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ABSTRACT 

This paper investigates the navigation and attitude reference performance of a 
strapdown system for applications to autonomous satellite launch and orbital 
operations. It is assumed that satellite payloads are integrated into existing mis- 
sile systems and that the boost, orbit insertion and in-orbit operations of the 
satellite are performed autonomously without relying on external support facil- 
ities. Autonomous and long term accurate navigation and attitude reference are 
provided by a strapdown inertial navigation system aided by a star sensor and 
earth landmark sensor. Sensor measurement geometry and navigation and atti- 
tude update mechanizations are discussed. Performance analysis data are pre- 
sented for following functional elements: 

a. prelaunch alignment, 
b. boost navigation and attitude reference, 
c. post boost stellar attitude and navigation updates, 
d. orbital navigation update using sensor landmark measurements, 
e. in-orbit stellar attitude update and gyro calibration. 

The system performance are shown to satisfy the requirements of a large class of 
satellite payload applications. 
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INTRODUCTION 

T h i s  paper explores the  f e a s i b i l i t y  of a guidance system using 
cur ren t ly  ava i lab le  sensor technology for autonomous satell i te 
launch and orbi ta l  applications.  One p o s s i b i l i t y  of such appli-  
cat ions may be s t e m m e d  from considerations on the  surv ivabi l i ty  
of satell i te functions v i t a l  to  nat ional  defense. Xeconnaissance 
and communication payloads may be integrated i n t o  e x i s t i n g  s i l o  
or submarine based m i s s i l e  systems to  enhance t h e i r  i n i t i a l  
surv ivabi l i ty .  These payloads w i l l  be boosted and deployed w i t h -  
o u t  re ly ing  on external  launch support  and mission control  facil- 
i t ies t h a t  may not be ava i lab le  during a nat ional  emergency. To 
support  such mission appl icat ions a system consis t ing of onboard 
sensing and data processing elements i s  required to provide the 
navigation. and a t t i t u d e  reference functions w i t h  necessary accuracy 
over the duration of the mission. 

T h i s  paper considers an Autonomous Navigation System (ANSI con- 
s i s t i n g  of an IMU, a star sensor, a down sensor for landmark 
s ight ings,  a radar altimeter, a long term stable clock, and an 
on-board computer and res ident  softwares. To faci l i ta te  the 
discussions here, t w o  autonomous satell i te launch missions are 
hypothesized. The  f irst  involves the  boost and deployment of a 
payload satel l i te  i n t o  a 185 Km c i r c u l a r  o r b i t ,  the second, a 
370 Km x 40000 Km 12-hour Molnya o r b i t  after temporary dwellings 
i n  parking o rb i t  f o r  appropriate o r b i t  phasing. These t w o  missions 
a re  believed s u i t a b l e  for a w i d e  class of s a t e l l i t e  payloads and 
within the c a p a b i l i t i e s  of available booster candidates. To 
provide navigation and a t t i t u d e  reference functions supporting 
these missions, t he  ANS system elements are mechanized i n t o  the 
following operation modes: 

(1) I M U  self alignment mode p r io r  t o  boost, 

(2 )  Pure i n e r t i a l  mode during boost and AV thrust ings f o r  
o rb i t  i n se r t ion  and in-orbi t  maneuvers 

(3)  Stellar i n e r t i a l  mode for post  boost and in-orbit  
a t t i t u d e  update and gyro ca l ibra t ion ,  

(4 )  O r b i t a l  navigation mode for in-orbi t  navigation and 
update. 
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2. 

An artist's conception of ANS i n  an autonomous satel l i te  mission 
is  presented i n  Figure 1. 

