
e r r o r  band l i m i t s  t o  avoid p o s i t i o n  ambiguity f o r  c o r r e c t i o n  commands. For the  
BSU scanner  t h i s  would r e q u i r e  a 14 -b i t  encoder.  The scan  l o g i c  would compare 
t h e  a c t u a l  p o s i t i o n  of t h e  encoder t o  an  equ iva len t  command p o s i t i o n .  
d i f f e r e n c e  i s  decoded and converted t o  a n  analog s i g n a l .  

parameters, and weight  and power requirements .  

The d i r e c t  d r i v e  servo  r e q u i r e s  v e l o c i t y  and p o s i t i o n  feedback t o  proper ly  
The f i g u r e  oppos i t e  i s  a 

The 

I f  t h i s  approach 

I 

The two approaches t o  the  d i r e c t  s e rvo  des ign  are:  (1) a brush- type ,  

However, they  are approximately 3 t o  5 

Higher accuracy i s  a t t a i n a b l e  wi th  pancake r e s o l v e r s .  

The 

An a n a l y s i s  of  t h e  systeln behavior  i s  r equ i r ed  t o  determine performance 
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Sec t ion  2 - Comparison of Scan Drive Mechanisms 

ANALYSIS OF THE DIRECT DRIVE SERVO 

A d i r e c t  d r i v e  servo  system us ing  a brush motor- tachometer-resolver  conf igu ra t ion  was 
designed and analyzed t o  determine whether i t  could meet the  performance o b j e c t i v e s ,  
Although t h e  performance o b j e c t i v e s  can be ob ta ined ,  t h e r e  i s  a s i g n i f i c a n t  weight 
p e n a l t y  t o  us ing  a d i r e c t  d r i v e  servo.  

The a n a l y s i s  showed t h a t  a t t a inmen t  of t h e  high-frequency response r equ i r ed  
excess ive  a m p l i f i e r  g a i n  wi th  brush motor capable  of meeting a c c e l e r a t i o n  torque.  
The motor s i z e  was inc reased  t o  reduce t h e  r equ i r ed  a m p l i f i e r  ga in .  The s e l e c t e d  
motor weighs 4 l b  wi th  an  a m p l i f i e r  g a i n  of 84. T o t a l  d r i v e  weight inc luding  
e l e c t r o n i c s  i s  e s t ima ted  t o  be 7 l b .  

The d i r e c t  d r i v e  servo  a n a l y s i s  was based on matching the  loop frequency 
response and system t i m e  cons t an t  wi th  t h e  mechanical  t i m e  cons t an t  of t h e  load  
and motor.  
motor.  
power r a t e  d i s s i p a t i o n  vs.  ga in .  The motor and a m p l i f i e r  were then s e l e c t e d  from 
a range of r easonab le  va lues .  

The system time cons tan t  determines t h e  v e l o c i t y  cons t an t  of t h e  
From t h e  v e l o c i t y  c o n s t a n t ,  to rque  and a m p l i f i e r  g a i n  were eva lua ted  f o r  

The assumed servo  d r i v e  response curve i s  shown i n  t h e  f i g u r e .  Acce le ra t ion  
i s  l i m i t e d  t o  0 .1  of t h e  ampli tude and occurs  i n  0 .01  s .  The 10 t o  90% r i se  time 
i s  a t  cons t an t  v e l o c i t y  and i s  w e l l  damped t o  f i n a l  p o s i t i o n .  For t h e  assumed 
response cur  e shown, t h e  a c c e l e r a t i o n  torque  r e q u i r e d  f o r  a mir ror  i n e r t i a  of 
0 .13  i n - l b - s  i s  163 oz- in .  
motor wi th  a peak torque of 200 oz- in .  i s  r equ i r ed .  
a p p l i c a t i o n  i s  a Magtech Model 5125B-072 motor.  

’tz Adding breakaway torques  f o r  motor and bea r ings ,  a 
A t y p i c a l  motor f o r  t h i s  

From t h e  t r a n s f e r  func t ion  the  system n a t u r a l  angu la r  f requency and damping 

The system n a t u r a l  frequency f o r  a 10 m s  a c c e l e r a t i o n  pe r iod  i s  100 r a d / s .  
mechanical t i m e  cons t an t  using the  200 oz- in .  motor i s  

The 

yq = - = 0 . 1 3  x 16 = 0.8 s ,  
F 2.6 

which i s  much g r e a t e r  than  t h e  r equ i r ed  0 . 0 1  s ,  
o b t a i n  the  t i m e  c o n s t a n t ,  t ake  t h e  r a t i o  of t h e  v e l o c i t y  cons t an t s :  

To c a l c u l a t e  t h e  r equ i r ed  ga in  t o  

2 
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With u n i t y  feedback (J$ = 1) t h e  a m p l i f i e r  g a i n  i s  u n r e a l i s t i c .  The a l t e r n a t i v e  
was t o  i n c r e a s e  motor s i z e  ( t o  reduce t h e  mechanical time cons t an t )  t o  b r ing  
a m p l i f i e r  g a i n  t o  a reasonable  val.ue. 
t he  torque  cons t an t  (Kt) and an  F = 12.5  oz- in .  r a d / s ,  

Se l ec t ing  a 400 oz- in ,  motor wi th  twice 

A = 0.166 second 
rl 

n 

27 7 :.ka - = 138.5 2 

The g a i n  i s  reasonable  but  t h e  a m p l i f i e r  des ign  s t i l l  f a c e s  a power r a t e  problem. 
The s t a t i c  accuracy of the  system remains t o  be c a l c u l a t e d ,  but  because t h i s  
motor weighs 4 pounds wi th  peak power d i s s i p a t i o n  of 96 W t h e  c a l c u l a t i o n  i s  not  
of i n t e r e s t ,  

because of t h e  obvious weight pena l ty  of t he  dc servo  d r i v e .  
system wi th  encoder feedback would be a s  heavy and h i g h l y  underdamped, r e q u i r i n g  
e x t e r n a l  damping. 

The d i r e c t  d r i v e  servo  i s  not  recomnended f o r  the  TOVS scanner  f o r  t he  
fol lowing r easons ,  

No f u r t h e r  e f f o r t  was made t o  select  the  r equ i r ed  r e s o l v e r s  and tachometer 
A brush le s s  dc 

0 Scan d r i v e  weight - 6 t o  8 l b  ( inc luding  e l e c t r o n i c s )  
e Complex command and decoding l o g i c  r equ i r ed  
0 Power on r equ i r ed  t o  hold p o s i t i o n  
0 Detent l a t c h  r equ i r ed  dur ing  launch. 

1110-102-3 
I 

l o o  A I zl .125 DEGREE 

.01 s .035 s .05 s 
ASSUMED DISPLACEMENT-TIME PROFILE FOR DIRECT 
DRIVE SERVO SHOWING ACCELERATION PHASE, AND 
DECELERATION WITH CRITICAL DAMPING. 
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Sect ion  3 - Scan Mechanism Design 

CHOICE OF SCANNER CONFIGURATION 

Arrangement of the  scanner components r e s u l t e d  i n  a simple a x i a l  design. 
t radeoff  necessary involved t h e  loca t ion  of the  encoder,  which was loca ted  on the  
output  s h a f t  f o r  phasing accuracy, s i z e  c o n s t a i n t s ,  and n e g l i g i b l e  r e f l e c t e d  i n e r t i a  
to  t h e  d r i v e  motor. 

The only  

Several  conf igura t ions  were considered t o  provide a scanner which assured 
component a l ignment ,  mFnimum support  s t r u c t u r e  ( for  weight cons idera t ions)  , and 
checkout of d r i v e  performance a t  f i n a l  assembly. 

f i g u r a t i o n  and r equ i r ed  by the  harmonic d r ive .  
The scanner has seve ra l  design c o n s t r a i n t s  der ived  from t h e  instrument con- 

Size of the  scan assembly--11.0 i n .  diameter by 16.5-in.  l ength .  
Phasing of encoder and mirror ,  
Motor load--reduce a l l  i n e r t i a  loads t o  the  motor t o  enable use of 
minimum s i ze  motor, 
Provide f o r  motor output  torque t e s t s .  

The packaging c o n s t r a i n t s  a r e  shown i n  Figure A ,  
requi red  f o r  bear ing and scan housing, only 3 i n .  a r e  a v a i l a b l e  f o r  the  motor 
and i t s  support  s t r u c t u r e ,  This ,  i n  t u r n ,  becomes a c o n s t r a i n t  on s e l e c t i n g  the  
motor and encoder. 
loca ted  on a c m o n  axis ,  s implifying the  s t r u c t u r e  and assembly. 

and c a l i b r a t i o n  sequence. The 9 - b i t  encoder,  mi r ro r ,  and instrument o p t i c a l  a x i s  
m u s t  be i n  phase t o  determine the  viewing angle  of the  1.125-degree f i e l d  of view, 

There are two poss ib l e  loca t ions  of t h e  encoder: on the  output  s h a f t ,  o r  a t  
the motor. The encoder a t  t he  output s h a f t  i s  a s i n g l e  d i s c  m u l t i t r a c k  u n i t .  I f  
loca ted  on t h e  motor,  t he  encoder e i t h e r  must be geared down t o  t h e  same r a t i o  
a s  t h e  harmonic d r i v e  or m u s t  use a m u l t i - t u r n  encoder. To keep t h e  i n e r t i a  load- 
ing a t  LO percent  or less of the  motor r e q u i r e s  a small diameter with more t u r n s  
t o  reso lve  9 b i t s .  The t y p i c a l  s i z e  of a u n i t  t h a t  w i l l  meet t hese  requirements 
i s  such t h a t  t h e  combined motor and encoder assembly could not  be packaged i n  
the  a v a i l a b l e  space. 

t o  check motor performance a f t e r  assembly and environmental. t e s t i n g .  Access t o  
t h e  f r e e  end of the  motor s h a f t  i s  necessary t o  couple t o  a dynamic torque t e s t  
f i x t u r e .  

The d r ive  assembly i s  shown i n  Figure B. 
based upon t h e  d r i v e  a n a l y s i s  descr ibed i n  the  remainder of t h i s  s e c t i o n ,  

Considering the  space 

Se lec t ion  of t he  harmonic d r ive  permits a l l  components t o  be 

A s h a f t  encoder i s  requi red  t o  read out  mir ror  pos i t i ons  throughout the  scan 

One f e a t u r e  t o  be included i n  the  ope ra t iona l  scanner design i s  the  a b i l i t y  

The components shown were s e l e c t e d  
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FIGURE A. OUTLINE OF SCAN DRIVE ASSEMBLY SHOWING PACKAGING 
CONSTRAINTS OF MIRROR, HARMONIC DRIVE,  AND MOTOR 

' I G U m  B. BSU HARMONIC DRIVE SCANNER MECHANISM 
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S e c t i o n  3 - Scan Mechanism Design Analysis  

SELECTION OF MOTOR AND DRIVE RATIO FOR RETRACE 

A permanent-magnet, 90-degree s t e p p e r  motor w i th  a n  output  to rque  of  3.0 oz-in.  
a t  100 pps and a n  80:l r educ t ion  r a t i o  d r i v e s  t h e  m i r r o r  81 degrees  i n  0.72 s ,  
as r equ i r ed  by t h e  scan  sequence. S e l e c t i o n  of t h e  motor,  d r i v e  r a t i o ,  and s t e p  
rate i s  based upon s a t i s f y i n g  the  c a l c u l a t e d  torque-speed curve .  

Motor and Drive Rat io  Requirements - The scan  motor must d r i v e  t h e  scan 
m i r r o r  under two d i f f e r e n t  loading  c o n d i t i o n s .  The s tep-dwel l  per iod  r e q u i r e s  
t h e  motor t o  d r i v e  t h e  m i r r o r  1.125 degrees  i n  0 .05 s eve ry  0 .1  s and retrace 
81 degrees  i n  0.72 s ,  o r  1.125 degrees  every  0.01 s .  The retrace determines 
motor a c c e l e r a t i o n  requirements ,  whi le  t h e  s t e p - s e t t l i n g  determines t h e  damping. 
The mechanism i s  f i r s t  designed t o  s a t i s f y  t h e  r e t r a c e  rate and then  checked 
f o r  damping c h a r a c t e r i s t i c s .  

90-degree s t e p  ang le s .  Fo r  a m i r r o r  s t e p  angle  of  1 .125-degreesY d r i v e  r a t i o s  
of  40, 80, 120, o r  160:l are requ i r ed ,  w i th  corresponding s t e p  rates (50, 100, 
150, e t c . ) .  

two requirements:  (1) t h e  torque  r equ i r ed  t o  accelerate t h e  load ,  and ( 2 )  t h e  
average torque  r equ i r ed  t o  d r i v e  t h e  load  a t  a s p e c i f i c  p u l s e  r a t e .  
t h e  retrace rate i s  1.125-degrees every 0.010 s ,  t h e  c h a r a c t e r i s t i c s  of  t h e  
s t e p p e r  motor do not  r e q u i r e  t h e  motor t o  t ravel  one s t e p  angle  i n  0.01 s t o  
accelerate t h e  load t o  cons t an t  v e l o c i t y .  It i s  necessary  only  t o  r o t a t e  through 
h a l f  t h e  s t e p  ang le  dur ing  t h e  f i r s t  p u l s e .  The next  pu l se  w i l l  i n c r e a s e  motor 
a c c e l e r a t i o n  s i n c e  t h e  mass now has  angular  momentum i n  t h e  d i r e c t i o n  of r o t a t i o n .  
Typ ica l ly  t h e  motor " locks in" a t  t h e  pu l se  r a t e  w i t h i n  two o r  t h r e e  s t e p s .  Th i s  
c h a r a c t e r i s t i c  w i l l  reduce t h e  motor to rque  r e q u i r e d .  

Determining Average and Peak Torque Requirements - The average torque  re- 
qu i r ed  t o  d r i v e  t h e  motor a t  112.5 degrees  p e r  secondis  t h e  d i f f e r e n c e  between 
t h e  a c c e l e r a t i o n  and t h e  equ iva len t  to rque  provided by t h e  angu la r  momentum of 
t h e  mass, as shown i n  equat ion  (1). Added t o  t h i s  va lue  are to rques  necessary  
t o  overcome f r i c t i o n  and d e t e n t  to rque ,  as shown i n  equa t ion  ( 2 ) .  

Permanent-magnet s t e p p e r  motors are a v a i l a b l e  wi th  e i t h e r  45-degree o r  

Basis f o r  Motor S e l e c t i o n  - S e l e c t i o n  of t h e  s t e p p e r  motor i s  based upon 

Although 

(1) 
= J = [  L2 4- J d + i , ]  - 0 

2 t 
(,) Tpeak (N 1 

= wave gene ra to r  i n e r t i a ,  J = JL + JWSG S 
where J = scan  mi r ro r  i n e r t i a ,  
0 = motor s t e p  ang le ,  N = d r i v e  r a t i o ,  t = t i m e ,  TF = f r i c t i o n  to rque ,  and 
TDT = d e t e n t  t o rque .  

45-degree s t e p  angle  and twice  t h e  s t e p  ra te ,  t h e  peak torques  would double .  
The average torque  would a l s o  i n c r e a s e .  

mechanism f o r  d r i v e  r e d u c t i o n .  
s e l e c t i n g  t h e  smallest harmonic d r i v e  t h a t  w i l l  meet t h e  requi red  torque  and 
d r i v e  r a t i o .  
r a t i o ,  s i n c e  use  of a h ighe r  d r i v e  r a t i o ,  and, t h e r e f o r e ,  a h ighe r  s tep  r a t e ,  

L 

The r e s u l t s  are p l o t t e d  i n  the  f i g u r e  f o r  a 90-degree s t e p  ang le .  For a 

S e l e c t i o n  of  Drive Ra t io  - A harmonic d r i v e  i s  used i n  t h e  scan  d r i v e  
The space and weight budgets  n e c e s s i t a t e  

However, a t r a d e o f f  must be made between r equ i r ed  torque  and d r i v e  
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r equ i r e s  less torque.  

reduct ion  r a t i o  of 8O:l) i s  wel l  wi th in  the  range o f  the  smal les t  harmonic 
d r i v e  ( s i z e  IC).  Although an increase  i n  s t e p  rate and d r i v e  r a t i o  would r e -  
duce the  torque required t o  d r ive  the  scan mi r ro r ,  an increase  beyond the  d r i v e  
r a t i o  range ava i l ab le  f o r  a 1 C  harmonic d r i v e  would r equ i r e  a l a r g e r  harmonic 
d r i v e ,  with a corresponding increase  i n  weight,  s i z e ,  and wave genera tor  i n e r t i a .  
Such an increase  would provide no system advantage. 

Se lec t ion  of Motor - From the  d a t a  presented i n  the  f igu re ,  the  se l ec t ed  
d r i v e  r a t i o  of 80:l based upon a 90-degree s tepper  a t  100 pps  r equ i r e s  8 oz- in .  
peak torque and 2 . 6  oz- in .  average torque.  Motors a r e  ava i l ab le  t h a t  meet o r  
exceed these  requirements;  e . g . ,  t he  15 P-03 from Computer Devices. The r a t i n g s  
a r e  f o r  single-phase d r i v e  a t  28V. 

The requi red  torque (based upon a s t e p  r a t e  of 100 pps and a d r ive  
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HARMONIC DRIVE RANGE 
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Sec t ion  3 - Scan Mechanism Design Analysis 

APPROACHES FOR CONTROLLING THE SETTLING CHARACTERISTICS 

To achieve the  des i r ed  response with minimum weight and power, t h e  c h a r a c t e r i s t i c  
response curve of the s t e p  dwell  per iod should be underdamped, with the l a s t  
crossover  of t h e  kO.1 degree e r r o r  band occurr ing  before  50 m s .  To con t ro l  t h e  
s e t t l i n g  c h a r a c t e r i s t i c s ,  t he  s lope  of the  motor performance curve can be se l ec t ed  
t o  provide the  requi red  damping. Other p o s s i b i l i t i e s  are modulation of t h e  appl ied  
vol tage  o r  t he  use of dynamic b rak in r .  

