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ABSTRACT 

This paper describes the design and development of a continuous duty 
cycle antenna tracking mechanism (ATM) for geost~tionary communications 
satellites. This paper presents the FACC requirements for an ATM and des- 
cribes the development mechanism designed and built for the program. The 
mechanism mechanical configuration and component performance is documented 
along with its launch aad operational constraints. The proposed development 
tests and the results of computer simulations are discussed. The advantages 
of this mechanism are 3.t~ simplicity with inherent reliability, low mass, 
high stiffness, and ability to accurately point a wide range of antenna 
sizes. 

INTRODUCTION 

Communications satellites are tending to use higher frequencies and 
narrower shaped antenna beams. For these beams to be practical, the antennae 
have to be oriented accurately at their ground targets. Typically, the allow- 
able pointing error is 10 percent of the beam width, although this depends 
largely 3n the gain slope at the edge of the coverage area. 

FACC has identified a future requirement for an ATM to compensate for 
body motions, thermal distortions, and alignment errors of its three-axis 
communications satellites. The mechanism is to operate continuously dsing 
a RF sensor for control loop position feedback. 

The critical performance requirements for the mechanism are as follows. 
The required level of reliability has not been identified, although it should 
be as high as possible to prevent a mission failure. 

Reflector diameters--1.0 to 4.0 
Boresight tracking range--+2.0° 
Maximum beam-point ing erroT--0.02~ 
Maximum tracking rate--0.1 O/sec 
Control loop--RF sensor 
Duty cycle--Continuous 
Lifetime--10 years 

Mass, height, and power consumption to be a minimum. 
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MECHANISM DESIGN 

The development model mechanism i s  shown i n  Figure 1. The design con- 
e i a t s  of t h r e e  b a s i c  u n i t s :  l i n e a r  motor ,  p o s i t i o n  s e n s o r ,  and g imbal  
assembly. The gimbal assembly connects t he  antenna interface p l a t e  t o  t he  - -  

base p l a t e  and permits small a n g l e s  of  r o t a t i o n  about two orthogonal axes. , 
Linear motcrs and Mnear pos i t ion  sensors  i n  each axis  provide t h e  torque t o  
r o t a t e  the  r e f l e c t o r  and sense its angular posi t ion.  ; 

There are no wearing sur faces  or  sources of f r i c t i o n  i n  t he  design and 
t h e  gimbal.@.vots act l i k e  t o r s ion  spr ings  and do not requi re  l i l b r i o a t ~ o n .  
This ensure$ high r e l i a b i l i t y  and long opera t iona l  l i f e .  A s  t he  design d 29s 

not  contain ws t ' lubr ican tu ,  and because t he  moving components enjoy substam- 
t i a l  c learances the mechanism can operate  i n  r e l a t i v e l y  severe thermar 
environments. 

. Because of the  high a x i a l  and r a d i a l  s t i f f n e s s  of t h e  f l e x u r a l  p i v o t s  
t he .g imba1  i s  ve ry  s t i f f  a x i a l l y  and i n  t o r s i o n  about  t h e  unusca ax is .  
Each pivot  is ra ted  a t  2000 N (450 l b s )  r a d i a l  load  c a p a b i l i t y ,  and even  
though the  f u l l  capact ty  is  net  intended t o  be used, i t  allows simple caging 
systems t o  be . *ed f o r  p ro tec t ion  during launch. 

MECHANISM OPERATION 

When a constant  voltage is appl ied t o  a motor the  gimbal d e f l e c t s  a 
propoptional angle and s t a y s  there .  When the  vol tage is removed the  r e s to r -  
ing  pivot torque re turns  the  gimbal t o  its datum posi t ion.  

The c o n t r o l  sys tem i s  des igned  t o  reduce the  e x i s t i n g  point ing e r r o r  
between the  t a r g e t  and the  antenna b o r e s i g h t .  Dedice ted  e l e c t r o n i c s  have 
n o t  been b u i l t  f o r  t h e  development model mechanism, but real-time computer 
con t ro l  is t o  be used t o  t e s t  the  mechanism and i t s  cont ro l  t echniques .  For 
a f l l g h t  mechanism t h e  c o n t r o l  system i s  provided with RF sensor da t a  and 
LVDT da ta  ( r e f l e c t o r  t o  s p a c e c r a f t  p o s i t i o n )  i n  each  a x i s .  Only RF d a t a  
a r e  r e q u i r e d  t o  m a i n t a i u  a s t a b l e  con t ro l  system, but f u r t h e r  development 
t e s t s  may show a system improvement should LVDT da ta  a l s o  be used. 