I n  the fo l lowi  d iscuss ions  the ANS pe rmances for  each of 
the func t iona l  ements are assessed.. e r r o r  budget assumed 
i n  the per fo  e ana lys i s  is summarized i n  Table 1. The sensor  
c h a r a c t e r i s t i c s  are based on e x i s t i n g  system c a p a b i l i t i e s  (Ref- 
erence 1.) 
f r o m  the engineering tes t  model developed on the Autonomous 
Navigation Technology (ANT) program (Reference 2.) It  should be 
pointed o u t  here tha t  r e s u l t s  reported he re  do no t  represent  a 
p a r t i c u l a r  mission opera t ion  nor a s p e c i f i c  system design. R a t h e r ,  
they should be in t e rp re t ed  as what can be achieved with cu r ren t ly  
ava i l ab le  technology f o r  func t iona l  elements l i k e l y  t o  be included 
i n  any autonomous sa te l l i t e  appl ica t ions .  

The down sensor  landmark s igh t ing  accuracy is  pro jec ted  

I M U  SELF ALIGNMENT 

I M U  self alignment i s  performed p r i o r  t o  boost. I t  involves the 
determination of t h e  ANS a t t i t u d e  def ined i n  t e r m s  of a coordinate  
transformation matr ix  between the  i n e r t i a l l y  f ixed  navigation frame 
and an ANS f ixed  frame t o  which sensor measurements are referenced. 
I t  is accomplished through ve loc i ty  matching processing supple- 
mented by an o p t i c a l  azimuth reference.  For a land based system 
the reference  ve loc i ty  i s  ca l cu la t ed  f r o m  earth rate and known 
loca t ion  of launch s i te ,  For a submarine based system the ve loc i ty  
and loca t ion  of the vehic le  are provided by a shipborne IMU. The 
l e v e l  components of t h e  self alignment errors are l i m i t e d  by the 
bias e r r o r s  of the hor i zon ta l  accelerometers and the re ference  
ve loc i ty  e r r o r s  with the l a t t e r  more s i g n i f i c a n t  f o r  a mobile system 
than a land  f ixed  system. Optical  azimuth re ference  is required 
to  supplement that  obtained f r o m  a pure ve loc i ty  matching. Without 
such an o p t i c a l  re fe rence  the  azimuth e r r o r  would become excessive 
because of t h e  i n a b i l i t y  to  r e o r i e n t  a strapdown I M U  for c a l i b r a t i n g  
o u t  t he  gyro bias e r r o r s ,  

Assuming t h e  ANS I M U  and shipborne I M U  c h a r a c t e r i s t i c s ,  the a l ign-  
ment accuracy is  found t o  be adequate t o  support  a boost and 
o r b i t  i n s e r t i o n  wi th in  t h e  landmark acqu i s i t i on  bounds f o r  la ter  
navigation update. 

Since satell i te payloads are in t eg ra t ed  i n t o  e x i s t i n g  m i s s i l e  
systems, it is  poss ib le  t h a t  t he  booster  I M U  w i l l  be re ta ined .  A 
boost phase ve loc i ty  matching may be performed to  a l i g n  the ANS 
IMU with r e spec t  to  the booster  I M U *  Being a platform system 
with r eo r i en ta t ion  capab i l i t y  the  booster  I M U  can be a l igned  w i t h  
r e spec t  to the navigat ion f r a m e  m o r e  accu ra t e ly  than a strapdown 
system with equiva len t  q u a l i t y  sensors ,  I n  this case the  azimuth 
alignment fok ANS becomes non-c r i t i ca l .  Discussions on a tech- 
nique of  i n - f l i g h t  alignment t r a n s f e r  i s  contained i n  Reference 3 .  
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3 ,  

The alignment errors w i l l  propagate i n t o  pos i t i on  and ve loc i ty  
e r r o r s  dur ing  boost. These errors can be s i g n i f i c a n t l y  reduced 
v i a  a pos t  boost  stellar update,. 