A motor capable of d r iv ing  the  load a t  t h e  100-pps r e t r a c e  rate can 
obviously s ing le - s t ep  i n  0.05 s .  How the  r o t o r  a r r i v e s  a t  i t s  f i n a l  p o s i t i o n  
(1.125 degrees)  i s  dependent upon the  damping. The response curve can be any 
shape between the  underdamped and t h e  c r i t i c a l l y  damped curve and even s l i g h t l y  
overdamped i f  t he  angle  i s  wi th in  the  e r r o r  band a t  0.05 s .  From t y p i c a l  curves 
p l o t t e d  i n  Figure A, only an underdamped response similar t o  curve B (which a l s o  
t r a v e l s  approximately ha l f  t h e  s t e p  angle  i n  0.010 s)  can be considered,  un less  
t h e  torque,  weight,  and power a r e  unnecessar i ly  increased .  

shown i n  Figure B .  The motor must provide the  a c c e l e r a t i o n  and average torque 
requirements shown by curve B .  The motor performance curve is  a func t ion  of 
t h e  a i r  gap only (assuming a l l  o t h e r  parameters are the  same). The smaller the  
a i r  gap, the  g r e a t e r , t h e  magnetic coupling between s t a t o r  and r o t o r ,  which pro- 
duces a higher  s t a l l  torque and de ten t  torque.  
reduced s ince  t h e  h igher  de t en t  fo rce  reduces motor output torque.  

The scanner d r i v e  damping i s  a func t ion  of v e l o c i t y  dependent parameters 
such as t h e  s lope  of  t he  torque-speed curve,  viscous damping, and e x t e r n a l  
e l e c t r o n i c  c i r c u i t  f e a t u r e s  (e .g . ,  dynamic braking,  r e t ro - to rqu ing ,  and modu- 
l a t i o n  of t he  appl ied  vol tage  during the  s ing le - s t ep  pe r iod ) .  The damping 

The motor torque-speed curves corresponding t o  the  response curves are 

The maximum s t e p  rate i s  

sources  are: 
Jr 

e Motor Damping Fac tor  - 
e Viscous Damping - 

Jc 
o Dynamic Braking - 

e Retro -Torquing - 

e Control led Veloci ty  - 
Grad i en t Jr 

(in-oz - s / r ad )  

Not p r e d i c t a b l e ;  should be less than  10% 
of t o t a l  damping t o  avoid changes i n  
response.  

A l l  motor windings a r e  grounded a f t e r  
power pulse  t o  d i s s ' i pa t e  cu r ren t s  generated 
from the  r o t o r  magnetic f i e l d .  

Momentarily applying a r eve r se  pulse  t o  the  
las t  phase t o  l i m i t  overshoot .  

A p p l i e s  vo l tage  modulation wi th in  t h e  0.050-s 
period t o  con t ro l  motor v e l o c i t y ,  reducing 
over shoot . 

+<The motor damping f a c t o r  can be s e l e c t e d ,  and the  dynamic braking and con t ro l -  
l ed  v e l o c i t y  grad ien t  are r e a d i l y  implemented. 

A model of t he  motor load combination desc r ib ing  t h e  motion and damping 
c h a r a c t e r i s t i c s  i s  r equ i r ed .  
be assembled and t e s t e d .  

Once confirmed by a n a l y s i s ,  a d r i v e  breadboard can 
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S e c t i o n  3 - Scan Mechanism Design Analys is  

MATH MODEL DESCRIBING SCANNER MOTION 

A l i n e a r i z e d  second o r d e r  equa t ion  d e s c r i b i n g  t h e  s t e p  set t le  motion o f  t h e  scanner  
w a s  developed on t h e  ITPR program. 
cent of  test  d a t a .  A s i m i l a r  a n a l y s i s  o f  t h e  BSU scanner  shows t h a t  t h e  s e l e c t e d  
motor and harmonic d r i v e  are capable  of  d r i v i n g  t h e  scan  m i r r o r  and meet ing t h e  
s i n g l e  step response and r e t r a c e  ra te .  

The model p r e d i c t e d  performance w i t h i n  10 per -  

The math model i s  used t o  de te rmine  whether a s p e c i f i c  motor w i l l  meet t h e  
s tep-dwel l  requi rements .  
c o n d i t i o n s .  

are de f ined  o p p o s i t e ) :  

The scanner  breadboard w i l l  e s t a b l i s h  a c t u a l  o p e r a t i n g  

The model i s  based on t h e  e q u a t i o n  of motion of  t h e  motor s h a f t  (symbols 

(1) 
0 

J0 + F0 = T 

A s  soon as t h e  motor r o t a t e s ,  t h e  m t o r  gene ra t e s  a reverse to rque .  
t h e  o u t p u t  t o rque ,  To,  i s  equa l  t o  t h e  app l i ed  torque  minus t h e  r e s t o r i n g  to rque  

Therefore ,  

Jg + F0 = TM - TR 

S u b s t i t u t i n g  motor c h a r a c t e r i s t i c s  

J R G  + FR0 - KtE + KtKeO + KrRO = 0 

Th i s  i s  

Kt @ = E - -  J R  

(3 )  

This  second o rde r  d i f f e r e n t i a l  equa t ion  i s  t h e  same as t h a t  of t h e  common sp r ing -  
mass-damper system. I n  o p e r a t i o n a l  form, t h e  s t e p  response i s  

1 
S 
- (5) 

Of a l l  t h e  model parameters ,  on ly  t h e  small v i scous  damping component of  t h e  
damping f a c t o r  i s  unknown. 
parameter .  The l / s  term is  t h e  t ransform of  a s t e p  i n p u t .  The denominator re- 
p r e s e n t s  t h e  c h a r a c t e r i s t i c  form 

E s t i m a t e s  from t h e  p a s t  t e s t  d a t a  were used f o r  t h i s  

2 
n s2 + 2 f u n  s + w 

where w 
we can ca . l cu la t e  t h e  response  t o  a s t e p  input  and de termine  t h e  damping f a c t o r  3’ 
r equ i r ed  of  t he  motor .  The r e q u i r e d  damping f a c t o r  i s  0.4  o r  g r e a t e r .  With t h e  
motor c h a r a c t e r i s t i c s  s u b s t i t u t e d  i n  t h e  denominator of e q u a t i o n  (5),  t he  n a t u r a l  
f requency and damping can be c a l c u l a t e d .  I f  i t  i s  g r e a t e r  than  0 . 4 ,  t h e  response 
w i l l  behave as p r e d i c t e d .  

The math model i s  f o r  t h e  cont inuous power c o n d i t i o n  on ly ,  b u t  i s  a good, 
wors t -case  approximation of  t h e  motor dynamics. How t h e  response  curve i s  modif ied 
wi th  v o l t a g e  modulat ion i s  dependent on t h e  d u t y  c y c l e ,  d e t e n t  t o rque ,  and dynamic 
b rak ing .  

i s  t h e  n a t u r a l  f requency and 4 i s  t h e  damping f a c t o r .  From t h i s  e q u a t i o n  n 
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DEFINITION OF SYMBOLS USED I N  TEXT 

Laplace t ransform v a r i a b l e  (complex frequency)  

t o t a l  system moment of i n e r t i a  a t  t h e  motor s h a f t  

ang le  of r o t a t i o n  of  motor s h a f t  (dot  i n d i c a t e s  t i m e  
d e r i v a t i v e )  

v i scous  damping 

app l i ed  v o l t a g e  

t o t a l  to rque  

app l i ed  to rque  

r e s t o r i n g  to rque  

app l i ed  torque  cons t an t  

e l e c t r i c a l  damping torque  cons t an t  

r e s t o r i n g  torque  cons t an t  

winding r e s i s t a n c e  

damping f a c t o r  

undamped n a t u r a l  f requency o f  o s c i l l a t i o n  

1110-102-4 - 
1.8 I--- 

. 5  = 0.2 

<c = 9.4 

\ 7'- o * 8  
L - c  = 1.0 

I 
1 

- -  
AMPL I TUDE 
RATIO 

0 'TT/ 2 'TT 3 =/2 T = e t - -  
RESPONSE TO STEP INPUT OF A SECOND ORDER SYSTEM. 
I S  USED TO DEFINE THE M I N I M U M  DAMPING REQUIRED TO S E n L E .  

THIS PLOT 

- EQUIVALENT 
To +0.1" 
E R R ~ R  BAND 
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Sec t ion  3 - Scan Mechanism Design Analys is  

PERFORMANCE PREDICTIONS BASED ON THE MATCH MODEL 

Using t h e  math model and t h e  c h a r a c t e r i s t i c s  of a commercially a v a i l a b l e  s i ze -15  
s t eppe r  motor d r iven  i n  a s ingle-phase  ser ies  mode, t h e  behavior  of t he  scanner 
i s  p r e d i c t e d  t o  meet t h e  s tep and s e t t l e ,  and r e t r a c e  requirements .  

The t ransform of t h e  motion equat ion  deveIo.ped i n  t h e  prev ious  t o p i c  must 
be c o r r e c t e d  f o r  a s ing le-phase  s e r i e s  d r i v e ,  s i n c e  motor cons t an t s  are  tabu-  
l a t e d  assuming s ingle-phase  center - tapped  ope ra t ion ,  The winding impedance i s  
doubled, changing t h e  motor cons t an t s  p r o p o r t i o n a l l y  t o  o b t a i n  t h e  transformed 
s t e p  response:  

= [ E  S 

KT 2 7  
J 

r , K F e  + FR 2K 

J s 2 +  [ RJ ] 2 s +  - 
I n  t h i s  equa t ion ,  E i s  t h e  a p p l i e d  vo l t age .  
t a b l e .  The s e l e c t e d  motor performatxe curve and c h a r a c t e r i s t i c s  a r e  shown i n  
F igure  A. The corresponding n a t u r a l  f requency and damping a r e  g iven  by 

Other symbols a r e  de f ined  i n  the  

S u b s t i t u t i n g  the  motor parameters  g iven  i n  t h e  t a b l e  l eads  t o  a value of w n 109 s-' and r=  0 . 4 3 ,  c l o s e  t o  t h e  va lues  d e s i r e d .  
The s o l u t i o n  of t h e  t r a n s f e r  equat ion  was done wi th  t h e  G . E .  Time Share 

program "Laplace Transform Invers ion ."  The program computes the  response i n  
t h e  domain of a l i n e a r  system whose Laplace t ransform i s  a s  the  r a t i o  of two 
polynomials.  The c a l c u l a t e d  response curve i s  shown i n  F igure  B. The curve 
shows t h a t  t h e  motor w i l l  a c c e l e r a t e  t h e  load t o  cons t an t  v e l o c i t y  w i t h i n  a 
few mi l l i s econds  and i s  damped t o  w i t h i n  p lus  and minus 0 . 1  degree i n  l e s s  than  
50 m s .  
t h e  scanner  a t  157 r a d / s  average v e l o c i t y  measured a t  t h e  motor s h a f t .  

t h e  e n t i r e  100-ms s t e p  i n t e r v a l .  
po in t  w h e r e  t h e  a c c e l e r a t i o n  i s  z e r o ,  t o  be r e a p p l i e d  j u s t  a s  t he  d e s i r e d  ang le  
i s  reached.  
d e s i r e d  e r r o r  band. 

= 

A t  t h e  re t race r a t e  of 100 pps ,  t h e  motor w i l l  be capable  of d r i v i n g  

This a n a l y s i s  i s  based on t h e  assumption t h a t  motor power i s  kept  on dur ing  
Power can  be removed dur ing  t h e  s t e p  a t  t h e  

It can then  aga in  be removed a f t e r  t h e  mi r ro r  s e t t l e s  wi th in  the  
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MOTOR PARAMETERS 
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20 OHMS/PHASE 
ROTOR INERTIA 5 gm -cm2 

~ ~ -~ 

KT = to rque  cons t an t  = 0.246 in . - lb /A (per phase) 

K = e l e c t r i c a l  dtimping cons t an t  = 0.1115 V/rad/s 

K = r e s t o r i n g  torque cons t an t  = 0 . 2 1 8 5  i n . - l b / r a d  (per phase) 

J = t o t a l  i n e r t i a  =: 30 X i n . - lb - s  ( inc ludes  r o t o r  alld 

e 

r 
2 

wave gene ra to r  i n e r t i a  and r e f l e c t e d  mi r ro r  i n e r t i a  a t  
t h e  motor) 

damping cons t an t  = 8 . 7  x lom4 i n . - l b - s / r a d  ( s lope  of t he  
motor response curve a t  a c c e l e r a t i o n  torque)  

R = windinn r e s i s t a n c e  = 20 ohms Der phase 
F = 
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FIGURE A.  MOTOR PERFORMANCE CURVE AT 28-V AND SINGLE-PHASE EXCITATION. 
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MOTOR. 
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Sect ion  4 - Design V e r i f i c a t i o n  

DESCRIPTION OF THE SCANNER MOCK-UP 

A mock-up of the  scan assembly was f a b r i c a t e d  so t h a t  t h e  pred ic ted  performance 
could be v e r i f i e d  by tes t ,  

The mock-up cons is ted  of a size-15 permanent-magnet s tepper  motor (Computer 
Devices N0.15 p-03  a 1OO:l harmonic d r i v e ,  the  mir ror  mass, and a p rec i s ion  
r e so lve r .  A 1OO:l r a t i o  was used s ince  an 80:l  d r i v e  was not  a v a i l a b l e  wi th in  
the  program schedule cons t r a in t s .  The simulated mirror  mass was increased t o  
r e f l e c t  the  equiva len t  load i n e r t i a  t o  the  motor, Wave generator  i n e r t i a  ( the 
most important load) i s  the  same f o r  any r a t i o  i n  a given d r i v e  s ize .  The r e -  
so lve r  was c a l i b r a t e d  t o  two arc-minute accuracy, The mock-up i s  shown i n  
Figure A. 

A motor d r i v e  c i r c u i t  and sequencer was f ab r i ca t ed  which was capable of 
d r iv ing  the  mock-up i n  the  c o r r e c t  step-dwell  and r e t r a c e  sequence. 
c i r c u i t  a l s o  allowed v a r i a t i o n  of the  power on/off cyc le  t o  the  motor during 
the  s t e p  per iod ,  and contained a l i m i t  counter t o  i s o l a t e  the  step-dwell  per iod 
for measuring s ing le - s t ep  response.  

The motor d r i v e  r equ i r e s  a dc power supply and pulse  genera tor .  
the  pulse  width and r a t e  w i l l  determine the  optimum duty cyc le  f o r  minimum 
scan power. A block diagram of the test  se tup  i s  shown i n  Figure B. 

The r e so lve r  i s  used t o  measure accu ra t e ly  the  output s t e p  amplitude dur- 
ing the  s t e p  per iod.  An induct ion r e so lve r  (Reeves Model 602) i s  used j u s t  
above the  n u l l  pos i t i on ,  
approximately 8.5 V, the  output of the  phase windings of the  r o t o r  i s  8.5 t imes 
the  s i n e  of t he  phase angle .  Up t o  four  o r  f i v e  degrees ,  the  s i n e  of the angle  
i s  l i n e a r  w i t h  the  phase angle ,  The change i n  amplitude of t he  5-kHz e x c i t a t i o n  
s i g n a l  i s  propor t iona l  t o  the  angular  displacement.  The response i s  recorded on 
a s torage  osc i l loscope  t r igge red  from the  d r iv ing  pulse  t o  the  motor. Only the  
peak of one-half  of the  5-kHz s igna l  i s  recorded. 

An important change made i n  the mock-up a s  a r e s u l t  of t e s t i n g  was the  r e -  
moval of the  s tandard USM corporat ion wave genera tor  and the  s u b s t i t u t i o n  of a 
s p e c i a l  twin r o l l e r  type having g r e a t l y  reduced i n e r t i a ,  
t h a t  permit ted acceptab le  dynamic performance t o  be achieved. 
s p e c i a l  wave genera tor  d id  not r equ i r e  any o the r  changes i n  the  design. 

The d r i v e  

Varying 

When the  primary windings a r e  exc i t ed  a t  5 kHz and 

It was t h i s  change 
Inc lus ion  of the  
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Sect ion  4 - Design V e r i f i c a t i o n  

PERFORMANCE OF THE BREADBOARD SCANNER 

Test ing  of t h e  breadboard scanner  furn,shed d a t a  on response t i m e ,  s t epp ing  r a t e ,  
and r e q u i r e d  power which showed t h a t  t h e  scanner  performance requirements  can be m e t .  

Response t i m e s  were determined by d i sp lay ing  t h e  r e s o l v e r  ou tput  on a s t o r a g e  
osc i l l o scope .  The r e s u l t a n t  g raph ic  r eco rd  permi t ted  a11 response parameters  t o  
be s tud ied .  Maximum s tepping  r a t e  was measured by observing t h e  h ighes t  i npu t  pu l se  
r a t e  t h a t  t h e  scanner  could fol low.  The r a t e  a t  which the  onse t  of e r r a t i c  opera-  
t i o n - - e a s i l y  observable  v i s u a l l y - -  occurred was taken a s  t h e  maximum s tepping  r a t e .  
Electr ical  power taken by the  system was determined by measuring v o l t a g e ,  which 
was v a r i a b l e ,  and cons ider ing  t h e  duty  c y c l e ,  which was known from t h e  d r i v e r  l o g i c  
des  ign  , 

t i m e  t o  f i r s t  c ros sove r ,  and t i m e  t o  se t t le  w i t h i n  t h e  e r r o r  band. Determinat ions 
of t hese  times a re  shown i n  F igures  A and B,  
ob ta ined  from the  o r i g i n a l  breadboard us ing  the  s t anda rd ,  e l l i p t i c a l - b e a r i n g  wave 
g e n e r a t o r ,  F i r s t  c rossover  i s  a t  28 m s ,  and s e t t l i n g  w i t h i n  t h e  e r r o r  band never 
occur s ,  because of t h e  h igh  i n e r t i a  of  t h e  s tandard  wave g e n e r a t o r .  F igure  B 
shows a t y p i c a l  performance curve obta ined  from t h e  breadboard wi th  a low i n e r t i a  
wave gene ra to r  f i t t e d ,  F i r s t  c rossover  i s  s t i l l  a t  about  28 m s ,  bu t  i n  t h i s  c a s e  
t h e  ou tpu t  does s e t t l e  i n ,  a t  about  40 m s .  

t h e  o r i g i n a l  scanner  breadboard with the  s tandard  wave g e n e r a t o r ,  t h e  h ighes t  i npu t  
f requency t h a t  could  be t r acked  wi th  system i n e r t i a  a t t a c h e d  was 85 Hz; whi le  t h e  
system requirement  was 100 Hz. This d e f i c i e n c y  was due t o  t h e  dominance of  input  
s h a f t  i n e r t i a  on system dynamics, and disappeared when t h e  low- ine r t i a  wave gener-  
a t o r  was i n s t a l l e d  t o  reduce t o t a l  input  s h a f t  i n r e r t i a .  
could t r a c k  a n  inpu t  of 125 Hz -- a 25% s a f e t y  margin. 