Usua l ly ,  LVDT p o s i t i o n  d a t a  a r e  only required f o r  telemetry purposes 
and as  a back-up cont ro l  loop f o r  p e r i o d s  when RF d a t a  a r e  n o t  a v a i l a b l e  
( i  .e. , preRF acquis i t ion ,  beacon f a i l u r e ,  and excessive body m ~ t i o n .  

LAUNCH CONFIGURATION 

The ATM may be used f o r  body mounted o r  deployable r e f l e c t o r s .  Figure 2 
shows both launch  configuration^ and t h e i r  caging systems. 







Body mounted r e f l e c t o r s  a r e  genera l ly  of small  diameter (1.0 t o  2.0 m), 
and s o  a pyrotechnic caging- device  mounted between t h e  an t enna  i n t e r f a c e  
and t h e  base p l a t e  (Case 1) would be s u f f i c i e n t  t o  r e s t r a i n  t h e  r e f l ec to r .  
Larger r e f l e c t o r s  may r e q u i r e  a r e s t r a i n t  a t  a g r e a t e r  r a d i u s ,  w i t h  t h e  
attachment on the  r e f l ec to r .  

Most l a r g e  r e f l e c t o r s  0 2 . 0  m) w i l l  be deployed on a boom from t h e  s i d e  
of t h e  spacecraf t  body. Several  hold-down configurat ions are poss ib le  with 
t h i s .  The mechanism can be caged t o  t he  spacecraf t  and t h e  r e f l e c t o r  snubbed 
aga ins t  t he  body s idewali  (Case 2). O r  t h e  r e f l e c t o r  can be caged and the  
mechanism e i t h e r  caged o r  f r e e  t o  r o t a t e  (Case 3). The c e n t r a l  hole  (6.25 c m  
diameter) can be used f o r  access  t o  t h e  mechanism base  p l a t e  t h rough  t h e  
r e f l e c t o r .  

It is des i rab le  f o r  both launch and operat ion t h a t  the  r e f l e c t o r  is 
mounted ~ e n t r a l l y  on the  mechanism with its cog.  d i r e c t l y  over t h e  axes of 
ro ta t ion .  

GIMBAL ASSEMBLY 

The gimbal  assembly i s  c o n s t r u c t e d  around four  double-ended f l e x u r a l  
pivots.  The cen te r  s ec t i on  of each pivot  is clamped i n t o  t h e  gimbal  f rame 
and the  pivot ends a r e  clamped i n t o  supports.  Two supports  connect the gimbal 
t o  the base p l a t e  t o  allow one ax i s  of motion, and the  o ther  supports  connect 
it  t o  t he  antenna i n t e r f a c e  t o  c r e a t e  t h e  orthogonal ax is .  

The p i v o t s  a r e  des igned  t o  f l e x  th rough an  a n g l e  o f  +IS0, although 
in te r fe rence  between the  motor components occurs a t  app rox ima t~ ly  + 2 . 5 O .  The 
designed ATM operat ing range i s  - +1.5O. 

LINEAR MOTOR CONSTRUCTION 

Each a x i s  is dr iven by a dc l i n e a r  motor, which i s  sect ioned i n  Figure 
3. Over the mechanism operat ing range the  motor components a r e  noncon tac t -  
i ng .  Wi th in  each  motor hous ing  there  a r e  redundant windings, e f f e c t i v e l y  
giving two motors i n  each  a x i s .  It i s  i n t e n d e d  t h a t  o n l y  one winding  be 
e n e r g i z e d  a t  any i n s t a n t .  The motor c o r e  c o n t a i n s  two r ings  of r a d i a l l y  
or iented permanent magnets, with each r i ng  positioned t o  be a x i a l l y  c o i n c i -  
dent with i t s  respect ive s t a t o r  winding. Although the re  a r e  two magnet r ings  
there  is only one magnetic c i r c u i t ,  which u s e s '  t h e  i n n e r  s t a t i o n a r y  i r o n  
piece and the  ou te r  s t a t o r  housing a s  t he  re turn  paths.  

posi t ion.  This allows a maximum f o r c e  of 9.0 N f o r  a 15 C a t t  i n p u t  a t  20 
Vdc. 

A s  t he  gimbal and motor core  are deflected from t h e i r  datum pos i t i on  the  
force  produced f o r  a given power input  decreases. Over t he  motor operat ing 
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range of +3.8 mm the nonlinearlty should not be significant to the control 
system. ~ 5 e  slightly angular motion of the core within the stator housing 
does not appear to cause significant performance degradation. 