INERTIAL NAVIGATION 

t i o n  is  performed f o r  a l l  PO of an 
l l i t e  mission inc luding  b AV t i n g s  for 

and in -o rb i t  maneuvers , measured angular 
rate is  in t eg ra t ed  using t h e  a t t i t u d e  i n i t i a l i z e d  dur ing  s e l f  
alignment. This. a t t i t u d e  refere so lu t ion  i s  used to  transform 
t h e  appl ied  acce le ra t ions  measure f ixed  accelero- 
meters i n t o  the  i n e r t i a l l y  f ixed  . V e h i c l e  pos i t i o r  
and ve loc i ty  are obtained throu  measured t h r u s t  
acce le ra t ion  and the  g r a v i t a t i o  evaluated from a 
g rav i ty  model. These naviga t io  ference so lu t ions  
are used f o r  generat ing boos ter  s t e e r i n g  and t h r u s t  terminat ion 
commands during boost  as w e l l  as the vehicle a t t i t u d e  con t ro l  and 
AV th rus t ings  f o r  pos t  boost maneuvers performed as p a r t  of o r b i t  
i n s e r t i o n  and o r b i t  t r ans fe r .  

Boost navigat ion and a t t i t u d e  re ference  e r r o r  s e n s i t i v i t i e s  t o  
IMU and i n i t i a l  alignment e r r o r s  have been evaluated consider ing 
real is t ic  m i s s i l e  boost  trajectories. I t  is  found t h a t  the i n i t i a l  
alignment error dominates i n f l i g h t  sensor  errors i n  their con- 
t r i b u t i o n s  t o  boost pos i t i on  and ve loc i ty  e r r o r s ,  However, it is 
found that the boost e r r o r s  are w e l l  wi thin the acqu i s i t i on  bounds 
assumed f o r  down sensor landmark s igh t ings  f o r  i n -o rb i t  navigat ion 
updates . 
Since the boos t  navigat ion states are computed using the a t t i t u d e  
reference so lu t ion  f o r  coordinate  transformation, the sensed 
acce le ra t ion  provides the  l inkage between the navigat ion e r r o r s  
and the a t t i t u d e  errors. Through in t eg ra t ion  of the e r r o r  propa- 
ga t ion  equat ion us ing  the sensed acce le ra t ion  as the d r iv ing  
funct ion,  it is  poss ib le  t o  compute the c o r r e l a t i o n  between the  
navigat ion e r r o r  and the a t t i t u d e  error which i s  dominated by 
i n i t i a l  alignment e r r o r .  T h i s  co r re l a t ion  allows the de r iva t ion  
of navigat ion e r r o r  estimates f r o m  a pos t  boost s te l la r  a t t i t u d e  
update. 

The i n e r t i a l  navigat ion performance during th rus t ings  f o r  o r b i t a l  
maneuvers is evaluated assuming a AV l e v e l  of approximately 
2500 m / s e c .  This corresponds t o  the per igee  burn required f o r  
t h e  1 2  hour Molnya o r b i t  o r  a 18.5O plane change f o r  t he  Pow a l t i -  
tude c i r c u l a r  o r b i t .  Assuming AMS PMU characte stics the  ve loc i ty  
e r r o r s  accumulated during t h e  AV th rus t ing  a lon  the veh ic l e  roll 
(nominal t h r u s t  d i r e c t i o n ) ,  p i t c h  and yaw axes are only 0.09, 
0.26 and 0 .22  m / s e c  (la) respec t ive ly .  W i t h  these dis turbances 
t h e  t o t a l  nayigat ion e r r o r s  are s t i l l  wi th in  the down sensor 
acqu i s i t i on  bounds. 
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4 .  

i n t e g r a t i o n  of gyro angular  

i a t e l y  fol lowing boost and 

basic a t t i t u d e  r e fe rence  throughout 
ensor  measurements are acquired f o r  

date and gyro c a l i b r a t i o n .  