A t  28 V dc input  t o  t h e  motor ,  t he  power drawn by the  motor i s  19.6 W. Since 
t h e  power i s  a p p l i e d  i n  pu l ses  r a t h e r  than  cont inuous e x c i t a t i o n ,  t h e r e  i s  a duty  
cyc le  involved ,  and t h e  power averaged over  a n  8.0s s c a n - r e t r a c e  cyc le  i s  l ess ,  
For the  step-and-dwell  mode wi th  a t o t a l  power-on time of 30 m s ,  t he  average power 
input  i s  5.3 W ,  and f o r  t h e  r e t r a c e  mode it i s  1 .8  W (19.6W f o r  0 . 7 2 ~ 1 ,  f o r  a t o t a l  
of 7 . 1  W. The power l o s t  i n  t he  d r i v e  c i r c u i t  was not  measured, bu t  i s  c a l c u l a t e d  
t o  be about  0 .3  W. Changing the  wave gene ra to r  from s t anda rd  t o  t h e  double- 
e c c e n t r i c  type d i d  not  change the  power because n e a r l y ' a l l  t he  power i s  l o s t  i n  
motor winding r e s i s t a n c e ,  

of t h e  scanner  breadboard was conducted. 
and drove t h e  mechanism without  d i f f i c u l t y  a t  -26OC, a f t e r  a n  18-hour co ld  soak a t  
t h a t  temperature .  Degradation of motor performance a t  e l e v a t e d  temperatures  i s  
t o  be expected because of t h e  combined e f f e c t s  of i nc reased  winding r e s i s t a n c e ,  
reduced permanent magnet s t r e n g t h ,  and s l i g h t l y  inc reased  motor a i r  gap. 
temperature  a t  which t h e  onse t  of reduced performance (maximum s t e p  r a t e  reduced 
t o  90 Hz) was noted was 70°C-- we l l  above t h e  maximum p r e d i c t e d  scan motor 
temperature  of 4 3 0 ~ .  

Parameters  t h a t  are  a p p l i c a b l e  f o r  determining t h e  system response t i m e  a r e  

F igure  A i s  an  o s c i l l o s c o p e  t r a c e  

The parameter of s tepping  r a t e  i s  a measure of t h e  motor ' s  to rque  margin. For 

The improved system 

Because of t h e  importance of temperature  t o  motor performance, thermal t e s t i n g  
It was found t h a t  t h e  motor s t a r t e d  up 

The 

4- 2 FR 1110-102 



BECKMAN INSTRUMENTS,  I N C .  
A d v a n c e d  Technology Operat ions 
J. C. H a m m o n d  

1110-102-21 
- 

--- 
MOTOR 
ANGLE 
(RAD.) 1 - OUTPUT - 

- ANGLE - (DEG.) 
- 

T I M E  (MS) 

F I G U R E  A . R E S P O N S E  OF MOCK-UP SCANNER WITH STANDARD 
WAVE GENERATOR 

111-102-22 

1.57 
MOTOR 
ANGLE 

1 (RAD.)  

+0.l0 -1 

--7-------- -17 
OUTPUT 
ANGLE 
(DEG . ) 

T I M E  (MS) 
- -- 

F I G U R E  B . R E S P O N S E  OF MOCK-UP SCANNER WITH LOW-INERTIA WAVE GENERATOR 

FR 1110-102 4 - 3  



S e c t i o n  4 - Design V e r i f i c a t i o n  

CONCLUSIONS FROM BREADBOARD TESTING 

The performance of t h e  breadboard scanner  dur ing  t e s t i n g  m e t  o r  s i g n i f i c a n t l y  
exceeded bo th  s p e c i f i e d  and e s t a b l i s h e d  Foals .  

Conclusions drawn from scanner  breadboard t e s t i n g  were t h a t  s t epp ing  r a t e ,  
response t i m e ,  and d r i v e  inpu t  power were w i t h i n  t h e  r equ i r ed  l i m i t s .  Torque 
margin of  t h e  motor was found t o  b e . 3 2  pe rcen t .  To guarantee  t h e  r epor t ed  
performance, t o t a l  i n e r t i a  on the  inpu t  s h a f t  must no t  exceed 6 x l b - i n - s z .  
A b i l i t y  of  t h e  scanner  t o  o p e r a t e  a t  t h e  h i g h e s t  p red ic t ed  temperature  +43"C 
w a s  v e r i f i e d  . 

The scanner  mockup t e s t i n g  demonstrated t h e  importance of reducing  load 
i n e r t i a  and matching t h e  d r i v e  power and system damping. When system i n e r t i a  
w a s  reduced by t h e  a d d i t i o n  o f  t h e  double e c c e n t r i c  wave gene ra to r ,  t he  motor 
w a s  a b l e  t o  d r i v e  a t  125 pps,  p rovid ing  a 25 percent: margin on retrace speed 
wi th  t h e  s ize-15  motor.  

e r r o r  band i f  t h e  power were he13 cont inuous ly  du r ing  t h e  s t e p - s e t t l e  p e r i o d .  
By l i m i t i n g  the  power-on t i m e  and, t h e r e f o r e ,  t he  v e l o c i t y  and mass momentum 
a t  c ros sove r ,  t h e  a v a i l a b l e  damping was e f f e c t i v e  i n  l i m i t i n g  t h e  magnitude of 
t h e  overshoot .  A response time o f  50 m s  w a s  t h e  b a s e l i n e  requirement f o r  t h e  
scanner  breadboard.  

The 50 m s  response t i m e  was achieved comfortably,  wi th  very  l i t t l e  over -  
shoot  above t h e  e r r o r  band. Only a shor t , second a p p l i c a t i o n  of power a f t e r  t h e  
f i r s t  c rossover  was necessary  t o  achieve  i t .  

Desire f o r  a lengthened s i g n a l  i n t e g r a t i o n  t i m e  prompted the  es tab l i shment  
of  a des ign  goa l  scanner  response t i m e  of 37.5 m s .  
by use  of two-phase d r i v e  and an improved dynamic braking  scheme. The tes ts  
confirmed t h a t  t h e  s ing le-phase  series d r i v e  was more e f f i c i e n t  t han  t h e  s i n g l e -  
phase center - tapped  d r i v e  used on ITPR. T o t a l  equ iva len t  power inpu t  w a s  50 
percent  less wi th  no r educ t ion  i n  torque.  

p o s s i b i l i t y  t h a t  scanner  performance might be degraded under cond i t ions  of e le -  
va ted  temperature .  Th i s  c o n d i t i o n  d i d  no t  occur  i n  t e s t i n g  u n t i l  a temperature  
of  70'C was reached; so i t  w a s  concluded t h a t  t h i s  w i l l  no t  be a problem. 
System performance should be  f u r t h e r  explored i n  thermal-vacuum t e s t i n g  dur ing  
t h e  BSU development. 

The reduced load i n e r t i a ,  however, would normally overshoot  t h e  a l lowable  

This  can  be achieved r e l i a b l y  

Thermal t e s t i n g  of t h e  scanner  breadboard was conducted because of t h e  
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CONCLUSIONS OF SCANNER BREADBOARD TESTING 

PERFORMANCE 

PARAMETER 

Stepping  Rate 

Response Time 

Load I n e r t i a  

Torque Margin 

Power Inpu t  

Allowable Input  S h a f t  
I n e r t i a  

Maximum Operat ing 
Temperature 

REQUIREMENT 

100 pps 

50 ms* 

2 0.19 lb - in - s  

Not s t a t e d  

Less than  10 W 

Not s t a t e d  

43 "C 

ACHIEVED BY 
BREADBOARD 

125 pps 

50 m s  

0 .19  lb - in - s2  

3 2% 

8.5 W 

6 x l b - in - s  2 

70°C 

-k The r e v i s e d  requirement  of 3 7 . 5  m s  can be  m e t  by use of a l a r g e r  
motor or  by use of a two-phase d r i v e .  
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Sec t ion  5 - Scanner Mechanical Design 

MECHANICAL LAYOUT OF THE SCANNER 

The BSU scanner assembly c o n s i s t s  of a coax ia l  arrangement of t h e  scan mi r ro r ,  
s h a f t ,  encoder, harmonic d r i v e ,  and scan motor--preassembled i n t o  a c y l i n d r i c a l  
aluminum housing t h a t  mates wi th  t h e  instrument frame. In  a d d i t i o n  t o  being 
s imple ,  l igh tweight ,  and economical of space,  t h i s  arrangement i s  easy  t o  assemble. 

The layout  of t h e  scanner assembly i s  shown i n  the  f i g u r e  on the  fac ing  
page. Note t h a t  t h e  scanner housing u t i l i z e s  space t h a t  would otherwise be 
wasted because of  t he  mir ror  conf igura t ion .  
whichmpports  t h e  whole assembly has mounting sur faces  f o r  t he  s h a f t  support  
bear ings and the  motor mounting f lange ,  and conta ins  t h e  harmonic d r i v e  and 
the  encoder i n  t h e  completed assembly. 

mounted t o  the  mi r ro r  s h a f t .  The scan mir ror  and s h a f t  encoder are located 
on oppos i te  ends of  t h e  mir ror  s h a f t  by Woodruff keys p rec i se ly  a l igned  with 
respect t o  one another .  The scan mir ror  i s  secured by a r o l l  p in ;  t he  s h a f t  
encoder by t h r e e  screws. The mir ror  s h a f t  i s  supported i n  t h e  scan mir ror  sub- 
assembly housing by b a l l  bear ings  t h a t  a r e  preloaded by two s leeves  threaded t o  
the  s h a f t  and the  housing hub. 
i s  the re fo re  i n s e n s i t i v e  t o  t h e  torque placed on the  s l eeves .  

p i n  i n s t a l l e d  from without t he  housing. The p in  conta ins  a sp r ing  t o  l i m i t  
excessive loading of t h e  mir ror  s h a f t  bear ings .  The scanner housing does not 
mate d i r e c t l y  t o  t h e  instrument frame, b u t  r a t h e r  t o  the  l a r g e  f lange  on the  
f r o n t  of t he  s t eppe r  motor. This  f lange  i s  provided d i r e c t l y  on the  motor 
housing i n  o rde r  t o  improve concen t r i c i ty  between t h e  motor and the  harmonic 
d r i v e ,  and t o  promote good hea t  t r a n s f e r  from the  motor t o  the  instrument 
frame . 
which is  s tandard f o r  t hese  u n i t s ,  but a s p e c i a l  e c c e n t r i c ,  doub le - ro l l e r  t ype .  
I n  add i t ion  t o  o f f e r i n g  g r e a t l y  reduced i n e r t i a  as w e l l  as the  r e s u l t a n t  dynamic 
performance advantages t h a t  have been d iscussed ,  t h i s  wave genera tor  des ign  i s  
a l s o  somewhat e a s i e r  t o  assemble i n t o  t h e  f l e x  s p l i n e .  

When t h e  wave genera tor  i s  in se r t ed  i n t o  the  bore of the  f l e x  s p l i n e ,  it 
must  be determined t h a t  proper assembly has taken p lace ,  s ince  the  f ine -p i t ch  
t e e t h  could engage p lus  o r  minus one too th  from t h e  t h e o r e t i c a l  e l l i p t i c a l  
cen te r  l i n e .  
des t roy  the t e e t h .  
r evo lu t ions .  
to rque .  
ope ra t ion  of the  d r i v e ;  and it mus t  be disassembled, checked, and reassembled. 

The can t i l eve red  aluminum housing 

The scan mi r ro r ,  s h a f t  encoder,  and f l e x  s p l i n e  of the  harmonic d r i v e  a r e  

Preloading i s  a g a i n s t  p rec i s ion  spacers and 

The s h a f t  encoder i s  indexed t o  t h e  housing by means of a p in  cage indexing 

The wave generator  used i n  t h e  scanner i s  not t he  e l l i p t i c a l - b e a r i n g  type 

Operating t h e  d r i v e  i n  t h i s  condi t ion  f o r  a prolonged time would 

The peak torque recorded should be equal  t o  the  motor de t en t  
The d r i v e  i s  checked by recording the  torque over s eve ra l  

Peaks g r e a t e r  than 50 percent  of t h e  d e t e n t  torque i n d i c a t e  improper 
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Sec t ion  5 - Scan Mechanical Design 

STRUCTURAL PROBLEMS I N  THE SCANNER 

Analys is  has  shown t h a t '  s a f e t y  f a c t o r s  provide t h e  answers t o  s t r u c t u r a l  problems i n  
t h e  scanner  subassembly. 
t h e  mi r ro r  sun - sh ie ld  and t h e  mir ror  s h a f t ,  stresses i n  the  harmonic d r i v e  f l e x i b l e  
e lement ,  and ba l l -bea r ing  stresses. 

The p o t e n t i a l  problems were t h e  s t r e s s  and d e f l e c t i o n  i n  

The m i r r o r  sun - sh ie ld  is a t h i n  aluminum c y l i n d r i c a l  s h e l l .  It i s  s u b j e c t  t o  
p o s s i b l e  stress problems under v i b r a t i o n  and a c c e l e r a t i o n .  Analys is  shows t h e  maxi- 
mum stress i n  the  sun s h i e l d  t o  be 35,000 l b f / i n 2 ;  and t h e  material s t r e n g t h  i s  
70,000 l b f / i n 2 ,  g iv ing  a s t r e n g t h  s a f e t y  f a c t o r  of 2.0.  

co rd ing ly ,  t h i s  area was checked f o r  bending stresses i n  the  s h a f t  and p o s s i b l e  
v i b r a t i o n  over loading  of t h e  b a l l  bea r ings .  It was found t h a t  t h e  maximum bending 
stress i n  the  s t a i n l e s s  s t ee l  s h a f t  i s  23,700 l b f / i n 2 .  Since t h e  a l lowable  y i e l d  
va lue  i s  275,000 l b f / i n 2 ,  t h e  y i e l d  s t r e n g t h  s a f e t y  f a c t o r  f o r  t h e  scanner s h a f t  
i s  11 .6 .  

t h e  bea r ings  being overloaded dur ing  v i b r a t i o n  t e s t i n g ,  a cond i t ion  caused by the  
growth of t h e  mi r ro r  t o  meet t h e  thermal  des ign ,  Consequently,  t h e  des ign  was 
changed t o  show a tandem p a i r  of angu la r  con tac t  bea r ings  a t  t he  f r o n t  of  t h e  scannet 
d r i v e  housing ( n e a r e s t  t h e  m i r r o r ) ,  and a s i n g l e  bear ing  a t  t h e  rear.  The h ighes t  
bear ing  load under worst  v i b r a t i o n  cond i t ions  is 520 pounds, and t h e  load r a t i n g  f o r  
t h e  tandem p a i r  i s  1,310 pounds; t h e r e f o r e  t h e  stress s a f e t y  f a c t o r  i s  2.5 f o r  t hese  
bea r ings  , 

member of t h e  harmonLC d r i v e ,  Over t h e  two-year des ign  l i f e  of t h e  in s t rumen t ,  t h i s  
member w i l l  undergo 3 . 3  x 108 c y c l e s  of r eve r sed  loading as  the  wave gene ra to r  ro ta te '  
i n s i d e  i t .  
d a t a ,  which i s  shown i n  the  f i g u r e  oppos i t e .  
po in t  i s  s a f e l y  below t h e  f a i l u r e  curve ,  and s a f e t y  f a c t o r s  a r e  generous,  

The mi r ro r  s h a f t  and bear ings  are  s t r e s s e d  under environmental  loading.  Ac-  

S t r u c t u r a l  a n a l y s i s  of t h e  scan m i r r o r  bear ings  showed t h a t  t h e r e  was danger of 

An a r e a  of concern,  but  one which a c t u a l l y  i s  not a problem, i s  t h e  f l e x i n g  

The impl i ca t ions  of t h i s  a r e  b e s t  explored  by us ing  t h e  manufac tu re r ' s  
Here i t  can be seen t h a t  t h e  ope ra t ing  

SCANNER STRESSES AND SAFETY FACTORS 

Safe ty  f a c t o r s  are  equal  t o  o r  g r e a t e r  than  2.0 i n  every  case. 

Maximum Rated o r  
S t r e s s  A 1  lowab l e  Sa fe ty  

Component F a c t o r s  F a c t o r s  Fac to r  

Mir ror  Sunshie Id 35,000 l b f / i n 2  70,000 l b f / i n 2  2.0 

Mir ror  Shaf t  23,700 l b f / i n 2  275,000 l b f / i n 2  11.6 

Sha f t  Bearings 520 l b  1,310 lb 2.5 

Harmonic Drive F lex  Sp l ine  16.4* 60 3.7 
Wave Generator - Bearing L i fe  3 . 3  x 1 0 8 r e v  7x108 rev 12.1) 

-~ 

+<Torque Constant - Derived Quant i ty  
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S e c t i o n  5 - Scanner Mechanical Design 

SELECTION OF SCANNER LUBRICANTS 

A number of  l u b r i c a n t s  were cons idered  f o r  t h e  scanner ,  and t h e  l ead ing  cand ida te s  
are Vac-Kote w e t  f i l m  l u b r i c a n t ,  depos i t ed  gold ,  and Krytox g r e a s e .  D i f f e r e n t  
l u b r i c a n t s  and l u b r i c a t i o n  techniques  should be used i n  t h e  d i f f e r e n t  areas of  t h e  
scanner  mechanism, s i n c e  t h e  l u b r i c a t i o n  problems encountered v a r y .  

