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Th is research report is~~~resented as a c aapetent
treatment of the subject , wor thy of 1 .tihl ica t i o n .  i h e
United Sta tes Al r Force ,-\c adian v vouc 1i~~s frr the qu a lity
of t h e  research , without n e c e s s ar  i l e  en ~ors l u g  t h e
op inion s and conclusions of the author.
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and/or public relea ce by t he  SAMSO O f f  ice of Informa-
tion in accordance with APR 190- 17 and DO DD 5 2 3 0 . 9 .
There is no ob jection to unlimited distri b ’it’ln ri Of t i -j r

• r e p o r t  t a  t h e  p u b l i c  a t  I arit e or by i~~C to t r tc N a t  i on a  I
T e c h n i c a l  I n f o r m a t i o n  Ser- :ice .

T h i s  research report h a s  b ee n  rev ie~cc’~ and is
a p p r o v ed  f o r  p u b l i c a t i o n .
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I • I N T R O D U C  i I O N

‘i’he N A V S T A R / G P S  N D S - 2  s a t e l l i t e  w i l l  be s p i n  s t a b i l  i c e d

it approximatel y 100 revolutions per  m i n u t e  d u r i n g  i t s  ea r l y’

fli ght phases , b u t  must be nearly motionless relative to its

orbit and pointing toward the earth during its operational

lifetime , Pre sent p l a n s  call for t he  desp in  to be accom-

p l i s h e d  i n severa l  phases allowing the nutation damper to

remove any nutational motion caused by th~’uster misali gnmc -at

during t h e  despin periods. This report covers portions of

the U S A F \  I n d e p e n d e n t  S t a b i l i t y  and Control A n a l y s i s  performed

• du v ing •Jun e  and  J u l y  197b  on the dynamic b e h a v i o r  of  t~ i~

s a t e l l i t e  d u r i n g  t h i s  sp i n d o wn  p r i o r  to e a r t h  a c u u i s i t i o n .

• M o C t  r c~~u i t s  n r e s e : i t e d  ar e  a n a l yt i c , w i t h  r c s u i  t.s of d i g i t a l

s i m u l a t i o n  i n c l u d e d  to v e r i f y  the  a n a l y t i c  w o r k .  Tb ~ l a s t

two sec t  ions  d i s c u s s  s i m u l a t e d  h c n a v i o ~- no t  p r e d i c t i d  by t h e

a n a l y t i c  r e s u l t s , and g i v e  h e u r i s t i c  e xp l a n a t i o ns l O T  t h i s

behavior. Some detailed derivations and simulation summ aries

are given in appendices.

.7
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II. h\CKGROUND , TERMINOL OGY, AND ASSUMPTI ONS

The behavior of a non-symmetric body spinni ng about the

z axis can be represented by Euler ’s equations. U s i n g  p r in-

c i p a l body  a x e s  t h e s e  e q u a t i o n s  are

+ (U 
- l~~) ~~~~~ = M~ 

( 2 - 1 )

I v + (I  
- I ) w w = M ( 2 - 2 )

y y x a x z  y

I ~ + ( I  - I ) w w = M ( 2 - 3 )
a a y x x y  z

and  
~ 

are the respective inertial angular rates in the

principal axis frame ; I~~’ I~, and I~ are nioments of inertia about

the principa l axes; M
~
, My,, M~ 

are respective bod y axis torques.

• The principal ang le of interest in this study, nutation ang le.

is defined in terms of principal spin axis and tangent ial

• angular momen ta as

1~r ( t )  J(J w ) 2  + ( I
tan v(t) = 

Hjt) 
= 

X ~ ( 2 - 4 )

where the nrinc i pa l spin axis is the z body axis. In all

derivations , we assume v(t) is a small angle , i.e.

1-11
(t)

tan v (t) u(t) = 
~~ (t) 

( 2 - 5 )
z

I ’he e x p l i c i t use  of t as an argument of functions is

dropped where possible in the interests of brevity. We also

assume that and I~, are nearly equal , i.e.

