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Orbital Bias Determination
for Accelerometers on

Atmosphere Explorer Satellites

I. INTRODI ( lION

Atmospher ic  densi ty measurements have been obtained from the accelerometer
experiments  on the Atmosphere Explorer -C, -D, and -E (AE -C, -D and -E)
sate l l i tes . An impor tant  character is tic  of accelerometer performance is its null
bias , or output  reading in the presence of no acceleration input .  Instrument bias
results from cross coup ling of the suspension axis forces into the sensitive axis.
If the proof mass sensi t ive axis could be made exactl y orthogonal to the cross axis ,
then in princi p le no component of the suspension forces would be directed along the
sens itive axis. To accurately determine atmospheric density values , the bias
acceleration must  be el iminated from the total sensor output . Preflight bias values
are necessarily calculated using a lg suspension force. Postlaunch, the null bias
errors are cons iderabl y reduced by using a suspension force several orders of
magnitude lower consistent  wi th  the expected orbi ta l  accelerations. However , bias
values in a low-g orbit  environment may be dif ferent  from those deduced from
ground calibration.

This paper summarizes  accelerometer bias data derived during the elliptical
orbit phase of the AE -C, -D and -E satellites. Results are applied to derivation
of density data from despun orbits In both the elliptical and circular orbit phases
of the AE missions.

( Received for publication 24 June 1977)
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The accelerometer  exper iment  flown on the AE sate l l i tes  has been described

by Champion and Marcos . 1 Three single axis i n s t rumen t s  mounted in a t r i a x i a l

configuration were flown on each satel l i te .  Each i n s t r u m e n t  had th ree  essent ia l l y

identical suspension and cons t r a inment  ranges selectable by c o m m a n d .  These

ranges are given in Table 1. A samp le t i m e  (If 0. 25 sec was used , and the maxi-

mum ins t rument  pulse ra te  on each cons t ra inment  scale was 8300 pulses sec .

The n ota t ion  NY , IN , and ZZ are used for the accelerometers  in accordance wi th

the al ignment of the sensit ive axis  wi th  respect to the  spacecraf t  coordinate  axes
(N was along the velocity vector , Z was along the  spin ax i s) .

Table 1. Nominal Cons t r a inm en t  and Suspension Ranges  for A t m o s p here
Exp lorer Accelerometers

Range A Rang e  Ti Range C

pps , — h ’  - PP~Const rainment  1.04 — 20 . — 4 1. —
~Jg i-~~

Suspension 1 g l0~~ g I0~~ g

A curve of d rag  aecele r a t i o n  v-s a l t i t u l i ’  i s  - s i t .  ‘5’ . .. i I i  spIre 1 . T h i s  cu rve

was derived us ing  0. 028 cm~ ‘gin for t h e  ~\ ! s r - s — s  S as i - n t i s ’ , ‘ i n  i t ~ va lues

from the I’. .5. St anda rd  At  r r s s r t he  ‘e Supp le t s ens - , 1~ 1 ( ( ‘ ( ~A , lS ;h) 1000K

spr ing / fa l l  model , and a value for C 1~ of 2 . 2. 1 y p i c a l  ‘ t a g  a c s e l t ’r a t  I os encoun-

tered during the  e l l i p t i c a l  s s r h i t  I ) 1 1 s 5 I i ’ t t ~ S s l S L ’ & ’ d  f t - i r i s  a l - u t ’, - 1P~~ g a! 140 km

to 2 ~ lO~~ g at 250 km.

A comp lete des - r i p t ion  ~sf Sh e  A L  r u t  i n  s i  i l - I - T I  u l ’ . I ’ T ’ . i t ~~ Dal ga i-no e a t .
A E — C  was launched i n t o  an el l i p t i c a l  o r h i t  in I a ’ ’ * ’  t i ’  1n 7 L  S i n . ’ ’  i ) s ’ s cr sh c ~i-
j 5 i 7 4  it has been in a c i r c u l a r  s r - h i t  at v ar i ou s  i i t r t t i S e .~ I i I ’ S) • ‘ . i  s I n i s t  200 kin  ansi

320 km.  A E — f l  was  launched in to  an el l i p t i c a l  o rb i t  in Oct ‘ - u  1°7 . ~\ f a i l u r e  in
the  spacecra f t  power supp ly s y s t e m  in ,l an u a  -

~~ 1 1 7 ;  ‘e.~u l t e d  in a t e r m i n a t i o n  of

1. Champ ion , K. S. W . , and Marcos , I- ’. A.  (11I 7~~l The t r i a x i a l  a cce l e rome te r
sy stem on A t m osp here Exp lorer , h I l d i s’ Sci .  8 : 2 1 7 .