Because of  t h e  v a r i e t y  of mat ing mechanical p a r t s  i n  t h e  scanner  mechanism, 
a number o f  l u b r i c a n t s  and techniques  were examined: s i l i c o n e  o i l s  and g r e a s e s ,  
Krytox p e r f l u o r o a l k y l p o l y e t h e r  l u b r i c a n t ,  Vac-Kote depos i t ed  l u b r i c a n t  f i l m s ,  
depos i t ed  gold metal, polyiniide p l a s t i c  c o a t i n g s ,  and d i e s t e r - b a s e d  l i q u i d  
l u b r i c a n t s  . 
t hey  have t h e  advantage o f  a very  f l a t  t empera tu re -v i scos i ty  curve and low o u t -  
gas s ing ,  t h e i r  f i l m  s t r e n g t h  and l u b r i c i t y  p r o p e r t i e s  are poorer  t h a n  those  of 
o t h e r  l u b r i c a n t s  and they  have a known f a i l u r e  mode c o n s i s t i n g  of  t h e  gene ra t ion  
of  s m a l l ,  g l a s s y  p a r t i c l e s .  This  phenomenon is  r e f e r r e d  t o  i n  several r e p o r t s ,  
and may have c o n t r i b u t e d  t o  t h e  ITPR scanner  f a i l u r e s .  S i l i c o n e  g reases  and 
o i l s  should be excluded from c o n s i d e r a t i o n  u n t i l  t h i s  phenomenon i s  i n v e s t i g a t e d  
adequate ly  and t h e  problem i s  so lved .  

l u b r i c a t i n g  p r o p e r t i e s  and good tempera ture  s t a b i l i t y .  The h igh  temperature  
v i s c o s i t y  and ou tgass ing  p r o p e r t i e s  are no t  as good as those  o f  t h e  s i l i c o n e s ,  
b u t  t h e s e  l u b r i c a n t s  have been app l i ed  s u c c e s s f u l l y  i n  space .  I n  p a r t i c u l a r ,  
Krytox was used on t h e  Backsca t t e r  U l t r a v i o l e t  (BUV) instrument  ( a  NIMBUS e x p e r i -  
ment ) .  I n  t h a t  c a s e  t h e  g rease  w a s  "plated" on t h e  metal s u r f a c e s  by d e p o s i t i o n  
from a s o l u t i o n .  Th i s  c o n t r o l l e d  t h e  l u b r i c a n t  t h i c k n e s s  so t h a t  bea r ing  s t a r t i n g  
to rques  were n o t  i nc reased  too  much a t  low tempera tures .  

Vac-Kote i s  a bonded molybdenum d i s u l f i d e  f i l m .  While t h e r e  are many d r y  
f i l m  p rocesses  on t h e  market, Vac-Kote has  t h e  b e s t  h i s t o r y  of  r e l i a b i l i t y  i n  

The w e t  type  has  a l i q u i d  l u b r i c a n t  c o n s t i t u e n t ,  i n  a d d i t i o n  t o  t h e  bonded MoS2 
f i l m ,  and it i s  t h i s  type  t h a t  i s  recommended f o r  t h e  scanne r .  

of go ld ,  a technique  t h a t  i s  e f f e c t i v e  when t h e  gold-coated s u r f a c e  runs  a g a i n s t  
a ha rde r  m e t a l  s u r f a c e .  Th i s  l u b r i c a t i o n  technique  i s  a good cand ida te  a t t r ac t ive  
f o r  use  on t h e  s p l i n e  mesh. 

The preloaded b a l l  bea r ings  t h a t  suppor t  t h e  m i r r o r  s h a f t  are a r e l a t i v e l y  
s t r a i g h t f o r w a r d  bea r ing  p p l i c a t i o r L .  T h e i r  t o t a l  number of  r e v o l u t i o n s  f o r  two 

ii t h e s e  bea r ings .  

r e v o l u t i o n s  d u r i n g  t h e  two-year mis s ion .  It i s  doub t fu l  t h a t  bonded-film 
l u b r i c a n t s  wou1.d have s u f f i c i e n t  l i f e  f o r  t h i s  a p p l i c a t i o n .  Therefore ,  Krytox 
s y n t h e t i c  l i q u i d  l u b r i c a n t s  are recommended. Grease p l a t i n g  should be used on 
motor bea r ings  t o  avoid torque  bui ldup  a t  low tempera tures .  A lubr icant - impreg-  
na t ed ,  s in t e red -ny lon  r e s e r v o i r  can be put  i n s i d e  t h e  harmonic d r i v e  and excess 
l u b r i c a n t  vapors  vented overboard away from t h e  ins t rument  o p t i c s .  

I n  t h e  harmonic d r i v e  s p l i n e  mesh, t h e r e  i s  a tendency f o r  any p a r t i c u l a t e  
matter p re sen t  t o  mig ra t e  toward t h e  c e n t e r  of  t h e  t e e t h .  When l i q u i d  l u b r i c a n t s  
a re  used ,  wear -debr i s  p a r t i c l e s  become trapped i n  an  a b r a s i v e  pas te  and wear t h e  
t e e t h  badly .  Because of t h i s ,  a d r y  material  o f  e x c e l l e n t  f i l m  s t r e n g t h  t h a t  w i l l  
p r even t  t he  g e n e r a t i o n  o f  wear p a r t i c l e s  i s  needed. Deposi ted gold i s  recommended. 

Lubr i ca t ion  i s  r equ i r ed  i n  t h e  encoder  and i t s  bea r ing  and f o r  t h e  p ins  i n  
t h e  p i n  cage .  Krytox oi l .  is recommended f o r  t h e  p i n s ;  t h e  bea r ing  should be g rease  
p l a t e d  wi th  Krytox. Barrier f i l m s  should be used t o  prevent  o i l  mig ra t ion  t o  t h e  
encoder  con tac t  s u r f a c e s .  

S i l i c o n e  g reases  and o i l s  have many success fu l  space a p p l i c a t i o n s .  Although 

Krytox l u b r i c a n t s  are a series of f l u o r i n a t e d  po lye the r s  which have good 

space  a p p l i c a t i o n s .  There are two b a s i c  types  o f  Vac-Kote--"wet" and "dry.  1 1  

Many space  mechanisms have been s u c c e s s f u l l y  l u b r i c a t e d  w i t h  depos i t ed  f i l m s  

y e a r s  i n  o r b i t  i s  4 X 10 t '. Vac-Kote f i l m  l u b r i c a n t  would be a good choice  f o r  

The bea r ings  of  t h e  motor and wave gene ra to r  w i l l  exper ience  3 x 10 
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TABLE I.  LUBRICANTS STUDIED 

All of  t h e s e  l u b r i c a n t s  have been s u c c e s s f u l l y  used i n  space. 

0 S i l i c o n e s  

0 Krytox 

0 Vac-Kote 

e Gold 

- F l a t  v i s c o s i t y  curve ;  low ou tgass ing .  
Has f a i l u r e  mode involv ing  gene ra t ion  
of  ha rd ,  g l a s s y  p a r t i c l e s .  

- Adequate temperature  range (-40°C t o  
+230"C); ou tgass ing  same as s i l i c o n e s ;  
e x c e l l e n t  l u b r i c i t y  and f i l m  s t r e n g t h .  

- "Wet" and ''dry'' t y p e s .  Qua l i f i ed  i n  
many a p p l i c a t i o n s .  Wear i s  t h e  o n l y  
f a i l u r e  mode. 

- Deposi ted i n  f i l m s  approximately 2 % 
i n .  t h i c k .  High load-car ry ing  a b i l i t y .  

TABLE IT. RECOMMENDATIONS 

0 Mirror  S h a f t  Bearings - Vac-Kote 

0 Motor and Wave Generator  - Krytox g rease  p l a t e d ,  and o i l  i n  
Nylas in t  r e s e r v o i r .  

0 Harmonic Drive S p l i n e  Teeth - Deposited Gold 

0 Encoder - Krytox o i l  and g r e a s e .  

FR 1110-102 5 - 5 



Sect ion  5 - Scan Mechanical Design 

THERMAL DESIGN OF SCANNER 

To c o n t r o l  t h e  scan  m i r r o r  and scan motor tempera tures ,  t h e  scan m i r r o r  i s  f i t t e d  
wi th  a h e a t  s h i e l d  which a i d s  i n  t h e  d i s s i p a t i o n  of absorbed h e a t  from the  sun ,  
wh i l e  t h e  scan motor i s  t i g h t l y  coupled t o  t h e  scanner  web ' so  t h a t  i t  g e n e r a l l y  
fo l lows  the  gross  temperature  l e v e l s  of t h e  ins t rument .  

Scan Mir ror  Temperature Cont ro l  - The scan mi r ro r  r e c e i v e s  d i r e c t  sun ,  
a lbedo ,  and e a r t h  r a d i a t i o n  through a l a r g e  cu tou t  i n  t h e  instrument  housing. 
This  r a d i a t i o n  r e p r e s e n t s  one of t h e  major components of g r o s s  BSU energy 
balance.  I n  o rde r  t o  c o n t r o l  t h e  s o l a r  hea t ing  problem, a sun s h i e l d  i s  f i x e d  
t o  the  back of t h e  m i r r o r ,  This  sun s h i e l d  does not  e n t i r e l y  s h i e l d  t h e  m i r r o r ,  
but  it almost completely prevents  s o l a r  r a d i a t i o n  from reaching  t h e  o p t i c s  sub- 
assembly and completely s h i e l d s  c a l i b r a t i o n  blackbodies  on t h e  instrument  hous- 
ing .  
m i r r o r ,  which does not  re ject  t h e  hea t  w e l l  because i t s  go ld  coa t ing  absorbs  
s u n l i g h t  bu t  does n o t  e m i t  thermal r a d i a t i o n .  
i n s i d e  of  t h e  sun s h i e l d  a r e  pa in t ed  wi th  a h igh  emi t tance  b lack  p a i n t  t o  h e l p  
couple  t h e  m i r r o r  t o  t h e  s h i e l d .  The o u t s i d e  of  t h e  sun s h i e l d  i s  coa ted  wi th  
a whi te  p a i n t  having low s o l a r  absorbency and high i n f r a r e d  emi t tance .  

When TIROS i s  on the s u n l i t  s i d e  of t h e  e a r t h ,  t h e  s h i e l d  completely 
shadows the  mi r ro r .  During pe r iods  when d i r e c t  s u n l i g h t  does f a l l  on t h e  
m i r r o r ,  t he  back of t h e  m i r r o r  r a d i a t e s  the sun s h i e l d  and the  s h i e l d  r a d i a t e s  
t o  space.  With t h i s  scheme, t h e  mi r ro r  tempera tures  va ry  from - 1 4 O C  i n  t h e  co ld  
case  t o  5OC i n  t h e  ho t  case. 
-22OC t o  -6OC for  t h e  same two cases .  

Gradien ts  a c r o s s  t h e  mi r ro r  a re  minimized by conduct ion i n  t h e  e l i p t i c a l  
m i r r o r  (5/8-in.  t h i c k  beryl l ium) and by t h e  r a d i a t i v e  in te rchange  between t h e  
back of t h e  m i r r o r  and t h e  sun s h i e l d ,  
and bottom edges of  t h e  m i r r o r  i s  c a l c u l a t e d  t o  be less than  4 O C ,  which i s  a t  
t h e  d e t e c t i o n  th re sho ld  of t h e  o p t i c a l  system. 

Scan Motor Temperature Control. - To prevent  ove rhea t ing ,  t h e  scan motor 
i s  thermal ly  coupled d i r e c t l y  t o  the  instrument .  The motor housing f o r  t h e  
scanner  w i l l  be custom-made wi th  a l a r g e  aluminum f l a n g e  t h a t  mates wi th  t h e  
scanner  web through a thermally-conduct ive RTV i n t e r f a c e  of 11 square inches.  
For t h e  o p e r a t i o n a l  modes t h i s  w i l l  y i e l d  motor tempera tures  about  9OC h o t t e r  
than  t h e  web tempera tures ,  

It a l s o  serves as a r a d i a t o r  t o  re jec t  t h e  s o l a r  h e a t  absorbed by t h e  scan 

The back of t h e  m i r r o r  and t h e  

The temperature  of t h e  sun s h i e l d  v a r i e s  from 

The worst-case g r a d i e n t  between t h e  t o p  

Thermal ModEl - The a n a l y s i s  which l e d  t o  t h e  tempera tures  quoted above 
was performed us ing  t h e  thermal  model shown i n  t h e  f i g u r e  oppos i t e .  Major 
hea t -  i npu t s  t o  the-sys tem a r e  themotor d i s s i p a t i o n  and s o l a r  loading of t he  
scan mi r ro r  and t h e  sun s h i e l d .  The housing blackbody assembly c o n t r i b u t e s  
t o  t h e  energy ba lance  by means of t h e  r a d i a t i v e  coupl ing  between i t  and t h e  
sun s h i e l d ,  Other major r a d i a t i v e  pa ths  e x i s t  between the scan mi r ro r  and the  
sun s h i e l d  and between t h e  mi r ro r  and s h i l e d .  Conduction between t h e  scan 
mi r ro r  and output  s h a f t  and t h e  harmonic d r i v e  housing i s  small ,  which mot iva ted  
the  u s e  of a monometall ic bear ing  support  system t o  avoid  thermal  d i s t o r t i o n s  
r e s u l t i n g  from t h e  p o s s i b l e  temperature  d i f f e r e n c e  between the  d r i v e  mechanism 
and t h e  mir ror .  

d r i v e  and scan motor,  
coupled t o  t h e  cases on ly  by conduction through l u b r i c a n t  and bear ings .  The 
f l e x  s p l i n e  i s  t i g h t l y  coupled t o  the  scan  m i r r o r  through t h e  output  s h a f t ,  
but  on ly  weakly coupled t o  t h e  harmonic d r i v e  case  through bea r ings  and t h e  

This model does not  t ake  account of t h e  i n t e r n a l  d e t a i l s  of t he  harmonic 
The motor r o t o r  and wave gene ra to r  s h a f t  a r e  thermal ly  
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small con tac t  area of t he  g e a r s ,  
s u b s t a n t i a l l y  a f f e c t  the  r e s u l t s ,  s i n c e  t h e r e  i s  l i t t l e  h e a t  genera ted  a t  
t h e  neglec ted  i n t e r n a l  nodes, 

The omission of t h e s e  d e t a i l s  should not  

'I'IIERMAL MODEL FOR BSU 

FR 1110-102 5-  7 



S e c t i o n  5 - Scanner Mechanical Design 

DETAILS OF SHAFT ENCODER 

The s h a f t  encoder f o r  t h e  BSU scanner  i s  a custom Gray Code encoder of t h e  p in-  
c o n t a c t  t y p e .  I n  o r d e r  t o  g r e a t l y  improve a c c e s s i b i l i t y ,  ease of  assembly, and 
r e l i a b i l i t y ,  t h e  encoder i s  a u n i t i z e d  assembly loca ted  on t h e  scanner  ou tpu t  

The primary f u n c t i o n a l  requirements  f o r  t he  encoder are t h e  angular  
r e s o l u t i o n ,  accuracy,  and l i f e .  The angular  r e s o l u t i o n  i s  1.125 degrees  pe r  
count  over  t h e  81-degree scanning s e c t o r ,  f o r  a t o t a l  of 72 scan -pos i t i on  
coun t s .  The encoder a l s o  reads  out  both c a l i b r a t i o n  p o s i t i o n s :  180 degrees  
from n a d i r ,  and 7 0  degrees  from n a d i r .  The c o r r e c t  count must be obta ined  i n  
a band 0.04 degree  wide,  cen te red  on the  t h e o r e t i c a l  pos i t i on .  The l i f e  r e q u i r e -  
ment--very important  i n  t h i s  a p p l i c a t i o n - - i s  two yea r s  i n  o r b i t ,  which is 
equ iva len t  to 4 x 10 t o t a l  r e v o l u t i o n s ,  a t  peak speeds of 19 r /min 6 

The encoder i s  loca ted  on t h e  scanner  ou tpu t  s h a f t .  Th i s  d i r e c t l y  coupled 
des ign  has  s e v e r a l  advantages.  The encoder i s  a s i n g l e - t u r n  dev ice ,  and n e i t h e r  
gear ing  no r  turns-count ing  dev ices  are necessary .  Encoder speeds ,  and t o t a l  
r e v o l u t i o n s ,  are low. Because of t h e  h igh  torque  a v a i l a b l e  on t h e  output  s h a f t ,  
n e i t h e r  t h e  i n e r t i a  nor  t h e  s l i g h t  f r i c t i o n a l  d rag  of t h e  encoder are s i g n i f i c a n t .  

Details of t h e  s h a f t  encoder des ign  are shown i n  t h e  f i g u r e  on t h e  f a c i n g  
page. The encoder i s  a se l f - con ta ined ,  s e p a r a t e l y - t e s t e d  assembly, as shown i n  
t h e  c r o s s - s e c t i o n a l  view. Both t h e  p i n  cage and t h e  code d i s c  are mounted on 
t h e  t u r n i n g  s h a f t .  There i s  a bea r ing  between t h e  two t o  permit  smooth r e l a t i v e  
r o t a t i o n  and t o  hold c o n c e n t r i c i t y ;  f u r t h e r ,  t h e  p i n  cage i s  a c c u r a t e l y  indexed 
and he ld  a g a i n s t  r o t a t i o n  by a p i n  i n  t h e  scanner  housing which engages t h e  s l o t  
a t  t h e  per iphery  of  t he  p i n  cage.  The p i n  i s  spr ing-loaded t o  prevent  excess ive  
s i d e  loading  of t h e  bea r ings .  The e n t i r e  assembly i s  indexed t o  t h e  mi r ro r  s h a f t  
by a p r e c i s i o n  Woodruff key, ensu r ing  t h a t  encoder codes do i n  f ac t  r e p r e s e n t  
t he  proper  m i r r o r  p o s i t i o n s .  

I n  o r d e r  t o  p rope r ly  l o c a t e  t h e  p i n  cage,  t h e  encoder bea r ing  must res is t  
r o t a t i o n  i n  a x i a l  p lanes  (note  t h e  dimension and t o l e r a n c e  on t h e  cage- to-d isc  
gap on t h e  drawing) .  
A s  t h e  name impl i e s ,  t he  b a l l s  c o n t a c t  t h e  races a t  f o u r  p o i n t s  i n s t e a d  of t h e  
usua l  two. Th i s  a l lows  t h e  bear ing  t o  develop a r e s i s t i n g  moment i n  a x i a l  p l a n e .  

The p in-contac t  encoder des ign ,  wi th  i t s  e s t a b l i s h e d  r e l i a b i l i t y ,  i s  
respons ive  t o  the  requi rements .  The s p e c i f i e d  code p a t t e r n ,  count  i n t e r v a l ,  and 
accuracy are e a s i l y  achieved.  Some l i f e  d a t a  f o r  t h i s  type encoder show a mean 
l i f e  of  2 x l o 7  r e v o l u t i o n s  a t  100 r /min,  which i s  a much h ighe r  speed than t h e  
peak speeds t h a t  w i l l  be reached i n  t h e  ope ra t ing  BSU. 
r e v o l u t i o n  requirement ,  t h i s  ind ica tes  a s a f e t y  f a c t o r  of 5 .  R e l i a b i l i t y  i s  f u r t h e r  
enhanced by t h e  se l f - con ta ined  na tu re  of t h e  des ign .  
can be checked thoroughly on t h e  bench, t h e r e f o r e  avoid ing  assembly problems. 

This  i s  achieved by us ing  a fou r -po in t  c o n t a c t  bea r ing .  

Compared wi th  t h e  4 x l o G  

The pre-assembled encoder 
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CANNON CONNECTOR 
NO. DAMMl5P OR EQUIV. 