(l y 
- 

~
‘<<T z 

(2-6)

3
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In addition , the small ang ie a s s u r ~I p t  ion f o r  v i n p i  i e~
I

and ~~~~~~~~~~~~ For  GPS -

~

-

~~~ 

a 
~~~~~~ ~~~~~

and w < < w
V 2

The previous two assumptions , together with (2 3), al1o~;

us to infer that in the absence of torque about the a axis ,

z ,

(1 or w (t) = c o n s t a n t  = ( 2 - 7 )

Looking again at the unforced case , we see that if U is

the maximum inertia , and we are  sp inning in the p o sit ive sense

a b o u t  ~ he a a x i s , t h e n

x > 0 ~~ > 0 (2  - 8)

> ~ ~~~~~ 
< ~ (2-9)

or , as s h o wn  ~ rap h i ca l 1y  in F i gu r e  2 - 1 , we e xp e c t  t h e

fo l  l o w i n g  p r e c e s s i o n  of the  t a n g e n t  ial  ~non -  s p i n  a n g i  j a r

m o m e n t u m .
- V

~~~~
- ~~~~~~~ 

( t )

~~~

l

~~~~j

Fi gure 2-1

Natural P’-ecession of Tangential Angular Momentum

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ -
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This simple and perhaps elementary fact is quite useful in

interj)reting and specif ying consistent initial conditions

for simul at ions.

5 
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III . NATURA L B EH AV 1O R OF N U T A T 1 O N  A N G L E

In terms of body angular rates and using the precious

assumptions , we may derive the equation of m otion fo~ trans-

verse angular momentum and nutat ion angle ( see  A p p e n d i x  •\ ) ~~

H El I I  1
HT ~~ [~ x wy M + ~~~~~~ :•i~ + ~~~ (3 -

= ~~ + 

~~~~~~ 

+ .-~~~
- M - v 2 (3-2)

In gene ra l , t hese e q u a t i o n s  are d i f f i c u l t  to integrate

a n a l y t i c a l l y ,  bu t som e sp ec ial  cases  a r e enlighten in~~. in

p a r t i c u l a r , we f i r s t  examine  the  u n f o r c e d  n a t u r a l  r esponsc-

of the system. By letting all torques be ::ero , we are

neglecting the effect of a nutation damper a~~ we 11 as j~ i

torques. Equations 2-1 and 2-2 have been s o lv e d  by v u r i o u r

a u tn o r s  (2 , 
~~ u n d e r  t h e s e  a s s u m p t i u n s  w i t h  t h e  r e su l t  tha t

in m o s t  g e n e r a l  f o r m

Wy ( t )  = A~ cos w t  + B~ si n w~ t (3 - 3)

w ( t )  = A cos w t + B s in  w t ( 3 - .1)
x x n x n

- -  where
/~T~~- i ) ( I - I )

~~ ~~~ ~x
I
y~~~~~

1 w~ K 1w~ (3 5 )

For GPS/NDS with solar panels in , during spindown , K1 .13.

We expect then the basic moti on of and w~, t o  have  a p e r i : ~ J

I

6
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about 7.6 t jIUCS the p e r  iod o f  r o ta t  ion . Siinu lat ion runs con-

l i r u c i  h i s  t y p e  b e h a v i o r .

l~c m a c  ob t a  in relat I v e l v  s irnpl c e xp r e s s  i ons  f o r  w~ (t )

and ~~~( t ) ,  by de fining the initial t ime of our  simulation

and t = 0 of our analytic expressions to correspond to the

po in t on Fi gure 2-1 at which ~~ ( O )  = 0 and (0) =

- - - m a x

• L e t t i n g

11 1. U~~IO)  
~~~~~~~ 

( 3 - 6 )

we h a v e  (see A p p e n d i x  A )