2 . C o m m i t t e e  ofl Extens ion to the Standard  A t m o s p here  ( 1 1 1 ; ; )  U. S. S tandard
Atmosphere  Supp lements ,  1P~~t i , pp 2 7 n - 2 7 7 , I. . S. Government  P r i n t i n g
Office , Washington , D. C.

3. Dalgarno , A. , h anson , W . 13. Spen ce r , N. W . , and Scho ic i - l i ng ,  I : .  I . .  ( 1 1 17 3 )
The Atmosphere Exp lorer m i s s i o n , Radio  Sei. 8:2~ 3.

8
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data  a c q u i s i t i o n .  A E- — L  w a s  launched into an ell i p t i c a l  o rb i t  in  N v e t s i l i e r  1 ‘ 7 T .

T u e  s a t e l l i t e  was put in to  a c i r c u l ar  or b i t  in N v e r t i l i s - r ’  I t I 7 t .

~~~~~~~~~~~~~~~~~~ ‘.~ 

10 4 i

‘0028  cm
2

/g m

~~~~~~

20 2Ô0 2 80 ‘ 360
ALTITUDE 1km)

l ii,ru re 1. l’v p i c a l  ..\(
.
‘ i’ ’ l v r i s s n i r c  l ) t ’ s j  i- s

C \ I r i t u l ( -  F ’ r— o f i l & -  ‘ n t i l e  A L  ‘sl r s — , i , n

:u. ii i ~~— ‘ii . ~— i iii :’ii:~

3. I I .r n u n i l  I s i l t  brat n u t  I k u t  a

( ; r - s . u n r l  c a l i h i - a t  i n  i f  P i u s  is  as ’ . i n i p l i sh e d  u s i n g  t l ì e  ig — t i s t a ’ r i - ; i o n  s i d e ,  I - n i
(‘ i ’ ll i f l — S  r ’ s i i r I I~ ct1t ‘st r ip e , lie , ( ‘ S i — ,, I IS rt Ps ’ e ’l u n t i l ,‘ I ’ t ’l s  ou t p u t  pu l se  ‘ s i t e  is
, ‘ ! , t a i ncd . The s e n s I t i s s ’  ax i s  i s  S l i t - r i  r , ’ t s t i ’ I e x I I ’ t l v  i S P  - B i a s  h-i computed  f rom

Pulse i-ate ( pp-i ) (p i,5 )
1) 1115 (p g) — -) • s , t f l Y t ’ I I I S I ’ S S f f l S  t a n g o  sca le  fac tor  —— PP ’

where  bias-, i -i  g iven in t e r m -. ‘ 1  ‘h i -  v i  i i i ’  c: l , r i l : s t i - t u s i n g  a ig suspens ion  level .
Ex t r a p r , l a t i o n  to  lower  g su s i n e n s  i n n  i t - v -I — I made P as su n n i n g  b ias  is d i rec t ly

propor t iona l  t i  su spens ion  level .  l t i z t  ‘ s ’t p t -  r : s t i i  re dependence was  de te rmined

I s
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-‘ ‘ . ~~~~~~~~~~~~~~~~~~~~~~~~