P I N  CAGE 
SLOT D E T A I L  0.008 GAP REF 

+o. 002 

- -17-4 P H  SPL 
2.50 I N S E R T  

-0.000 
0.053 

SHAFT KEYWAY 
D E T A I L  

0' REF 
P O S I T I O N  

LO CAT I N  G 
KEYWAY 

I P I N  CAGE TO COMMUTATOR 
ALIGNMENT HOLE - 

- 

72 COUNTS 
OF 1.125' EACH 250' R E F  

P O S I T I O N  
+ 0.0002 DETAIL O F  
-0.0000 FOUR-POINT 

GRAY CODE 

0.3750 D I A  CONTACT BEARING 

CONNECTOR NOT SHOWN 
FOR CLARITY 

I. 

DETAILS OF TOVS SHAFT ENCODER. IJSE OF THE FOUR-POINT-CONTACT BALL BEARING 
ALLOWS A S I M P L E ,  U N I F I E D  ASSEMBLY. 
CAN BE INSPECTED,  
SCANNER HOUSING 

DIMENSION FROM P I N  CAGE TO CODE D I S K  
AND I S  NOT DISTURBED WHEN THE ENCODER I S  ASSEMBLED I N T O  THE 

5-9 FR 1110-102 



Sect ion  5 - Scanner Mechanical Design 

SEUCTION OF FLIGHT SCANNER COMPONENTS 

The TOVS/BSU scanner  component performance s p e c i f i c a t i o n s  and c h a r a c t e r i s t i c s  have 
been s e l e c t e d  t o  a s s u r e  performance demonstrated by the  scanner  mock-up. Component 
q u a l i f i c a t i o n  t e s t i n g  and screening  a t  s p e c i f i e d  environmental  cond i t ions  are re- 
qu i r ed  t o  a s s u r e  a scanner  which w i l l  meet a l l  f l i g h t  acceptance t e s t s  and provide a 
h igh  degree of confidence of ope ra t ing  f o r  two-years  i n  o r b i t .  

One purpose of t h e  scanner  mock-up was t o  a s s i s t  i n  d e f i n i n g  components. I n  
a d d i t i o n  t o  v e r i f y i n g  scanner dynamic performance, breadboard t e s t i n g  helped de- 
termine component s i z e s .  Analys is  was a l s o  used t o  achieve  t h e  same purpose,  so 
t h a t  t h e r e  was a r a t i o n a l  b a s i s  f o r  s i z i n g  and spec i fy ing  a l l  components. 

Scanner breadboard t e s t i n g  showed t h a t  a s i ze -15  s t eppe r  motor and size-1C 
harmonic d r i v e  a r e  adequate  f o r  t h e  BSU scanner .  The motor and system dynamics, 
and t h e  i n p u t  i n e r t i a  were t h e  governing f a c t o r s  i n  t h e  s e l e c t i o n ;  and t h e  same 
phys ica l  s i z e s  of  motor and d r i v e  a s  were used i n  ITPR a r e  adequate  a l s o  f o r  t h e  
BSU scanner .  Motor and harmonic d r i v e  s p e c i f i c a t i o n s  are  shown i n  t h e  t a b l e ,  

This i s  a common 
c o n f i g u r a t i o n ,  and d e s c r i b e s  the  motor used i n  mock-up t e s t i n g .  The s p e c i f i e d  
power va lue  of 10 W average power maximum was b e t t e r e d  by 15% i n  t e s t i n g ;  and t h e  
s p e c i f i e d  weight by 17%. 

The harmonic d r i v e  u n i t  e a s i l y  meets s p e c i f i c a t i o n s .  Power and torque  capa- 
c i t i e s  a re  much g r e a t e r  than  needed i n  t h e  a p p l i c a t i o n .  A s p e c i f i c a t i o n  a p p l i e d  
t o  t h e  harmonic d r i v e  which could  be m e t  o n l y  wi th  d i f f i c u l t y  - -  i f  a t  a l l  -- by 
a l t e r n a t i v e  dev ices  i n  t h a t  of backlash.  The s p e c i f i e d  va lue  i s  two minutes  of a r c ,  
This  i s  achieved by e x t r a  t i g h t  c o n t r o l  of t h e  s p l i n e  too th  manufacturing processes  
a t  USM Corpora t ion ,  and w i l l  be v e r i f i e d  f o r  each d e l i v e r e d  u n i t  by screening .  

and accuracy  requirements  a r e  e a s i l y  m e t  wi th  c u r r e n t  technology,  so  t h e  most 
s i g n i f i c a n t  s p e c i f i e d  values f o r  t h e  encoder a r e  the  environmental  parameters ,  

ponents .  
t h e  NESS s p e c i f i c a t i o n .  O the r s ,  no tab ly  tempera ture ,  r e s u l t  from t h e  a n a l y t i c a l  
work accomplished a s  p a r t  of t he  s tudy ,  
tempera tures  t h a t  w i l l  occur  i n  v a r i o u s  a r e a s  of t h e  ins t rument ,  Values s u b s t a n t i a l l y  
i n  excess  of t he  p r e d i c t e d  temperature  extremes (310C t o  43OC ope ra t ing )  a r e  spec i f i '  
f o r  t e s t i n g .  
o r  less. This va lue  i s  increased  t o  10-6 t o r r ,  s i n c e  t h i s  vacuum can be achieved fat' 
t e s t i n g  and r e s u l t s  i n  a more r e a l i s t i c  t e s t .  

I n  a d d i t i o n  t o  t h e  cons ide ra t ions  d i scussed  above, d e t a i l e d  component spec i f i ca '  
tions w i l l  i nc lude  t h e  necessary  workmanship, manufactur ing c o n t r o l ,  t r a c e a b i l i t y ,  
and q u a l i t y  assurance  c r i te r ia .  De ta i l ed  component s p e c i f i c a t i o n s  are  inc luded  i n  
a n  appendix t o  t h i s  r e p o r t .  

The motor s p e c i f i c a t i o n  shows a 90°-step,  s i ze -15  u n i t .  

The encoder s p e c i f i e d  i s  a - / - b i t ,  p in-contac t  type .  Because t h e  count i n t e r v a l  

Imposed environmental  t e s t i n g  cond i t ions  a r e  t h e  same f o r  a l l  scanner  com- 
Some c o n d i t i o n s ,  such  as  a c c e l e r a t i o n  and v i b r a t i o n ,  a r e  g iven  a s  p a r t  of 

The thermal  des ign  s tudy  p red ic t ed  

The NESS s p e c i f i c a t i o n  i n d i c a t e s  a n  ambient p re s su re  of 5 x 10-5 t o r r  

5- 10 FR 1110-102 



BEC'KMAN INSTRUMENTS, INC. 
Advanced Technology Operations 
J. C. Hammond 

SUMMARY OF BASIC SOUNDER UNIT SCANNER COMPONENT SPECIFICATIONS 

Type 
Operating Voltage 28 V dc 
Power 
We igh t 12 02. 

Permanent Magnet, 90' stepper, Size 15 

10 W average power max. 

Speed Reduction Drive 

5 P e  
Weight 
Rat io 
Back la sh 

USM Corporation Harmonic Drive, Size IC 
6 o z .  
80:l 
2 arc minutes 

Encoder 

TY Pe Pin Contact 
No. of Tracks 7 
Count interval 1.125 degrees 

Environmental Specifications - All Components 
Pressure 10-6 torr 
Temperature -25OC to + 7OoC 
Acceleration 22 G (lion-operating) 
Vibr a ti on Sinusoidal l o g  5-2000 Hz 

Random 20 g rms (3 0.2 g2/liz 
20-2000 HZ 
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Section 5 - Scanner Mechanical Design 

ESTSMATES OF PHYSICAL CHARACTERISTICS 

The BSU scanner fits within the overall instrument layout and meets the derived 
requirements of space envelope, weight, and power. 

In the instrument weight budget, 3.06 lb was allotted to the scanner sub- 
system, exclusive of the scan mirror and sunshield. This total weight is 
comprised of the individual component weights listed in the table. 

goal of 10 W for the average motor power was set in the study. This goal has 
been met, since the average power is only 6,6 W. 

The scanner's instantaneous uncompensated angular momentum about the 
spacecraft roll axis is 0.0375 lb-in-s for the step-dwell phase; and 0.375 lb- 
in-s for the retrace, or slewing, phase. Over any 8-s multiple of step-dwell 
and retrace operation, this integrates to zero, since the period of oscillatory 
motion is 8 s .  Every 256 s there is a calibration sequence, however, and at 
that time the scanner output shaft describes a complete revolution. Each 
calibration sequence, therefore, results in an increased angular momentum 
to the instrument; but this momentum, in turn, can be used against the steady 
opposite rotation of the chopper disc to yield a decreased momentum to the 
spacecraft, 

momentum input, is to slew back from the calibration positions to the scan 
sector rather than to describe a complete revolution. The total angular move- 
ment is greater for this scheme, so that time must be taken away from the 
calibration dwells. Each calibration would then be 2.0 s rather than the 2.4 s 
available with the scan program discussed above. 

in the table. 

Scanner drive power has been discussed extensively in this report. A 

An alternative approach, which would result in a zero long-term angular 

Pertinent parameters of the scanner's electrical drive circuit are shown 
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TOW-BSU 
ESTIMATES OF SCANNER PHYSICAL CHARACTERISTICS 

Long-term angular momentum input to the instrument from the scanner depends 
on which way the calibration functions are mechanized. 

WEIGHT 
C omp on.: n t Weight Source* 

Motor 0.62 lb M 
Harmonic Drive 0.20 l b  M 
Encoder 0.38 lb E 
Output Shaft 0.24 lb C 
Out p u t Bearings 0.24 lb M 
Structure 1.38 lb E 
Total 3.06 lb 
,‘+I - Manufacturer C - Calculated W - Weighed E - Estimated 
- 

Step-Dwell 5 . 4  w 
Retrace and Slewing 18.0 W 
OveralS Average 6.6 W 

UNCOMPENSATED ANGULAR MOMENTUM - LONG TERM 
With continuous rotation thru calibration positions 0 .375  lb-in-@ 
With reversed rotation to and from calibration positions -0- 

Jr Occurs 1.25% of the time, 

ELECTRICAL DRIVE 
Drive Efficiency 
Size 
Weight 

3.0 in,dia. x 0.5 in. long 
3.2 lb 
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Section 6 - Drive Circuit Design 

EVALUATION OF CANDIDATE EXCITATION METHODS FOR THE SCAN MOTOR 

A comparison of stepping motor excitation methods shows that the bipolar single- 
phase drive method provides a good torque output with moderate consumption and 

Stepping motors provide discrete, incremental rotation in response to a 
pulsed input applied to the motor windings. Permanent-magnet stepping motors 
can be driven in several ways. 
affects the efficiency, power consumption, speed, and torque characteristics, 
Five commonly used excitation techniques were evaluated: (1) unipolar, dual 
phase; (2) unipolar, single phase; (3) bipolar, dual phase; ( 4 )  bipolar, single 
phase; and (5) series, all windings. Unipolar techniques (1 and 2) provide 
current flow in one direction through the select excitation winding; while bi- 
polar excitation provides current flow in both directions. Dual-phase excita- 
tion implies that two excitation phases are excitated in parallel, while the 
single phase excitation methods excite only one coil or a series-connected coil. 

Significant Characteristics of Excitation Methods - A tabulation of the 
five excitation methods is shown in the facing table. Power dissipation among 
the methods varies widely. 
power consumption is loo%, 70%, 50%, 35%, and 25% for Method 1 through 5, 
re spec t ive 1 y . 
of the motor performance characteristics. 
the relative values are loo%, 70%, loo%, 70% and 50% for Methods 1 through 5. 

per ampere turn (P/AT). The relative values are 1.4,  1.0, 0.7, 0.5 and 0.35 for 
Methods 1 through 5. Method 1 is the least efficient for convering power into 
usable ampere turns; while Method 5 is the most efficient, 

methods was considered. The order is as follows; Method 2, 1, 4 ,  3 and 5, where 
Method 2 is the least complex, 

Advantages and Disadvantages of Each Method - Method 1 (Unipolar, dual phase) 
develops the best motor characteristics, but at a high cost in power consumption. 
This method has the poorest conversion efficiency of all the methods. 

to Method 4 )  at a reasonable power level, 
used; in fact, this method is employed on the ITPR experiment, Power conversion 
efficiency is better than Method 1 but poorer than the other methods. 

Method 3 (Bipolar, dual phase) develops the same motor characteristics as 
Method 1 at half the power, Power conversion efficiency is better than that of 
Methods 1 and 2 ,  but poorer than that of theother methods. The drive circuit 
is more complex than either Methods 1, 2 ,  or 4 ,  

Method 4 (Bipolar, single phase) develops the same motor characteristics 
as Method 2 at half the power, Power conversion efficiency is better than that 
of all but Method 5. Drive circuit complexity is greater than either of the 
unipolar circuits; but not excessively complex, 

Method 5 (All windings) dissipates the least circuit of power and provides 
the best power conversion efficiency, yet yields the poorest motor performance 
characteristics. A very complex drive circuit is required to produce the 
excitation sequence. 

The method for exciting themotor windings 

Assuming Method 1 as a 100% reference, the relative 

Comparison of the ampere turns developed by each method affords a measure 
Assuming Method 1 as a 100% reference, 

An efficiency factor is defined to relate the amount of power required 

Complexity of the drive circuitry required to synthesize the excitation 

Method 2 (Unipolar, single phase) develops good motor characteristics (similar 
A very simple drive circuit can be 
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COMPARISON OF CANDIDATE MOTOR EXCITATION METHODS 

Mcthod 1 
Bipolar  
Single 0 

hl ..l I l ( . . l  3 
Unipolar 
Dual 0 

(A B+C D) 
(AB+DC) 
(BA+DC) 
(BAtCD) 

V 

Mcthod 5 
All W’indings nethod 

- 
Sxcitation 
Aode 

(ABCD) 
(ABDC) 
(BADC) 
(BACD) 

A )  A m p - T u r n s  

A. T. = Nt Nt 

V 
I = R  
CAT = N I Q ~ ~ + N I ( D ~  

V 
I =E 

CAT =E 
R 

N V  
R A T  = - 

V 
I = Tn - 

I = 2R 

2 N V t 2 N V  
2R 2R  AT - - - 2 N V  LA?’ = - 

2R 
2 N V + 2 N V  
4R 4R CAT = - - 

1 . 4  NV A T = -  I3 
1.4  N V  A T  = - R 

N V  
R A T  = - 0 . 7  N V  AT=- R 

B) 1 Power  

P = v l  t t t  

P = v l  t 

2 v2 p = -  
t R  

P = v l  t t t  

V2 p = -  
t R  

P = v l  t t  

V2 
t 2 n  

p = -  

1’ = v l  
t t t  

V2 p = -  
t 4R 

v 2 v  p =  - 
t 2H 

V2 p = _  
t R  

2 )  Eff. Factor V2 
F, == ‘ N V  - 

R 

- (1) v F2 - -jq- 

V2 
F = TR 4 -  N V  

R 
- 

>- - (0.5) v 
‘ 4  hT 

V2 2 v2 
F1 = H 
- 

1 . 4  N V  
R 

1 . 4  V 
N F1 = - 

- V2 
F =  R 

1 . 4  N V  
R 

- 
F5 = 4R 

0 . 7  N V  
R 

(0.7) v F3 =- N 
(0.35) v 

N F5 = 

l s sumed  1 0 0 %  0.35 
1 .4  TOP5 = - 

%P5 = 25% 

>) YO Power  requi red  
Based on F1 a s  loo? 
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Sect ion 6 - Drive C i r c u i t  Design 

PERFORMANCE OF THE RECOMMENDED BIPOLAR SINGLE-PHASE METHOD 

The recommended b ipo la r  s ingle-phase d r ive  method was used i n  the  scanner breadboard 
and provided the  torque needed t o  meet the  r e t r a c e  and 50 m s  requirements w i t h  an 
acceptab le  power consumption. 

Exc i t a t ion  Method 4 (Bipolar ,  s i n g l e  phase) i s  recommended f o r  d r iv ing  the  
BSU scan motor. A timing diagram i l l u s t r a t i n g  the  phasing of the  four  d r i v e  
s i g n a l s  (A, B ,  C and D) i s  presented i n  Figure A. A s impl i f i ed  equivalent  switch- 
ing c i r c u i t  i s  shown i n  Figure B. Note t h a t  the  sequen t i a l  c losu re  (ground) of 
switches B ,  D ,  A ,  and C causes  cu r ren t  flow through c o i l s  AB, CD, B ,  A ,  and D C ,  
r e spec t ive ly ,  
i . e . ,  BDAC f o r  one d i r e c t i o n ,  and CADB f o r  t h e  r eve r se  d i r e c t i o n .  

t a t i o n  v e r i f i e s  t he  low power consumption; however, the  speed response was s l i g h t l y  
less than a n t i c i p a t e d .  
motor winding time cons tan t  i s  doubled i n  t h i s  conf igura t ion .  Improvements i n  
t h i s  c h a r a c t e r i s t i c  a r e  obtained by applying power f o r  a longer dura t ion .  

Exc i t a t ion  f o r  Retrace Cycle - During the  r e t r a c e  po r t ion  of t he  da ta  scan,  
the  motor e x c i t a t i o n  pulse  width w i l l  be maintained a t  10 m s  and the  s tepping r a t e  
w i l l  be 100 pps. The breadboard scan mechanism was t e s t e d  using t h i s  d r i v e  method 
t o  speeds of 115 pps. 

Exc i t a t ion  S igna ls  f o r  Drive Cycle - During the  da ta  scan,  t he  motor must 
s t e p  and s e t t l e  w i th in  50 m s ,  and the  s t e p  r a t e  must be 10 pps. Various e x c i t a t i o n  
pulse  widths and sequences were used t o  d r i v e  the  scan mechanism i n  order  t o  ob ta in  
an optimum value.  
a 20-ms on per iod provided good speed, damping, and power performance c h a r a c t e r i s t i c s '  

Motor r o t a t i o n  d i r e c t i o n  i s  con t ro l l ed  by theorder  of the  sequence; 

Motor Response - Data obtained f o r  an a c t u a l  scan motor using Method 4 exci -  

This c h a r a c t e r i s t i c  i s  due pr imar i ly  t o  t h e  f a c t  t h a t  t he  

An e x c i t a t i o n  time of 10 m s  followed by a 20-ms of f  per iod and 
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Sec t ion  6 - Drive C i r c u i t  Design 

FUNCTIONAL DESCRIPTION OF SCAN LOGIC CIRCUIT 

The l o g i c  r e q u i r e d  t o  gene ra t e  t h e  scan  and retrace r e q u i r e s  a p o s i t i o n  counter  
a two-bi t  up/down coun te r  t o  select t h e  motor phase,  and a scan - re t r ace  r a t e  
s e l e c t i o n  l o g i c .  