r c o n s i s t s  of a te lescope  w a set of s i x  
d on i t s  image plane as d ted i n  Figure 2. 
roduced when the image of a s tar  moves across 

a de tec ing  s l i t .  The basic s t a r  sensor  measurement is the t i m e  
when t h e  s tar  t r a n s i t  occurs.  Each t r a n s i t  t i m e  measurement con- 
t a i n s  only one component of vehicle a t t i t u d e  information. Mul t ip le  
t r a n s i t s  from a s i n g l e  pass  over  the re fe rence  star can  be combined 
to  provide the equ iva len t  measurement of t h e  LOS-vector to  the 
star.  Vehicle maneuvers t h a t  provides  repeated mul t ip l e  scans 
between t w o  r e fe rence  stars (Figure 2 )  produce star t r a n s i t  measure- 
ments conta in ing  information for 3 axes a t t i t u d e  update as w e l l  
as gyro bias and scale factor c a l i b r a t i o n s ,  A d i scuss ion  of the  
star s i g h t i n g  s t r a t e g y  and Kalman f i l t e r  mechanization for  s te l lar  
a t t i t u d e  update is contained i n  Reference 4. 

For post boost s te l lar  update a s i n g l e  scan over a star located 
i n  the  down range d i r e c t i o n  provides t r a n s i t s  w i t h  maximum obser- 
v a b i l i t y  on the i n i t i a l  azimuth error, t h e  dominant boost naviga- 
t i o n  error source, The naviga t ion  error can be obtained f r o m  s te l lar  
a t t i t u d e  measurements using t h e  c o r r e l a t i o n s  between these t w o  
types of errors described earlier. Cross-track v e l o c i t y  error 
due t o  i n i t i a l  azimuth unce r t a in ty  can be reduced t o  0 , 2 3  m / s e c  
assuming ANS star sensor  accuracy and 7800 m / s e c  veh ic l e  v e l o c i t y  
f o r  185 Km c i r c u l a r  o rb i t .  

I n - o r b i t  s te l lar  update w i l l  be accomplished by performing the 
Figure 2 s t a r  a c q u i s i t i o n  maneuvers once p e r  half o r b i t  w h i l e  
the vehicle i s  over  po la r  regions.  Assuming ANS gyro and star 
sensor  characteristics and 45 minute between update maneuvers 
t h e  peak vehicle a t t i t u d e  e r r o r s  can be bounded to  approximately 
.15 m rad (Fig. 3) w i t h  gyro bias trimmed t9  0.005 deg/hr ( l a )  and 
scale factor calibrated t o  25 PPM ( l a  ) . 

5 ,  AUTONOMOUS ORBITAL NAVIGATION 

A f t e r  o r b i t  i n s e r t i o n ,  the.acce1erometer ou tpu t  w i l l  be bypassed 
i n  the orb i ta l  naviga t ion  computation to  avoid i n t e g r a t i o n  of the  
sensor  bias error which is more s i g n i f i c a n t  than t h e  i n p u t  drag 
acce le ra t ion .  
board f o r  drag eva lua t ion .  Due to  errors i n  t h e  i n i t i a l  condi t ions  

An atmospheric d e n s i t y  model w i l l  be carried on- 

r o m  boost and u n c e r t a i n t i e s  i n  the a c c e l e r a t i o n  models, 
of t h e  o r b i t a l  naviga t ion  s o l u t i o n  r e q u i r e s  

us ing  down sensor  landmark measurements. A d d i -  
i g a t i o n  updates are provided by radar alt imeter or  horizon 

are more f r equen t ly  available, 
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The ANS down sensor mechanization and navigation update concepts 
v.ws or ig ina l ly  developed on the  Autonomous Navigation Technology 
(ANT) program performed f o r  the A i r  Force (Reference 2 ) .  The 