POSITION SENSOR 

The attitude of the antenna relative to the datum position (or 
spacecraft) is measured by a linear variable differential transformer (LVDT) 
in each axis. Each LVDT is powered by a signal processing unit, which 
drives the priinary winding with a Z.,'XHz sine wave. An induced current 
is created in the secondary coils by the high permeability core. From the 
difference in magnitude of the secondarj currents a linear pl-si tion output 
(+lo Vdc) is derived. The stator and core are noncontacting and do not cause 
f'fiction. 

tAiJBRATION OF MECHANISM 

The computer program which controls the motion of the mechanism requires 
the input of certain performance parameters. To determine these values, 
the mechanism is to be calibrated under steady-state conditions. 

The power off datum position (with a l-g counterbalance) is measured 
o&ically for each axis. By applying known torques in each axis and measur- 
ing the deflection, the gimbal spring constant will be determined. It is 
predicted to be 0.10 NmI0, with a linearity better than 5 percent over the 
operating range. Measuring the deflection against applied motor current 
will provide the effective motor constant, which will be slightly less than 
2.2 N/&ZE, with a linearity better than 5 percent over the 'operating range. 

Becm&e of end-ef fect losses and relative rotation of the motor com- 
ponents, the mechanism deflection is not entirely linear with applied cur- 
rent. However, it should be quite sufficient for the control system to 
achieve the required pointing accuracy. If desired, the effects of nonlineari- 
ties can be eliminated by programming the control law with a variable motor 
constant dependent upon the LVDT position data. 

TEST MODE AND CONTROL SYSTEM 

To perform a fully representative series of performance tests the 
mechanism would have to be mounted on a three-axis table (preferably six- 
axis) and an RF (or laser) beam generated at infinity to simulate the ground 
beacon. However, at this phase of development the much 'simpler test setup 
detailed below is adequate. A version of the "back-up" control mode (LVDT 
data only? is used to test mechanism performance. 

The mtallite interface is held stationary and the inertia is commanded 
to fcllow a moving target. The target is an imaginary point in space, the 



locus of which is generated by t he  computer. The angular  range and rates 
are gecerated such t h a t  t h e  mechanism experiences loads  equivalent  t o  
p r e d i c t e d  m i s s i o n  c o n d i t i o n s .  I n  r e a l i t y ,  the  t a r g e t  locus is represented 
by s i n e  curves and s t e p  inputs  of varying periods and magnitudes. 

To de t e rmine  t h e  e x i s t i n g  po in t ing  e r r o r ,  t he  LVDT output is compared 
with t he  t a r g e t  locat ion.  The t a r g e t  t r a c k  and poin t ing  e r r o r  i n  each  a x i s  
and t h e  t i m e  a r e  p r i n t e d  e v e r y  second t o  provide a hard-copy record of a 
t e s t  run. 

The test computer is loaded with a program t o  con t ro l  t h e  mechanism (a  
flow diagram of t h e  con t ro l  loop is shown i n  Figure 4). A l i n e  i n  t h e  
program samples  LVDT pos i t ion  d a t a  every 100 mS, convert ing i t  from analog 
dc vol tage t o  a numerical value. The t a r g e t  pos i t i on  ( g e n e r a t e d  by a l i n e  
i n  t h e  program) i s  compared w i t h  t h e  LVDT da ta  and an e r r o r  value is  ca l -  
culated f o r  each axis.  

Using t h e  ca l i b r a t ed  mechanism performance parameters, t he  known i n e r t i a  
and t h e  e r r o r  values,  t h e  con t ro l  program determines t h e  motor vol tages  
required t o  co r r ec t  t he  e x i s t i n g  e r r o r s  during t h e  next sample period. That 
computer t akes  a f i n i t e  time t o  perform its task  and s o  a time l a g  develops 
i n  t he  con t ro l  laop. If t h e  LVDTts are samples a t  T=O and t h e  con t ro l  algo- 
ri thm takes 100 mS t o  process, then a new. motor vol tage w i l l  be output  a t  
T=100 mS i n  order  t o  e l imina te  t h e  i n i t i a l  e r r o r  by T=200 mS. With a 0.2 
second time l a g  it is des i r ab l e  t o  p red i c t  t he  motion of t he  . t a r g e t  t o  
improve point ing accuracy. This pred ic t ion  is performed by the  algorithm, as 
the  program s t o r e s  previous pos i t ion  da t a  f o r  comparison. 

It is expected t h a t  a r e a l i s t i c  spacecraf t  con t ro l  system would sample 
and respond every 60 mS, r a t h e r  than t h e  100 mS capable by t h e  cur ren t  
configuration. 