Scan Logic - A s i m p l i f i e d  block diagram of t h e  scan  l o g i c  i s  shown i n  t h e  
f i g u r e .  Logic c o n s i s t s  o f  f i ve  b a s i c  elements: (1) - 10 s t e p - r a t e  s c a l e r ,  
(2) s t e p - r a t e  s e l e c t o r  swi t ch ,  (3) - 72 p o s i t i o n  s c a l e r ,  ( 4 )  up/down phase 
c o u n t e r ,  and (5) d i r e c t i o n  c o n t r o l  f l i p  f l o p ,  

used t o  p o s i t i o n  t h e  scan  mechanism a t  t h e  blackbody o r  space p o s i t i o n .  These 
f u n c t i o n s  a re  omi t ted  f o r  c l a r i t y  purposes;  however, t h e i r  implementation i s  a 
s imple d i g i t a l  l o g i c  network, 

Retrace i s  performed i n  a similar manner a t  a 10-ms s t e p  ra te .  D i r e c t i o n  of scan  
i s  c o n t r o l l e d  by t h e  f o u r - s t a t e ,  up/down coun te r  which g e n e r a t e s  t h e  scan  motor 
d r i v e  s igna 1, 

C i r c u i t r y  used t o  synchronize t h e  scan l o g i c  i s  not  shown; nor  i s  t h e  l o g i c  

Forward scan a c t i o n  i s  accomplished i n  72 s t e p s  a t  a 100-ms s t e p  r a t e .  

P o s i t i o n  Counter - A 72-pos i t i on  coun te r  i s  used t o  keep t r a c k  of  t h e  FOV. 
A scan  motor p o s i t i o n  encoder p l u s  t h e  TIP frame sync s i g n a l  a r e  used t o  
i n i t a l i z e  the  - 72 scaler t o  t h e  f i r s t  FOV and set  t h e  scan  mode f l i p  f l o p  t o  
t h e  forward d i r e c t i o n .  

The p o s i t i o n  counter  i s  advanced one count  per  s t e p .  During t h e  forward 
scan  c y c l e ,  a n  advance ra te  o f  10 pps i s  main ta ined  u n t i l  t h e  p o s i t i o n  coun te r  
r e c y c l e s  from a count  of 7 2  back t o  0. This  a c t i o n  se t s  t h e  scan  mode f l i p  
f l o p  t o  t h e  retrace p o s i t i o n ,  and t h e  advance r a t e  i s  switched t o  100 pps.  

Scan Motor Drive Counter - A f o u r - s t a t e ,  up/down counter  g e n e r a t e s  t h e  
scan  motor e x c i t a t i o n  s i g n a l s  A ,  B ,  C y  and D. The d i r e c t i o n  of scan  motor 
r o t a t i o n  i s  determined by t h e  o r d e r  i n  which t h e  e x c i t a t i o n  s i g n a l s  a r e  a p p l i e d ;  
i . e . ,  forward scan  r e q u i r e s  t h e  sequence BDAC, and r e t r a c e  r e q u i r e s  t h e  sequence 
CADB. 

corresponds t o  t h e  forward scan  and t h e  DOWN mode corresponds t o  t h e  r e t r a c e .  
The UP/DOWN mode i s  c o n t r o l l e d  d i r e c t l y  from t h e  Forward/Retrace f l i p  f l o p .  

Outputs from t h e  UPIDOWN counter  are g a t e d  w i t h  t h e  p o s i t i o n  counter  
advance s i g n a l s  t o  develop t h e  d e s i r e d  scan  motor e x c i t a t i o n  p u l s e  wid th .  During 
t h e  forward scan ,  a 30-111s p u l s e  width i s  used ,  whereas a 10-ms p u l s e  width i s  
r e q u i r e d  du r ing  retrace. 

which i s  used t o  select  t h e  scan  r a t e  of 100 pps o r  10 pps.  
f l o p  (Forward/Retrace) a c t s  a s  t h e  c o n t r o l  s i g n a l ,  A p r e s c a l e r  (+ 10) i s  employed 
t o  develop t h e  10 pps scan  r a t e  f requency d i r e c t l y  from t h e  100 pps.  This  t ech -  
n ique  ensu res  t h a t  t h e  proper  phased s i g n a l  i s  always a v a i l a b l e .  

The up/down counter  g e n e r a t e s  p r e c i s e l y  t h e s e  sequences:  where t h e  UP mode 

Scan-Retrace S e l e c t o r  Logic - S e l e c t i o n  l o g i c  i s  s imply t h e  AND/OR f u n c t i o n ,  
The scan mode f l i p  
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Sec t ion  6 - Drive C i r c u i t  Design 

FUNCTIONAL DESCRIPTION OF BREADBOARD DRIVE C I R C U I T  

The d r i v e  c i r c u i t  used f o r  t h e  scanner  breadboard was a br idge  c i r c u i t  c o n s i s t i n g  
of two complementary swi tches  i n  a s ing le -po le ,  double-throw conf ipu ra t ion .  

Drive C i r c u i t  - A d r i v e  c i r c u i t  i s  r e q u i r e d  t o  i n t e r f a c e  between the  scan 
motor and t h e  scan motor l o g i c ,  Requirements p laced  upon t h e  scan motor d r i v e  
c i r c u i t  are a s  fo l lows:  

0 

0 Operate from a supply vo l t age  (Vcc) of +28 Vdc. 
0 

0 Compatible wi th  low-power l o g i c  components. 

Sink and supply 700 mA of  c u r r e n t  t o  a n  induc t ive  load.  

D i s s i p a t e  low pouer dur ing  s tandby a c t i v e  per iods .  

The s e l e c t e d  c i r c u i t  which meets a l l  t h e s e  requi rements  i s  shown i n  the  f i g u r e .  
Note t h a t  t h e  c i r c u i t  i s  complementary i n  n a t u r e  and a c t s  as  a s i n g l e - p o l e ,  
double-throw swi tch ,  connect ing e i t h e r  t h e  28-Vdc power o r  t h e  ground bus t o  
t h e  o u t p u t ,  

' C i r c u i t  Desc r ip t ion  - The scan  motor d r i v e  c i r c u i t  uses  a Dar l ing ton  con- 
n e c t i o n  (Q1 & 43) t o  achieve  t h e  h igh  c u r r e n t  g a i n  r equ i r ed  t o  b u f f e r  t h e  low- 
power l o g i c  d r i v e  s i g n a l  t o  t h e  high c u r r e n t  r equ i r ed  by t h e  load.  A d i s c r e t e  
t r a n s i s t o r  i n v e r t o r  s t a g e  (not shown) i s  used as a vo l t age  ga in  t o  s h i f t  from 
l o g i c  levels (5 Vdc max.) t o  t h e  28-Vdc d r i v e  s i g n a l  l e v e l .  Output power 
t r a n s i s t o r  43 i s  p r o t e c t e d  from induc t ive  oveyshoot by diode CR1. Assoc ia ted  
b i a s i n g  r e s i s t o r  v a l u e s  were s e l e c t e d  f o r  a wors t - cas t  a n a l y s i s .  Note t h a t  t h e  
normal ON cond i t ion  (output  a t  28V) is achieved ,  s i n c e  t h e  input  a t  t e rmina l  (1) 
i s  normally near  ground, 

The lower s e c t i o n  of t h e  d r i v e  c i r c u i t  u ses  an  emi t t e r - fo l lower  c i r c u i t  
(42) t o  d r i v e  the  output  power t r a n s i s t o r  (44) i n t o  s a t u r a t i o n .  Diode CR4 pro- 
vides p r o t e c t i o n  a g a i n s t  t h e  induc t ive  overshoot .  Capaci tor  C1 ensures  t h a t  a 
break-before-make cond i t ion  e x i s t s  dur ing  t u r n  ON, I npu t  d r i v e  s i g n a l  i s  obta ined  
from the  low-power log ic .  

A summary of t h e  s t a t i c  t r a n s i s t o r  parameters  i l l u s t r a t e  t h e  c i r c u i t  capa 
c a p a b i l i t i e s :  

Trans i s t o r  SAT ' h~~ @ pD 'CEO 

2N2222A 0.3 100 150 0 . 5  50 
2N290 7A 0 . 4  100 150 0 . 4  60 
2N5 154 0 .2  100 700 11.5 80 

The b a s i c  power handl ing  t r a n s i s t o r  i s  the  2N5154. This  device  i s  cons t ruc t ed  
us ing  t h e  double-d i f fused  p lanar  e p i t a x i a l  p rocess ,  and i s  we l l  s u i t e d  f o r  t h i s  
type  of a p p l i c a t i o n .  

a s i n g l e - p o l e ,  s ingle- throw switch used t o  apply  -26 Vdc o r  open c i r c u i t  t o  t h e  
ou tpu t .  Component redundancy ( s e r i e s  and p a r a l l e l )  was employed f o r  a l l  c u r r e n t  
handl ing  devices .  The t a b l e  oppos i t e  compares t h e  BSU breadboard and ITPR 
c h a r a c t e r i s t i c s .  

Comparison With ITPR C i r c u i t  - The d r i v e  c i r c u i t  used on ITPR was e s s e n t i a l l y  
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COMPARISON OF BSU BREADBOARD WITH ITPR 

Drive Method 
Switch Type 
Load Current  
Component Redundancy 
Max. Rep, Rate ( r e t r ace )  
Power ON/step per iod  
Duty Cycle 
Peak Power 
Power/Scan Step (average) 
Operating Voltage 
No. of Drivers Required 

ITPR 

Unipolar ,  S ing le  Phase 
SPST 
-870 KA 
Yes 

40 ms/400 m s  
0 .1  
22.5 W 
2.25 W 
-26 Vdc 
4 

- 

100 pps 

BSU Breadboard 

Bipolar ,  S ingle  Phase 
SPDT 
f700 mA, peak 
N o  

30 m s / l O O  m s  
0.3 
19.6 W 
5.88 W 
i-28 Vdc 
4 

100 pps 

1110-102-25 

SIMPLIFIED SCHEMATIC 
SCAN MOTOR DRIVE C I R C U I T  

FK 1110-102 6 - 7  



Sec t ion  6 - Scan Drive C i r c u i t  

s1 
A 

REDUNDANT DESIGN OF SCAN DRIVE CIRCUIT 

Of the  methods i n v e s t i g a t e d  t o  achieve  component redundancy i n  t h e  scan  d r i v e  
c i r c u i t ,  t h e  s e r i e s / p a r a l l e l  was s e l e c t e d  because i t  works whether t h e r e  i s  a 
s h o r t  o r  a n  open component, 

Component redundancy can be used t o  enhance the  r e l i a b i l i t y  of t h e  d r i v e  
c i r c u i t .  Four types  of component redundancy were cons idered:  

Method A: Independexit Dual Drive C i r c u i t s  - A space c r a f t  command 
would be used t o  s e l e c t  t h e  d e s i r e d  d r i v e r .  
Method B: S e r i e s  Redundant Drive C i r c u i t s  - This c i r c u i t  w i l l  ope ra t e  
p rope r ly  f o r  s ing le -po in t  f a i l u r e s  which r e s u l t  i n  s h o r t  c i r c u i t s  
between c o l l e c t o r  and emitter.  
Method C: P a r a l l e l  Kedundant Drive C i r c u i t  - This  c i r c u i t  w i l l  o p e r a t e  
p rope r ly  f o r  s ing le -po in t  f a i l u r e s  which r e s u l t  i n  open c i r c u i t s  be- 
tween c o l l e c t o r  and emi t te r .  
Method D: S e r i e s / P a r a l l e l  Redundant Drive C i r c . .  - This  c i r c u i t  w i l l  
o p e r a t e  p rope r ly  f o r  s ing le -po in t  f a i l u r e s  of e i t h e r  a n  open o r  s h o r t  
c h a r a c t e r i s t i c .  

F igure  A i s  a s i m p l i f i e d  switching diagram i l l u s t r a t i n g  Methods A ,  B ,  and 
C. Method D i s  shown i n  F igure  D.  A ranking of c i r c u i t  complexity i s  a s  fo l lows:  

(1) Least Complex: Method B & C 
(2) More Complex: Method, A 
(3) Most Complex: Method D 

Component redundancy Method D i s  recommended f o r  t h e  BSU scan d r i v e  c i r c u i t .  
implementation of Method D (or I3) i s  shown i n  F igure  C.  

An 

' OUTPUT 
UTPUT d l  

METHOD A: METHOD C: 
INDEPENDENT D I A L  SERIES REDUNDANT PARALLEL REDUNDANT 
DRIVE CIRCUIT 

OUTPUT 

A. COMPONENT REDUNDANCY METHODS. 
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CIRCUIT IMPLEMENTATION OF METHCTD D C. 
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Sect ion 6 - Scan Drive C i r c u i t  

ANALYSIS OF POWER REQUIREMENTS 

The average power requi red  by the  scanner i s  7.25 W ,  which because of power supply 
and d r ive  c i r c u i t  l o s ses  becomes W a t  the  spacecraf t  bus. The t r a n s i e n t  load 
during s t e p  and r e t r a c e  because of i t s  s i z e  and low frequency con ten t ,  cannot be 
f i l t e r e d  e f f e c t i v e l y  and w i l l  be r e f l e c t e d  t o  t h e  spacec ra f t .  

Power Requirements - Power i s  d i s s i p a t e d  i n  t h r e e  (3) func t iona l  elements;  
i . e .  1) scan motor windings, 2) motor e x c i t a t i o n  d r i v e  c i r c u i t s ,  and 3) scan 
mechanism con t ro l  log ic .  

as  a worst  case va lue  from VL/2R; where V = 28 V and R = 20 
of back emf and inductance a r e  neglected i n  order  t o  ob ta in  a l imi t ing  value.  
Peak power d i s s i p a t e d  wi th in  t h e  motor c o i l  i s  19.6 wa t t s ,  

Power lo s ses  wi th in  the  motor e x c i t a t i o n  d r i v e  c i r c u i t  amounts t o  1 . 7  W ,  
maximum, peak instantaneous.  This loss i s  due pr imar i ly  t o  the  motor e x c i t a t i o n  
cu r ren t  flowing through the  output  d r i v e r  t r a n s i s t o r s ,  

s t a n t  power d r a i n  requi red  t o  keep t h e  scan motor l og ic  a c t i v e  a t  a l l  t imes.  

average power requi red  per s t e p ;  s ince  scan motor power i s  appl ied  f o r  only 30 
msec/step during the  scan mode and 10 ms/step during the  r e t r a c e  mode. 

number was obtained from t h i s  r a t i o ;  

Power requi red  t o  drivercompute Devices motor, Model 15P03 can be computed 
. Secondary e f f e c t s  

Scan motor con t ro l  l o g i c  d i s s i p a t e s  approximately 0.20 W. This i s  a con- 

Power Di s s ipa t ion  per Cycle - A duty cycle  f a c t o r  i s  appl ied  t o  compute the 

The duty cyc le  f a c t o r  f o r  t h e  combined scan / r e t r ace  cyc le  i s  0.36. This 

T1/T2 where : 

T = t o t a l  time power i s  app l i ed  t o  motor (2.88 sec)  

T2 = scan / r e t r ace  per iod (8.00 sec) 
1 

The average power d i s s i p a t e d  per s can / r e t r ace  cyc le  i s  7.52 W. A p l o t  of t he  
average power versus  time i s  shown i n  the  v i s u a l  plan a s  Figure A. 

The power p r o f i l e  requi red  t o  complete the  e n t i r e  scan cycle  (data  p lus  
c a l i b r a t i o n )  i s  shown i n  Figure B. Thirty-one (31) scan r e t r a c e  cyc le s ,  p lus  
one c a l i b r a t i o n  cyc les  a r e  completed on a 256 second per iod.  
f o r  scan and r e t r a c e  i s  8.80 TJ, while the  average d i s s i p a t i o n  during the  c a l i -  
b r a t i o n  i n t e r v a l  i s  7.35 W.  Combining these  va lues  y i e l d  a s  a t o t a l  of 8 .81  W 
average f o r  t h e  e n t i r e  scan mechanism and d r ive  c i r c u i t .  

a c t u a l  input  power requi red  t o  d r i v e  the  scan mechanism. Peak power loads w i l l  
be d i r e c t l y  r e f l e c t e d  a s  cu r ren t  demands from the  primary spacecraf t  power system. 
Assuming a power conversion e f f i c i e n c y  of 78% including d r i v e  c i r c u i t  l o s ses  
y i e l d s  an input  power of 8.81 W ,  average, The peak requirements i s  21.4 W f o r  
a s  long a s  1.24 sec.  during the  scan r e t u r n  from housing c a l i b r a t i o n .  

Very l i t t l e  power smoothing (averaging) w i l l  occur s ince  the  power supply 
f i l t e r s  do not  a f f o r d  s u f f i c i e n t  energy s torage .  Hence, the  t o t a l  load power 
requirement i s  r e f l e c t e d  d i r e c t l y  upon the  s / c  ba t t e ry .  

Average power 

TOVS BSU Power Supply  E f fec t s  - TOVS power supply e f f i c i e n c y  w i l l  e f f e c t  t he  
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Section 7 - Product Assurance 

SUMMARY OF SCANNER RELIABILITY STUDY EFFORT 

The Scanner Reliability Study included: performance of a Stress Analysis/Relia bility 
Prediction, development of a Reliability Math Model, and Execution of a Failure Mode, 
Effect, and Criticality Analysis that defined the action necessary to reduce the 
probability of scanner failure. 