ANT down sensor is  an e lec t ro-opt ica l  device consis t ing of a 
telescope w i t h  t w o  l i n e a r  s i l i c o n  detector arrays placed i n  i t s  
image plane as shown i n  F i  ure  4 .  Due to  the  vehicle  motion, 
successive samplings of a t e c t o r  a r r ay  provide a d i g i t a l  image 
of the o r i g i n a l  t e r r a i n  scene. Edge enhancement and feature 
ext rac t ion  operat ions are performed to  detect the presence of 
l i n e a r  e a r t h  fea tures  (e.g. highways, r i v e r s  and coas t l i nes ) ,  
and to  determine the o r i en ta t ion  and the centroid of the  segment 
of the f ea tu re  appearing i n  the sensor F ie ld  Of V i e w  (FOV) as 
depicted i n  Figure 5. Upon down sensor l i n e a r  feature detect ion 
candidate landmarks from an onboard catalog w i l l  be examined 
t o  iden t i fy  the  features s ighted.  The  procedure involves a compar- 
ison of measured feature o r i en ta t ion  aga ins t  the cataloged land- 
mark azimuth. The normal m i s s  from the sensor look point  t o  the 
candidate landmark t h a t  survives  the o r i en ta t ion  screening are 
then computed, The sensor look point  i s  defined as the ground 
in t e rcep t  of the LOS to  the  down sensor measured feature centroid,  
The normal m i s s  is  the minimal dis tance f r o m  look point  t o  the 
l i n e a r  landmark. The  correct candidate i s  chosen as the one w i t h  
the  normal miss w i t h i n  an a p r i o r i  tolerance.  The landmark 
s ight ing  is  implemented for  navigation update only i f  a unique 
candidate is iden t i f i ed .  The normal m i s s  w i l l  be the sensor m e a -  

surement parameter used i n  the formulation of the Kalman f i l t e r  
f o r  navigation update, Since the normal miss is a scalar each 
down sensor landmark s igh t ing  provides only one component of 
navigation state. A s  an example a landmark or iented normal t o  
the o r b i t  f l i g h t  path w i l l  provide pos i t ion  update i n  the in-track 
component, Multiple s igh t ings  of landmarks w i t h  var ied or ienta-  
t ions  provide complete observabi l i ty  i n  vehicle  posi t ion and 
veloci ty .  D e t a i l s  of  navigation concepts are contained i n  R e f .  5. 

In-orbi t  autonomous navigation performances are evaluated f o r  
t he  185 Km c i r c u l a r  o r b i t  w i t h  the  s u n l i t  por t ion of the ground 
t rack shown i n  Figure 6. A down sensor landmark s ight ing  
schedule is  hypothesized. by f i r s t  masking o u t  the s u n l i t  ground 
track using the average seasonal cloud cover probabi l i ty .  A 
750 Km mean dis tance between l i n e a r  landmark s ight ings i s  then 
applied to  obtain the schedule shown i n  Figure 7.  A covariance 
analysis  program is u t i l i z e d  fo r  navigation performance evalua- 
t ion.  Navigation errors fo r  a three  o r b i t  period are plot ted 
i n  Figure 7. These r e s u l t s  are obtained assuming t h e  down 
sensor, radar  a l t imter  and acce lera t ion  modeling errors defined 
i n  Table 1. I n i t i a l  pos i t ion  and ve loc i ty  errors of 2 -/axis 
( l a  ) and 2 m/sec/axis ( l a  ) are assumed. These errors are 
extremely conservative when compared w i t h  the boost i ne r t i a l  
navigation performance, The stellar i n e r t i a l  a t t i t u d e  reference 
is  not  simulated i n  d e t a i l  i n  t he  navigation analysis .  I t  is  
character ized by a simple model consistif ig of 0.5mrad/axis ( l a  1 
bias  and 0.5 m rad/axis ( l a )  random e r ro r s .  Again these e r r o r s  
are conservative i n  view of the steady s ta te  a t t i t u d e  reference 
errors reported earlier, Navigation error p l o t s  shown i n  
Figure 7 ind ica te  that  the  high observabi l i ty  of down sensor 
landmark s ight ings  enables rapid convergence from l a rge  i n i t i a l  
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( a )  O r i g i n a l  Ter ra in  
Scene of 50-Ft Wide R o a d  

FOVS Of one Detector C e l l  i n  t w o  con- 
secutive scans 

( 6 )  Thresholded 'Image 
'of (b) 

perpositioned (a) G r a d i e n t  of Image 
of ( c )  