Once t h e  new motor vo l tages  have been determilled t h e  computer ou tputs  
them a s  +20 Vdc a n a l o g  s i g n a l s .  These a r e  a m p l i f i e d  t o  provide adequate 
cur ren t  aGd then passed t o  t h e i r  r e s p e c t i v e  motors .  The v o l t a g e  a p p l i e d  
t o  each motor remains constant during the  next 100 mS. 

The r e s u l t  is t h a t  t he  mechanism d r i v e s  t h e  i n e r t i a  back and f o r t h  
across  its range a s  it  tries t o  follow the  demanded locus a s  c lo se ly  a s  
possible .  

COMPUTER SIMULATIONS 

A computer s imulat ion of t he  mechanism, t he  spacec ra f t ,  and the  r e f l ec -  
t o r  i n t e r a c t i o n  has  been performed. I n  t h i s ,  t he  mechanism base i s  given 
angular and l i n e a r  dis turbances represen t ing  t h r u s t e r  f i r i n g s  and t h i s  causes 
t he  f e e d l r e f l e c t o r  combination t o  misalign the  antenna beam. The e r ro r  angles 
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( represent ing the  RF sensor  output)  a r e  sampled and a co r r ec t i ve  motor fo rce  
determined. The new force  is  appl ied a f t e r  a s u i t a b l e  time l a g  and the system 
dynamics a r e  continuously monitored. F i g c r e  5 shows a t y p i c a l  sy s t em r e -  
sponse .  I n  t h i s  s i m u l a t i o n  an  I n t e l s a t  V s i z e  spacecraf t  with a deployed 
2-m diameter r e f l e c t o r  experiences a 20 N t h r u s t e r  f i r i n g .  The maximum beam 
e r r o r  i s  0.02' and t h e  motors  draw 0.1 Watts each. After  1.5 seconds t he  
system settles down t o  an e r r o r  of 0.001' and t o t a l  power consumption much 
less than 1 Watt. 

S i m u l a t i o n s  have been performed f o r  r e f l e c t o r s  of 1- t o  4- diameter 
w i t h  i n e r t i a s  of 0.15 t o  20 ~ ~ m ~ .  By v a r y i n g  t h e  c o n t r o l  l o o p  ga in  f o r  
s p e c i f i c  r e f l e c t o r  s i z e s  t h i s  l a rge  range o f  antennae can be success fu l ly  
tracked: Larger r e f l e c t o r s  requi re  g r e a t e r  motor forces ,  while  very small 
i n e r t i a s  allow high na tu ra l  f requencies  ,%bout t he  p ivo ts ,  and the  l a g  time 
causes i n s t a b i l i t y .  

FURTHER DEVELOPMENT AND TESTING 

The t e s t s  performed t o  da t e  have been l imi ted  i n  t h e i r  scope. The t e s t s  
t h a t  have been performed have been used t o  confirm the  t e s t  s e tup  a s  much 
a s  t he  mechanism. The i n i t i a l  c a l i b r a t i o n  measurements a r e  very encouraging; 
however, and ind i ca t e  t h a t  the  mechanism performance w i l l  be a s  predicted. 

Further tests Ere due t o  be performed, which w i l l  al low the  f u l l  
c apab i l i t y  of the mechanism t o  be rea l ized .  These tests, which w i l l  i n c l u d e  
t h e  ex t remes  of i n e r t i a  and r a t e s  of motion, w i l l  explore  t h e  i n t e r a c t i o n s  
between the axes and the  e f f e c t s  of motor f a i l u r e s  and mo to r / s enso r  i n t e r -  
f erence. 

CONCLUSIONS 

Siz ing  of  t he  mechanism components appears t o  be exce l len t .  The power, 
f o r c e ,  s t i f f n e s s ,  and s e n s i t i v i t y  r e l a t i o n s h i p s  between the  var ious com- 
ponents a r e  wel l  matched t o  produce an  op t imized  t r a c k i n g  mechanism. The 
mechanism promises exce l len t  performance i n  a remarkably compact and l i g h t -  
weight package. 

The use of t he  computer allows g r e a t  f l e x i b i l i t y  i n  modifying con t ro l  
techniques,  although its operat ing speed needs t o  be higher.  

Recommended design changes f o r  a f l i g h t  mechanism a r e  to:  

I n c o r p o r a t e  redundant LVDT sensor  windings; t he  f a i l u r e  modes of these 
need t o  be inves t iga ted  

Increase t he  r a d i a l  c learances i n  t h e  motors t o  allow g r e a t e r  range 
and easier assembly 
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Increase struotural stiffness, by using stiffer a r m  and possibly 
larger diameter pivots (maintaining the ourrent torsional at iffness) 

Reduce mechanism mass by using higher performance materials in the 
motors and by optimizing the structural components 
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