One of the major BSU scanner requirements was a Reliability study of the scan 
mechanism and drive circuit. This topic discusses the various facets of the study 
that the Reliability staff completed. 

and drive circuit, a Reliability Block Diagram was devised which was then used to 
develop a Reliability Math Model, 
included stress analysis and determination of failure-rates for the various compon- 
ents of the scan mechanism and drive circuit, The results of the prediction analy- 
sis indicate that the design is acceptable, and give confidence that the scan 
mechanism and drive circuit will have a life expectancy in excess of the two-year 
mission objective, 
following topic of this section. 

mechanism and drive circuit was performed, and the worksheets are exhibited in 
Appendix A to this report for reference purposes. Additionally, a detailed review 
of the FMECA is presented in the third topic of this section, 
analysis points out the failure modes and discloses the failure effect, alternate 
modes of operation , and the criticality; under the "Remarks" heading , the steps 
are described which must be taken to reduce the probability of failure. The dis- 
closure of critical areas is extremely important since it reveals the areas which 
require the most attention. 

preliminary plan to assure the reliability of the scan mechanism and drive circwitt 
the details of which are provided in Section 8, Conclusions. The main elements of 
the plan (subsequent to the design phase) are manufacturing controls and screening/ 
qualification testing. The manufacturing controls will be embodied in the procure- 
ment specifications, which will include compliance with the applicable require- 
ments of NASA Publication MjIB 5300.4(1B) "Quality Program Provisions for Aeronautics 
and Space System Contractors." Special attention will be given to the selection of 
space-qua 1 if ied lubricants , clean-room procedures and lot contro 1/ traceab i 1 it y . 
of Scanner Reliability and the FMECA, 
employed to ensure the reliability of the Scanner are in Section 8 ,  Conclusions. 

In order to predict the reliability and life expectancy of the scan mechanism 

The techniques used in making the prediction 

A detailed treatment of the Prediction Analysis is given in the 

A complete failure mode, effect, and criticality analysis (FMECA) of the scan 

This complete 

As a result of the FMECA, the Quality Assurance/Reliability team devised a 

1 

The remainder of this section of the report discusses in detail the Prediction 
A discussion of the procedures that will be 
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MAJOR ?iU3LIABILITY STUDY EFFORT TASKS 

EngineeringIProduct Assurance Design Reviews 

0 Possible failure modes identified. 
0 Design improvements made to reduce failure probability. 

Prediction of Scan Mechanism Reliability 

0 

0 Math Model formulated. 
0 Failure rates determined. 

Reliability Block Diagram drawn up. 

Failure Mode, Effect, and Criticality Analysis 

0 Detailed worksheets generated. 
0 Critical areas disclosed, 
0 Actions required to reduce probability of failure defined. 

Creation of Reliability Assurance Plan 

0 Manufacturing Control requirements. 
0 Screening/Qualification Testing requirements. 
0 NASA Publication NHB 5300,4(1B) requirements. 
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Section 7 - Product Assurance 

PREDICTION OF SCANNER RELIABILITY 

The r e l i a b i l i t y  predict ion f o r  the scan mechanism included drawing up a R e l i a b i l i t y  
Black Diagram developing a R e l i a b i l i t y  Math Model, and considering the l i f e  expec- 
tancy of the component p a r t s  of the mechanism. 

Basical ly ,  the r e l i a b i l i t y  predict ion f o r  the scan mechanism was obtained 
by est imat ing the f a i l u r e  r a t e s  f o r  i t s  component par t s .  However, s ince l i f e  
expectancy i s  equal ly  important, t h i s  topic  a l s o  discusses  those inherent 
r e l i a b i l i t y  c h a r a c t e r i s t i c s  t h a t  increase the probabi l i ty  t h a t  the l i f e  expectancy 
of the scan mechanism w i l l  exceed the two-year mission objective.  

re la t ionships  a r e  s e r i a l ,  s ince  the  f a i l u r e  of any one of the items would cause 
the mechanism t o  f a i l .  The estimated f a i l u r e  r a t e s  f o r  each item were determined 
on the b a s i s  discussed below, and these r a t e s  were then used t o  develop the 
R e l i a b i l i t y  Math Model. A s  the model ind ica tes  the predicted f a i l u r e  r a t e  
( f a i l u r e  per mi l l ion  hours) f o r  the the e n t i r e  scan mechan:ism i s  2.2 FPMH+AB+EO. 

The f a i l u r e  r a t e  f o r  t h e  scan motor was obtained from the f a i l u r e  r a t e  
source MIL-HDBK-217A. The f a i l u r e  r a t e  f o r  the harmonic dr ive  was estimated on 
the following basis .  

Predict ion - A s  indicated by the R e l i a b i l i t y  Block Diagram, the component 

A@ave Generator) = 0.9 FPMH 
A(Flex Spline) = not known 
XOutput Shaft)  = 0.01 FPMH 

The f a i l u r e  r a t e  f o r  the encoder was estimated t o  be 1.6 FPMH on the b a s i s  of 
data  contained i n  the TOVS-BSU System Report. The f a i l u r e  r a t e  f o r  the scan 
mirror  i s  not known, 
ind ica tes  t h a t  the  f a i l u r e  r a t e  w i l l  be extremely low. 

History - Since the mission t i m e  l i f e  i s  more than two years,  the following 
discussion i s  submitted t o  ind ica te  the r e l i a b i l i t y  and l i f e  expectancy inherent 
i n  the scan mechanism component par t s .  L i fe  t e s t s  of pin encoders have been per- 
formed by Li t ton  Encoder Division. 

revers ing d i r e c t i o n  every 15 minutes, f o r  over 18 x 10 6 ro ta t ions .  The t e s t s  
sh wed one f a i l u r e  due t o  a bad b a l l  bearing i n  one of the encoders a t  13.9 x 
10 r o t a t i o n s ;  s i x  other  encoders were stopped between 18.51 and 20 mil l ion 
r o t a t i o n s ;  and one f a i l u r e  was due t o  an in te rmi t tan t  shor t  between contacts  a t  
12  x 106 ro ta t ions .  

From Figure 7.7.2 of MIL-HDBK-217A, R e l i a b i l i t y  Stress and Fa i lure  Rate Data f o r  
Electronic  Equipment, the e l e c t r i c a l  f a i l u r e  r a t e  f o r  Class H wire insu la t ion  i s  
0.2 FPMH. The mechanical f a i l u r e  r a t e ,  from Figure 7.8.1 of MIZ-HDBK-217A, i s  
0.4 FPMH (RPM i s  l e s s  than 1000). Harmonic d r i v e  assemblies have been used i n  a 
number of space appl icat ions.  

They have undergone environmental t e s t i n g  and a r e  cur ren t ly  being evaluated 
and incorporated i n  designs by other  aerospace companies. A summary of a l i f e  
t e s t  report  from Aerojet General Corporation on a harmonic d r i v e  configuratior,  
s i m i l a r  t o  the one t h a t  w i l l  be  used f o r  the BSU i s  included i n  Appendix A of 
"Scan Motor Select ion Summary f o r  Infrared Temperature P r o f i l e  Radiometer", 
Beckman Document No. DA-2606-701, submitted t o  Gulton DSD, dated 1-30-70. 

The scan mirror configuration w i l l  be machined and subjected t o  thermal 
cycl ing t o  r e l i e v e  a l l  res idua l  s t r e s s e s  r e s u l t i n g  from the machining operation. 
The design of the  mirror w i l l  include a s t r u c t u r a l  analysis  t o  show tha t  the 
mirror d e f i ( x t i o n s  under v i b r a t i o n  and acce lera t ion  loads w i l l  l i m i t  the  s t r e s s e s  
t o  less than h a l f  of the e l a s t i c  l i m i t  of the mater ia l .  The b a l l  bearings u t i l i z e d  
with the scan mirror assembly w i l l  be cleaned per approved NESC procedure and 
lubricated with a space q u a l i f i e d  lubricant .  

However, experience with s i m i l a r l y  coated o p t i c a l  devices 

The t e s t s  were performed on 13-track, s ize-11 encoders r o t a t i n g  a t  100 r/min, 

8 
(For reference see Li t ton  Encoder Division DOE 67 057). 

The hotspot temperature of the scan motor i s  expected to  be 65OC o r  l e s s .  
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SCAN MOTOR 

A A  

1110-102-3E t 
4 

ENCODER SCAN MIRROR HARMONIC 
DRIVE 

A B  AC A D  
s 

AT = AA + AB + AC + A D  

R E L I A B I L I T Y  BLOCK DIAGRAM. See R e l i a b i l i t y  M a t h  M o d e l  b e l o w  f o r  D e t a i l s .  

R E L I A B I L I T Y  MATH MODEL 

A T  = 

w h e r e :  AT =; 

A A  si 

A B  = 

h C  = 

A D  = 

AT = 
therefore :  

E 

A A  + A B  + A C  + A D  

TOTAL F A ' I L W  RATE I N  FAILURES P E R  M I L L I O N  HOURS (FPMH) FOR 

FAILURE RATE FOR SCAN MOTOR 

FAILURE RATE: FOR HARMONIC DRIVE 

FAILURE RATE FOR ENCODER 

FAILURE RATE FOR SCAN MIRROR 

SCAN MECH4NISM 

0.64- A B  -t. 1 .6  + A D  

2 . 2  F P M H +  A B  + A D  
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Section 7 - Product Assurance 

REVIEW OF SCANNER PORTION OF FMECA 

Performance of the Failure Mode, Effect, and Criticality Ana1ysi.s revealed those 
critical failure modes which required the specification of preventive measures 
to reduce the probability of their occurence. 

The purpose of the Failure Mode, Effect, and Criticality Analysis (FMECA) 
that was generated for the scan mechanism was to discover the possible modes 
of failure and their effect on its performance and life expectancy. The main 
objective of the FMECA was to indicate the preventive measures that should be 
taken to reduce the probability of failure occurrence. 

The Gulton DSD Failure Effect Analysis Form No. 13547F1 was used as the 
worksheet for presentation of the FMECA, See Appendix A of this report, for 
worksheets including Scan Motor, Harmonic Drive, Pin-Contact Shaft Angle Encoder 
and Scan Mirror; and Scan Motor Drive Circuit. The elements that had to be 
taken into consideration in order to perform the FMECA included the following 
for each item of the Scan Mechanism: function, failure mode, failure effect, 
alternative mode of operation, criticality of failure, probability of failure, 
and the preventive measures that should be taken to reduce the probability of 
failure (under the "Remarks" column). 

Each item of the scan mechanism was evaluated separately. First the 
failure modes/failure mechanisms for each item were identified. This led to 
the determination of the effects that each failure mode would have on the per- 
formance of the scan mechanism. Then the most important part of the analysis 
was performed, which was the specification by the Product Assurance group of 
preventive measures required to reduce the probability of failure. The follow- 
ing paragraph includes sane specific examples of the procedure described above. 

effect is "Scan mirror cannot be driven through its 1.125-degree steps". The 
specified preventive measures were as follows, "The Scan Motor will be run-in 
for a minimum of 168 hours at 70° +2OC, and then will be subjected to rigorous 
qualification tests." Similarly, one of the failure modes of the encoder is, 
"Negligible"; and the specified preventive measure was the use of redundant 
pin-contacts which would ensure that the failure of one pin-contact would not 
affect the function of the encoder. One of the failure modes of the scan mirrcrr 
is, "Reflective coating becomes degraded". The failure effect due to this 
failure mode is "Degradation of sensitivity of the Scan Mechanism". The pre- 
ventive measure specified to reduce the probability of failure was the use of 
gold for the reflective coating since it is not subject to degradation by ultra- 
violet radiation. 

cal single point failure modes. The FMECA for the drive circuit is included in 
Appendix A. 

One of the scan motor failure modes is "No Output", for which the failure 

The drive circuit uses redundant power handling components and has no criti- 
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CRITICAL FAILURE MODES OF SCAN MECHANISM AND PREVENTIVE MEASURES 
THAT SHOULD BE TAKEN TO REDUCE PROBABILITY OF FAILURE 

Critical Failure Modes Preventive Measures 

Scan Motor 
0 No output 

Harmonic Drive 
0 Fails to operate 

Encoder 
0 Failure of two 

pin-contacts 

Scan Mirror 
0 Warping o r  

distortion 

- Run-in (screening) 
- Qualification tests 

- Run-in (screening) 
- Qualification tests 

- Qual. i f ic a t ion tests 

- Stress relief by 
heat treatment 
after machining 

0 Reflective coating - Use of gold for 
degradation reflective coating 
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Sect ion  7 - Product Assurance 

REVIEW OF DRIVE CIRCUIT PORTION OF FMECA 

A F a i l u r e  Mode, E f f e c t ,  and C r i t i c a l i t y  Analys is  f o r  t h e  scan motor d r i v e  c i r c u i t  
i n d i c a t e d  t h a t  a s e r i e s / p a r a l l e l  c i r c u i t  approach t o  achieve  component redundancy 
would enable  t h e  c i r c u i t  t o  f u n c t i o n  i n  a l l  conce ivable  f a i l u r e  nodes except  one,  
which can be c o r r e c t e d  eas i ly .  

A F a i l u r e  Mode, E f f e c t ,  and C r i t i c a l i t y  Analys is  worksheet f o r  t h e  scan 
motor c i r c u i t  i s  provided i n  Appendix A .  The c i r c u i t  analyzed c o n s i s t e d  of t h e  
S1 and S2 swi tches  shown i n  F igure  A and u t i l i z e d  i n  t h e  c o n f i g u r a t i o n  of Fig-  
u r e  B. This a n a l y i s  i n d i c a t e d  t h a t  wi th  one except ion  t h e  c i r c u i t  could f u n c t i o n  
w i t h  a l l  conce ivable  f a i l u r e  modes. 
the  f a i l u r e  e f f e c t  a s s o c i a t e d  wi th  the  s h o r t i n g  of R1.  If R 1  sho r t ed ,  and t h e  
s h o r t  remained i n  p l a c e ,  Q1 of the  p a r t i c u l a r  S1 switch could ('hog'' t h e  c u r r e n t  
and render  t h e  o t h e r  S1 swi tches  i n o p e r a t i v e  ( thus  nega t ing  t h e  e f f e c t s  of 
redundancy). 
l i m i t  of Q1. A similar e f f e c t  could be obta ined  by us ing  series redundant base 
d r i v e  r e s i s t o r s ,  R1A and R1B. 

count.  The S1 and S2 switches are  as p rev ious ly  desc r ibed .  The f a c t o r  t o  be 
cons idered  he re  i s  t h e  a d d i t i o n  of t h e  d e c i s i o n  c i r c u i t y  (shown by t h e  c i r c l e ) .  
I n  t h i s  event  a f a i l u r e  of t he  output  would have t o  be "sensed" and t h e  o t h e r  
series p a i r  s e l e c t e d .  F a i l u r e s  can occur  i n  t h e  switching c i r c u i t r y  t h a t  a re  
" s ing le  po in t "  i n  n a t u r e  and t h a t  would o v e r r i d e  t h e  e f f e c t s  of t h e  redundancy. 
From a r e l i a b i l i t y  c o n s i d e r a t i o n ,  i t  would be p r e f e r a b l e  t o  u t i l i z e  t h e  F igure  
B conf igu ra t ion .  From a power and volume s t a n d p o i n t ,  the  F igure  C conf igu ra t ion  
might be p r e f e r r e d .  

The one except ion  t h a t  was uncovered was 

The proposed s o l u t i o n  i s  t o  add a n  emitter r e s i s t o r  f o r  c u r r e n t  

Another c o n f i g u r a t i o n ,  t h a t  shown i n  F igure  C ,  s e rves  t o  minimize t h e  p a r t s  

1110-102-3 
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Sect ion 8 - Conclusions 

SUMMARY OF PERFORMANCE ATTAINABU 

Both a n a l y s i s  and t e s t i n g  show t h a t  t h e  use of  a s tepper  motor and a low- iner t ia  
harmonic d r i v e  can meet t h e  ob jec t ives  of t h e  TOVS-BSU scan sequence. The system 
can s t e p  and c r o s s  i n t o  the  al lowable e r r o r  band i n  l e s s  than 40 ms ueing a 100 
pps s t e p  r a t e ,  2.6 oz- in .  of dr iv ing  torque,  and an average of 7.10 W power. 

The r e s u l t s  of t he  scanner a n a l y s i s  and breadboard t e s t s  show t h a t  t h e  
The a n a l y s i s  was based on a com- scanner meets a l l  performance ob jec t ives ,  

merc i a l ly  a v a i l a b l e  s ize-15 ,  90-degree permanent magnet s tepper  motor and an 
80:l harmonic d r i v e ,  
sca led  t o  provide the  motor with a load equiva len t  t o  t h a t  which would be 
r equ i r ed  with an  80:l d r i v e .  
t e s t  and a n a l y s i s  t o  allow f o r  p o t e n t i a l  increase i n  mir ror  weight and the  ad- 
d i t i o n  of a l i g h t  sh i e ld .  

t h e  requi red  50-ms response and 100-pps r e t r a c e  r a t e .  This performance can be 
improved t o  a 35-ms respdnse t i m e  with a 100-pps d r ive  by increas ing  motor 
torque output (more ampere turns)  and de ten t  torque,  by adding dynamic braking 
t o  the  d r ive  c i r c u i t ,  o r  by r e t ro - to rqu ing ,  

Units can be se l ec t ed  f o r  2 t o  3 a r c  minutes,  a s  r equ i r ed ,  t o  reduce f r e e  
motion during the  damped response.  

7 , l O  W, based on a 30-percent duty cycle  during the  atep-dwell  per iod and a 
b ipo la r  s ingle-phase mode of motor opera t ion ,  

i n  the  smal les t  d r i v e  assembly capable of meeting the  performance ob jec t ives .  
Drive weight,  not including the  scan mi r ro r ,  i s  2.5 lb .  

The pro jec ted  l i f e  of the  d r i v e  is based on meeting a11 performance r e -  
quirements a f t e r  two years  i n  o r b i t ,  al lowing f o r  a t  least2000 hours of pre- 
f l i g h t  checkout and run-in.  The low contac t  s t r e s s e s  (< 2,000 pei)  of the  
d r i v e  and high q u a l i t y  s t a b l e  f i l m  lub r i can t  w i l l  provide t h e  necessary h i g h  
degree of confidence in t he  d r ive ,  

The mock-up used a 1OO:l d r i v e  with an i n e r t i a l  load 

A 30-percent margin on the  load was included i n  

The ca l cu la t ed  response time and t e s t  performance of t h e  breadboard met 

The backlash of harmonic d r ives  i s  normally 5 t o  6 a r c  minutes,  maximum. 