—~~~~~~~~~~~~~~~ - — - - ~~~~_
_

~~
__

~~~~~~~~~~~~~~_:_ —------ — -



fr o m  data ca lcula ted  at 30°F~ 73 0 1, , and 120°F . Values of bias at 73°F and the

bias t e m p e r a t u r e  coeff icient  are summar ized  in Table 2. These values are in

u n i t s  i f  ~s g cross  -axis g~ hence , for a io
_ 1  

suspens ion voltage the max imum

expected orb i ta l  bias for each in s t rm , ent is three  orders of magn i tude  below the

ground deduced va lue s .  The ground ca l ib ra t ion  value of bias (B) at any temperature

T is de te rm ined from the bias tempera ture  coeff icient  (BT
) using

Bias (T) Bias (73 °F) + BT (T - 73°F)

Table 2 . Bias and Bias Tempera ture  Coeff ic ient  Ground Calibrat ion Data for
Atmosphere  Exp lorer Acce le rometers

A E - C  
____ 

AE-D A E - E

B BT B BT

NY ~54. 3 ~0. 05 ‘~- 103 ÷0 . 20 s l l 2  0

IN ~~~ 3 -0 .24  ‘35  -0. 99 + 5 2 . 5  -0. 2 6

ZZ ~8l ~0 .28  +110 -0. 73 +93.8 -0 . 4 6

B bias in uni ts  pg ,  g ,

where g suspension force  in g uni t s .

bias t e m p e r a t u r e  c o e f f i c i e n t  in units  ~sg ’ g .  ~ l ’ .

:i. 2 Orbital ~Iu’lt~ ur.’rnen I ~

l:in r  the spacecraf t  sp inn ing  at a f ixed  angula r  speed , the  accelerometer  output
may be expressed general l y as

S (B + a
d cos ~~t 2 N )  (1)

where 
~m is the accelerometer  output f requency,  S is the scale factor , B is the

bias , ad is drag accelera t ion, r is the distance from the vehicle spin axis to the
proof mass sensit ive axis , ~ is the spin rate , and N i-s any noise acceleration due
to e i ther  vehicle dynamics , motions of spacec ra f t  sensors , or control systems.
Techniques for e l i m i n a t i ng  noise accelerat ions from the AE accelerometer data

10
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have been described by Noonan et al. For despun orb i t s  at a l t i t udes  where  air

drag  is negligible , bias is de termined from Eq. (1) in th e  form

f = 5 1 3  , (2)
m

Bias was ca lcula ted  as the average value of 48 data points  obtained above 360 km

on both the upleg and downieg port ion of e l l ip t ica l  o rb i t s .  Data are presented for

the NY i n s t r u m e n t  on AE-C , and the IN i n s t r u m e n t  on AE-D and A E - L .
Ot -b i ta l  bias resul ts  obtained w i t h  the AE-C acce lerometers  in the  13-constrain-

ment and B-suspension range are summar i zed  in Figure 2 . Part  (a) of the f i gu re

gives the bias (in uni ts  of io
_ 6 

g) and the sensor t empera ture  (°F) plot ted i-s orbi t

number . Figure  2 (b )  is a s c a t t e t -  d iagram of the bias and t e m p e r a t u r e  data .

Except for several short  t e r m  f luc tua t i ons , Figure 2 (a)  sh i i i v .s the  bias for th i s

ins t rument  to be nearl y constant .  The average bias value is 1. 270 pg w i t h  a

s tandard deviat ion of 0. 133 pg. Hence , reducing the  suspension force h y t h ree

orders of magni tude  e f fec ted  a reduct ion in the orb i ta l  bias by a fac to r  of 43 .
From Table 1, the bias de te rmined  from a ground c a l i b r a t i o n  for a ~~ g

suspension force is 0 . 054 pg. A s s u m p ti o n  of an e x t t a p o l a t i o n  of the ground cali-

b ra t ion  value would consequent ly  resul t  in a 1.2111 pg e r ro r  in d rag  ca lcu la t ion .
This  typical l y corresponds to an e r ror  in measured  d e n s i t y  vary ing f rom 1. 5 per-

cent at 140 km to 60 percent  at 250 km.  Wi thou t  o rb i ta l  bias measur -em ents , the

a l t i t ude  range of usefu l d e n s i t y  data in despun orbits is g rea t l y l i m i t e d .  For an

indiv idual  orbit , bias can be ca lcu la ted  wi th  an accuracy  of about ±10 percent  f rom
“drag - f r ee” data .  A s s u m i n g  an error  of 0. 12 pg for  A E - C  bias da ta , the  e r rors

in measured densi ty  are reduced to ±0. 1 percent  at 140 km and ±6 percent at

250 km. For extension of these  bias measurements  Ic the  c i rcu la r  orb i t  phase of

AE-C , the error  given by the s tandard deviat ion gives accuracies  about the same
as those deduced for individual  orbits.

In F igure  2(b) , no dependence of the bias upon sensor t empe ra tu r e  is ev iden t .

From a least square  fit  to the -se  da ta , the value BT = -0 . 0026 p g .~
5 1

F was obtained .
This result  is consistent  w i th  the relat ively small t empera tu re  dependence
(+0 , 05 pg/ °F) found wi th  the ground cal ibrat ion data.

Bias measurements  for the AE - D  and -E IX sensors  are  shown in Figures 3

and 4 , respectively. The average bias value for A E - D  is approximate ly  the  same
as that found for AE-C , whi le  the A E - E  average value is about four t imes higher.
A bias t empe ra tu r e  dependence was found for both the -D and -E i n s tru m e n t s .  This

4 . Noonan , .3. P. , Fioret t i , H . W . , and liass , B . ( 1P75) Di g ita l  F i l t e r i n g  A n a l ysis
A pp lied to the Atmosphere Explorer  -C Satel l i te  Ml-~~~ Acce le rometer  Data ,
A F C R 1~-TR -75-02 9-’3, AF OL . l ianscon i AFB , M a s s a c h u s e t t s .
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Figure 3 . Orbital  Bias Resul t s  Obtained With  the A E-D  YX Sensor. (a) Orbital
bias data vs sensor temperature and orbit number; and (b) scatter diagram of bias
vs sensor te mpera tur e
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