D e t e c t o r  R e a d o u t  Samples 
FTGURE 5. DOWN SENSOR LINXAR LANDMARK PROCESSING 
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errors. Also, navigation accuracy acquired from down sensor 
measurements can be preserved over i n t e r v a l s  where landmark 
s igh t ings  are not  avai lable .  T h i s  is  accomplished by making 
radar  altimeter measurements over t h e  ocean where t h e  geoid 
height  can be accurately modeled onboard i n  5O x 5O grids .  
The cross coupling between the  v e r t i c a l  and in - t r a  
of navigation errors allows the bounding of in - t ra  
error through v e r t i c a l  measurements. The a b i l i t y  
navigation accuracy r e l i eves  the requirement on the  landmark 
s ight ing  frequency. A second case is  run assuming i d e n t i c a l  
condi t ions except  t h a t  the landmark s ight ings  a f t e r  the first 
o r b i t  are not  implemented f o r  navigation update. Navigation 
errors f o r  this case are p lo t t ed  i n  Figure 8 showing the a b i l i t y  
of radar a l t i m e t e r  measurements i n  preserving the  navigation 
accuracy over an extended period without landmark s ight ings .  I t  
'should be pointed o u t  here t h a t  once the a t t i t u d e  reference 
error is  converged to  steady s t a t e  value the  corresponding navi- 
gat ion error w i l l  be reduced to  approximately 50 m ( l o  ) for in- 
track and cross  t rack  components. 

Navigation performance f o r  the 12-hour Molnya o r b i t  i s  .analyzed 
considering the ground track shown i n  Figure 9 .  To maximize down 
sensor landmar& s ight ing  opportunity it is  mounted w i t h  the 
LOS pointed 15 from the  o r b i t  plane and 15O ahead of t h e  nadir .  
I t  is  shown t h a t  extending the l imi t ing  a l t i t u d e  of down sensor 
can s i g n i f i c a n t l y  increase t h e  landmark a v a i l a b i l i t y .  The per- 
formance ana lys i s  r e s u l t s  given i n  Figure 1 0  are obtained 
corresponding to  h l  = 1852 Rm. 
e r r o r s  assumed here  are 500 m/axis ( l a  ) and 0.5 m/sec/axis ( l o  ) . 
They are conservat ive compared with the  navigation accuracy 
achievable i n  the low a l t i t u d e  parking o r b i t ,  Intrack and cross  
t rack pos i t ion  errors plo t ted  i n  Figure 10  sugges t , t ha t  t he  LOS 
from vehicle  to a po in t  on Ear th ' s  surface can be computed to  
within 0.05 m rad a t  the  apogee a l t i t u d e  using the onboard 
pos i t ion  information. 

I n i t i a l  pos i t ion  and ve loc i ty  

6. Summary and Conclusions 

An ANS system concept has been described i n  t h i s  paper. It  is  
shown how various system components can be mechanized t o  provide 
navigation and a t t i t u d e  reference supporting an autonomous 
satell i te mission, The ANS performance has been evaluated f o r  
t w o  hypothet ical  missions based upon e x i s t i n g  sensor character is-  
tics. The ANS navigat and a t t i t u d e  reference performances are 

t e d  for fou funct ional  elements l i k e l y  t o  be included 
autonomous l l i t e  launch missions. These r e s u l t s  show 

t is feasib develop an ANS system using ex i s t ing  sensor 
technology. I n  f a c t ,  most of t he  ANS funct ions (alignment, boost 
navigation, and stellar update) have already been demonstrated i n  
various operat ional  systems. The m o s t  c r i t i ca l  ANS funct ion is  
t h a t  of autono navigation update using down sensor landmark 
s ight ings.  An ineer ing model down sensor has been b u i l t  and 
tested i n  the  ANT program. 
down sensor and navigation update concepts through a f l i g h t  experi-  
ment. 

The remaining t a s k  i s  t o  prove t h e  
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