The scanner power goa l  was s e t  a t  less than 10 W. The requi red  power i s  

The s tepper  motor, harmonic d r ive ,  and s ing le -d i sc  pin encoder r e s u l t e d  
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COMPARISON OF SCAN REQUIREMENTS AND ANALYTICAL OR 
TEST DATA DEVELOPED I N  THIS STUDY 

Required Ca lcu la t ed  

Response t i m e  (wi th in  50 ms 
9.1' of 1 .125O)  

40 ms 

Test - 
50 m s  

Retrace 100 pps t o  115 pps 
Back 1 a s h 0.10 0.05O 
Power 10 w 7.10 W 8.0 W 
Weight 3.5 lb 2 .5  lb 
Operat ing L i f e  2 y r s  + 2000 h r  2 y r  
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Sect ion  8 - Conclusion 

NATURE OF SCANNER SUBSYSTEM INTERFACE REQUIREMENTS 

The requirements  a p p l i c a b l e  t o  t h e  i n t e r f a c e  between t h e  scanner subsystem and t h e  
instrument  system a r e :  mounting space ,  adequate  mechanical s t r e n g t h  and r i g i d i t y ,  
o p t i c a l  accuracy ,  and low thermal r e s i s t a n c e ,  

A mounting s u r f a c e  of a p p r o p r i a t e  dimensions and f l a t n e s s  must be provided 
f o r  mounting t h e  scanner ,  Also ,  c lea rance  space f o r  t h e  scan mi r ro r  and f o r  i t s  
beam over t h e  range  of look ang le s  i s  needed, as  d e t a i l e d  i n  t h e  t a b l e  on the  
f ac ing  page. 

i s  a smal l  to rque  r e a c t i o n  due t o  scanner  ope ra t ion .  This i s  so small--about 9 
oz- in . - -as  t o  be n e g l i g i b l e .  However, i n  t h e  launch cond i t ion  and i n  environmental  
t e s t i n g ,  cons ide rab le  stresses a r e  imposed. There a r e  d i r e c t  t e n s i l e ,  compressive,  
and shear  f o r c e s  on t h e  j o i n t ,  a s  well  a s  bending induced i n  t h e  scanner mounting 
web of t h e  housing. The r e s i s t i n g  moment necessary  a t  t h e  scanner-to-housing j o i n t  
i s  1500 l b - i n .  The scanner  mounting screws must be s i z e d  t o  have a pre load  
g r e a t e r  than any t e n s i l e  f o r c e  t h a t  can be imposed on them, inc lud ing  t h e  r e s i s t i n g  
moment. Dowel p i n s  t o  p o s i t i v e l y  l o c a t e  t h e  assembly and t ake  t h e  shear  f o r c e s  a r e  
necessary  a l s o .  
diameter  b o l t s  torqued t o  11 .0  i n . - l b ,  and two 3/16-i.nch diameter  p ins  i n s t a l l e d  
a t  assembly. 

s t rumen t ' s  e x i t  beam, The i n i t i a l  i n s t a l l a t i o n  of t h e  scanner subassembly must be 
a c c u r a t e  geomet r i ca l ly ,  and t h e  des ign  m u s t  a l low i t  t o  be r e p o s i t i o n e d  a c c u r a t e l y  
when i t  i s  removed and r e i n s t a l l e d .  This i s  achieved by t h e  two 3/16-inch-diameter 
p i n s ,  which a l s o  t ake  the  shear  loads .  The p ins  a r e  i n s t a l l e d  only  a f t e r  t h e  scanner 
i s  a l i g n e d  and clamped a t  i n i t i a l  assembly. T h e r e a f t e r ,  no alignment i s  necessa ry ,  
s i n c e  t h e  l o c a t i n g  p ins  a l low the  scanner  t o  be removed and a c c u r a t e l y  r e i n s t a l l e d  
as  o f t e n  as  d e s i r e d .  

scanner- to-housing j o i n t ,  t h e r e  i s  a thermal i n t e r f a c e  requirement .  This  hea t  i s  
disposed o f ,  u l t i m a t e l y ,  a t  t h e  e x t e r n a l  r a d i a t o r  p a n e l s ,  and i t  m u s t  fol low con- 
duc t ive  pa ths  through the  housing metal t o  g e t  t h e r e .  This h e a t  conduction incu r s  
a temperature  drop of about  12OC, leaving  an  a l lowable  temperature  drop a t  t h e  
i n t e r f a c e  of 36OC, i f  t he  motor upper l i m i t  of 70% i s  not  t o  be exceeded. Since 
t h e  average power involved i s  8 . 2  w ,  t he  maximum a l lowable  thermal  r e s i s t a n c e  a t  
t he  i n t e r f a c e  i s  4.4OC/w. The des ign  va lue  of l , O O C / w  meets t h i s  requirement .  

motor d r i v e r  r e q u i r e s  a n  inpu t  of programmed p u l s e s  from the  ins t rument  l o g i c  and 
an  input  of dc power, 
MDB-7P connector .  
power inpu t .  E lec t r ica l  connect ion t o  i t  i s  a l s o  through a Cannon-type m u l t i - p i n  
connector.  

I n  a c t u a l  instrument  ope ra t ion ,  t h e  only  mechanical stress on t h e  i n t e r f a c e  

These requi rements  a r e  m e t  wi th  a p a t t e r n  of t h r e e  3/16-inch- 

The o p t i c a l  accuracy  requirement concerns the  po in t ing  accuracy  of t he  in -  

Because t h e  h e a t  of power d i s s i p a t i o n  i n  t h e  scanner  motor must c r o s s  t h e  

me scanner  e l e c t r i c a l  i n t e r f a c e  involves  t h e  motor and s h a f t  encoder .  The 

Phys ica l  connect ion t o  t h e  motor d r i v e r  i s  through a Cannon 
The p in-contac t  encoder i s  a pass ive  device  and r e q u i r e s  no 

8-2 FR 1110-102 



BECKMAN INSTRWNTS 9 I N C .  
Advanced Technology Operat ions 
J. C. Hammond 

SCANNER SUBSYSTEM INTERFACE REQUIREMENTS 

0 

0 

0 

0 

0 

0 

0 

0 

Mounting Surface - 

Mirror  Clearance - 
Mirror  Beam S i z e  - 
Look Angles - 

R e s i s t i n g  Moment of - 
Support S t r u c t u r e  

Assembly Fea tu res  - 

Scan Motor Power - 
Thermal Res is tance  - 

3 mounting ho le s  on 5 - i n . - d i a .  
c i r c l e ;  su r face  f l a t  w i t h i n  
0.005 i n .  

11.4 i n .  d i a .  x 12.0 in .  l ength  

11.4 i n .  d i a .  

7 1  degrees  above n a d i r ,  
ant i -sum s i d e  

42 degrees  above n a d i r ,  suns ide  

1500 l b / i n .  

Dowel p i n s  i n s t a l l e d  i n  l i n e -  
reamed ho le s  t o  permit repea ted  
a c c u r a t e  assembly and disassembly 

8 .5  w avg.;  programmed 10 m s ,  
28-V pu l ses  

4,4Oc/w, maximum 

FK 1.110-102 



Sec t ion  8 - Conclusions 

PIAN TO ASSURE RELIABILITY OF SCANNER 

The a s su rance  of scan  mechanism and d r i  irci i t  r e l i a b i l i t y  i s  achieved  by onduct ing 
Design Reviews t o  opt imize  t h e  des ign  concepts ;  en fo rc ing  Manufacturing Cont ro ls  t o  
ensu re  q u a l i t y ;  and performing Screening and Q u a l i f i c a t i o n  Tes t ing  t o  v e r i f y  f u n c t i o n a l  
performance . z 

After t h e  des ign  phase -- which i n i t i a t e d  t h e  b a s i s  f o r  r e l i a b i l i t y  - -  and t h e  
F a i l u r e  Mode, E f f e c t s ,  and C r i t i c a l i t y  Ana lys i s  (FMECA) - -  which i n d i c a t e d  t h e  a c t i o n  
r e q u i r e d  t o  a t t a i n  r e l i a b i l i t y  - -  t h e  t a s k  of  gene ra t ing  a p lan  t o  assure t h e  r e l i a -  
b i l i t y  of t h e  scan  mechanism and d r i v e  c i r c u i t  was completed.  The main c a t e g o r i e s  
of  t h e  o v e r a l l  program devised  t o  implement t h e  p l an  a re  as fo l lows :  Design Review, 
Manufacturing Cont ro l ,  and Sc reen ing /Qua l i f i ca t ion  Tes t ing .  

Design Review - Design reviews should be h e l d  a t  t h e  s u p p l i e r  l e v e l  where 
a p p l i c a b l e .  These reviews should bea t tended  by a R e l i a b i l i t y  r e p r e s e n t a t i v e ,  and 
t h e  s u p p l i e r ' s  f i n a l  des ign  should r e q u i r e  approval  by t h e  R e l i a b i l i t y  and Q u a l i t y  
Department. 

Manufacturing Cont ro ls  - Assurance of  r e l i a b i l i t y  dur ing  t h e  f a b r i c a t i o n  phase 
i s  achieved by imposing r i g i d  manufactur ing c o n t r o l s  on s u p p l i e r s .  
p l i s h e d  by t h e  g e n e r a t i o n  of device  procurement s p e c i f i c a t i o n s ,  which should inc lude  
t h e  a p p l i c a b l e  requi rements  of NASA P u b l i c a t i o n  NHB 5300.4(1B), "Qual i ty  Program 
Prov i s ions  f o r  Acronau t i ca l  and Space System Con t rac to r s . ' '  The elements  of manu- 
f a c t u r i n g  c o n t r o l  a re  l i s t e d  on t h e  f a c i n g  page, Some of t h e  major e lements  of t h e  
Manufacturing Cont ro l  Program should be: a requirement  t h a t  t h e  s u p p l i e r s  s h a l l  s u b -  
m i t  Q u a l i t y  Cont ro l  , R e l i a b i l i t y ,  and Manufacturing Process  Cont ro l  p l ans  which s h a l l  
be approved by t h e  R e l i a b i l i t y  and Q u a l i t y  Department p r i o r  t o  t h e  s t a r t  of f a b r i c a -  
t i o n ;  source  i n s p e c t i o n  a t  t h e  s u p p l i e r ' s  f a c i l i t y  dur ing  f a b r i c a t i o n  and p r i o r  t o  
shipment by Product  Assurance personnel ;  and l o t  c o n t r o l l t r a c e a b i l i t y  of m a t e r i a l .  I f l  
a d d i t i o n ,  emphasis should be p laced  on t h e  use of clean-room requi rements  a s  o u t l i n e d  
i n  Fede ra l  Standard No .  2092, w i th  t h e  use o f  laminar-flow s t a t i o n s  f o r  assembly and 
i n s p e c t i o n  o p e r a t i o n s .  Also ,  p a r t i c u l a r  a t t e n t i o n  should be g iven  t o  t h e  s e l e c t i o n  
and t e s t i n g  of  s p a c e - q u a l i f i e d  l u b r i c a n t s .  

To f u r t h e r  a s s u r e  t h e  r e l i a b i l i t y  o f  t h e  scan  mechanism and d r i v e  c i r c u i t  com- 
ponent d e v i c e s ,  t hey  should be sub jec t ed  t o  r i g o r o u s  sc reen ing  and q u a l i f i c a t i o n  
t e s t i n g .  S p e c i f i c a l l y ,  t h e  scan motor should be run  i n  a t  100 pps wi th  a dynamic 
torque  load  of 3 . 5  i n .  o r  f o r  a minimum of 84 hours  i n  each d i r e c t i o n  (168 hours  
t o t a l )  a t  a temperature  of  70 f20C. 
c l e a n i n g ,  t h e  s u p p l i e r  i s  r e q u i r e d  t o  perform t h e  acceptance  t e s t i n g  ( q u a l i f i c a t i o n  
t e s t ) ,  p r i o r  t o  shipment,  The harmonic d r i v e  should be run  i n  a t  an  input  speed of 
1500 r/min 22% w i t h  an  i n e r t i a  load  of 0 .19  ~ . 0 2  l b - i n , - s *  a t  t h e  output  s h a f t ,  
Ro ta t ion  should be r eve r sed  every  minute f o r  a t o t a l  running t ime of 168 hours  a t  a 
temperature  of  70 f2OC. And fo l lowing  t h e  r u n - i n ,  wi thout  any ad jus tment  o r  c leaning '  
t h e  s u p p l i e r  i s  r e q u i r e d  t o  perform t h e  acceptance  t e s t  ( q u a l i f i c a t i o n  t e s t ) ,  p r i o r  
t o  shipment.  The p in -con tac t  s h a f t  encoder should be  run  i n  a t  6.0 f1 .0  r /min f o r  a 
minimum of 84 hours  i n  each d i r e c t i o n  (168 hours  t o t a l  minimum) a t  a tempera ture  of 
7OoC. And fo l lowing  t h e  r u n - i n ,  wi thout  any adjustment  o r  c l e a n i n g ,  t h e  s u p p l i e r  
w i l l  be r e q u i r e d  t o  perform t h e  acceptance  t e s t i n g  ( q u a l i f i c a t i o n  t e s t ) ,  p r i o r  t o  
s h i pme n t . 

This  i s  accom- 

Following t h e  r u n - i n ,  wi thout  any adjustment  or 
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ELEMENTS OF RELIABILITY ASSURANCE PROGRAM 

Special emphasis will be given to the elements marked with an asterisk. 

Design Review 

0 In-house design reviews. 
0 Supplier design reviews. 

Manufacturinn Controls 

0 

0 

0 

0 

0 

0 

-k 0 

*. 
0 

NASA Document NHB 5300.4(1B) requirements. 
Quality Control Plan submittal by suppliers. 
Reliability Plan submittal by suppliers (when applicable). 
Manufacturing Process Control Plan submittal. 
Material Certification, 
Lot Control/Traceability. 
Clean Room conditions during assembly. 
Source Inspection during fabrication and prior to shipment. 
Space-Qualified Lubrication selection. 

Screening and Qualification Testing 

*0 Run-in testing (screening). 
*0 Acceptance Test prior to shipment by supplier. 

0 Environmental testing, 
0 Insulation and dielectric tests. 
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APPENDIX A 

TOVS -BSU FMECA WORKSHEETS 



0 
Iu 

~~ ~ ~~ ~ 

FAlLURI MODI: 0 - O p e n ,  SrShort.  DxDrift, CS sSet F/?, CRsRes.( flf  

+ x t i t h e r  Mode, NO, No O u f p u l .  I O  : E r r o n e o u s  O u t p u t  
1 C1:Constont-8- teve~, C O x C o n s t o n t  "0" ~ o r o ~ ,  G I  cat. i a i~uro  

~ ~ ~~ 

NOTES : 

CRITICALITY/PROIABIl lTY FAILURE MODE ASSIGNMENTS (X.  L Xp 
A. : 7 5 s d e g r a d s d  t o  capostrophic 
8 0  ' 5 O S t o 7 5 S  d s g r o d o d  

DITECTAIILITY: Y 1 Yos, PsPossibly,  N :No 

fUNCTION 

D o p r a d o f i o n  
CORRECTIV I  ACTIONS R a  Replace Unit 

m m  - 
-kta 

me funct lon o f  t he  
8canncr a s s m b l y  i n  to 
~ l w  e a r t h ,  t o  v l w  
space and t o  vi- a 
boualng blackbody ref- 
c r c m e  for c r l l b r a t l o a .  

l l ~ e  a r s c z b l y  1s made ap 
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TOVS -BSU COMPONENT SPEC IF  ICATIONS 

Permanent magnet, 4-phase,  90-degree s t e p p e r ,  28 Vdc 
S t a l l  to rque  10 oz - in .  (minimum) 
Detent  to rque  0 .4  t o  0 .5  oz - in .  
Rotor i n e r t i a  5 x i n . - l b - s z  
Bearings - Front  duplex p a i r  R-4 ,  2 .5  l b  pre load  

Dynamic torque  a t  100 pps 3 .5  oz - in .  

(Al l  motor performance c h a r a c t e r i s t i c s  are based on d r i v i n g  

- Rear s i n g l e  r a d i a l  R-4 

two phases i n  s e r i e s . )  

Power 
Peak Power 

Weight 
Operat ing Temperature 

Vacuum 
V i b  r a t  ion  

Acce le ra t ion  

Reduction Drive 

Harmonic Drive 
C i r c u l a r  S p l i n e  
F lex  Sp l ine  
Wave Generator  
Wave Generator I n e r t i a  
P r e f e r e n t i a l  Pos i t i on ing  

Torque 
Backlash 
Windup a t  
Weight 
Operat ing 

Encoder 

Pin type  , 

10 oz - in  

Temperature 

9 W average a t  36% duty  cyc le / scan  
20 W (d r iv ing  i n e r t i a  load of 30 x 

in - lb-s2  a t  10 pps and 0.5 oz- in .  
s t a t i c  f r i c t i o n  torque)  

12 0 2  
a l l  performance c h a r a c t e r i s t i c s  -20" 

t o  +70"C a f t e r  100 hours  exposure 
10-6 t o r r  
S inuso ida l  5 t o  2900 Hz a t  log  O-to- 

Random (nonoperat ing)  20g rms a t  0.2g2/ 

2 2 g (no no pe r  a t  i n g  ) 

peak, a l l  axis 

H z ,  20-2000 HZ 

80:l USM Corp. ,  s i z e  1 C  
A l S l  440C s t a i n l e s s  s t ee l  
AlSl 347 s t a i n l e s s  s t ee l  
Double e c c e n t r i c  w i t h  sh i e lded  R 3  bea r ings  
5 x 10-7 i n . - l b - s 2  (max) 
0.25 oz - in .  (max) 

2 - a rc  -min 
5-arc-min 
6 o z  
-20" t o  +70"C 

L i t t o n  I n d u s t r i e s ,  7 - b i t  with redundant p in  cage 
1 = 40,5 degrees  from n a d i r  
7 1  p o s i t i o n s  from 1 t o  +40.5 degrees  from n a d i r  
Space look a t  +70 degrees  from n a d i r  
Housing look a t  +180 degrees  from n a d i r  
Accuracy of 72 IFOV C0.05 degree 



TOVS -BSU COMPONENT SPECIFICATIONS 

Output S h a f t  and Bearings 

S h a f t  
Bearings - Fron t  

Rear 

0.625 d iameter  440 C steel  
tandem duplex p a i r  R-10, 25-lb 

s i n g l e  radial .  R-10 
pre load  

Bearing Torque Tests wi th  Lubr i ca t ion  a t  20°C and +70"C 

Breakaway Rgnning a t  
(max) 50 r /min (avg) 

Motor (duplex p a i r )  

rear r a d i a l  

Wave Generator  

Encoder 

Output Sha f t  Bearings 
(duplex p a i r )  

r e a r  r a d i a l  

0.1 oz - in .  0 .06 

0.04 o z - i n .  0.02 

0.04 o z - i n .  0.02 

0 .5  o z - i n .  0 . 2  oz- in .  

1 . 5  oz - in .  0 .9  oz - in .  

0.3 oz - in .  0.15 oz - in .  

7k Peak torque l imi t ed  t o  twice average running t o r q u e .  