1 ( t)  = -
~~

--—
~~~ cos w t  (3-7 )

H
T

( t )  ~~~~~~ ~~? sin w t (3-8)
• \, n

where _________

K: _ _  1~ - 9 )

Ice note that if = I
>~ 

we w i l l  have K 2 = 1. K.-, is approx imately

0.7 during the spindown phase for GPS , in which case we no t e

tha t 
~ 

oscill ates between smaller maximum values than

This behavior was also verified by the simul ation . If we now

put these expressions in Equation 3-2 , we obtain (see Appendix

7
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v(t) = v ~~l + K
3
(cos 2 w t  - 1 )  ( 7  i~~

where /1 \
K .  = ~ 1_4L1.. 

(:t-
~
-) 

(3 .- l I )
z x y

and ~) ( I ) )  (S U m

N o t e  t h a t  if A T = 0 , ~~( t )  w i l l  r e m a i n c o n s t a n t , i . e .  sp in is

a b o u t  t h e  p r i n c i p a l  s p i n  a x i s . )  S i m u l a t i o n s  c er i f i e l  t h e

res u lts of Equat ion 3-10. We may also no te that v -In if l  ~m t5m

0 _ 0o c c u r s  w e en W t  = P U , 2 / 0 , . . . , at  which t ime

~I f l i f l  = - @
~

) = ~~ K 2 ’. 0 i = 1 ,3 ,5 ,... (3-14)

Th e s e  comp ~~t a t i on s  ar e  I s e fu l  ~n t h a t  t h e y  allow us  t o i s o la t e

t h e  b e h a v i o r  o f  v ( t )  due o n l y  t o  t h e  a s y m m e t r y  of the  b ody ,  and

to F o c u s  on t h o s e  e f f e c t s  due to t o r q u e s  s u c h  as  the  n u t a t  ion

damper , thrust er m is ali gnments , and intentional despin t o r q u e s .

~

8



T V .  FO RC FI )  BEHAVIOR OF NUFATI ON ANGLI:

The in tegration of Equation 3-2 , i n c l u d i n g  t h e  effects of

f o r c i n g t o r q u e s , is extremely difficult , even under the 51m p h -

f v i n g  a s s u mo t  ions  a l r e a d y  made .  We may make  o n l y  g e n e r a l

observations. !.et us predict system behavior as M + 0 , ( we

a pp r o a c h  a bod y of revolution.) Under this most stringent

constraint we can show that if we are despinning about the z

ax i s and have  no t o r q u e s  other than about the z axis , we e x p e c t

(A)

v (t) = 
~~~~~~ ~~ 

( 4 - 1 )

This behavior is due only to the fact that Fl
~
(t) is being

r e d u c e d  w h i l e  H T ( t )  is not (under these assumptions). This

m o d e l  d e s c r i b e s  t h e  “mean ” b e h a v i o r  of v ( t )  during spindown

s u r p r i s i ng l y w e l l , hut tends to overestimate the growth of

v ( t )  as t i m e  p r o g r e s s e s .  I t  is , however , u sefu l as a r o u g h

g u i d e .  One e f f ec t  f o r  which  t h i s  mode does not account is

that , for (I ~ 0, at the time despin firing stops , the nu t a -

t i o n  a n g l e  ( as  p r e s e n t e d  in E q u a t i o n  3-10 ) may not be at

i t s  n a t u r a l  m a x i m u m . As a r e s u l t , we in fac t notice v(t)

increasing even after desp in firing stops , sometimes up to

approx imatel y 1/K 7 times its value at t he  time of thrust

termination.

Another effect quite noticeable in simulations is the

sen s itivit y of final nuta~ ion ang le to the time of firing

9
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wh en  error torques (such us th -u st mi s;m l ~gimmen t ) are pr ose

This s e m i s i t  i v i t y  should be ant ici p:tted from f~ a at jun 3-2. Pc

note that ~l and M ma y incr ease or decrease the r~u t t  ~onx y

:ing Ic , d e p e n d i n g  on the si gns of the torques and t h e  p h a s e  o f

tile precession (signs of Fi x and . Since the si gn’- and

m a g n i t u d e s  of and  are by dofi.n it ion u n k a  ~wn r a n d o m  con -

slants (see App en~) i x  B ) ,  it is not  p o s s ib l e  to  c h o o e e  t h e  ‘ o c St

t l in e to f i r e  f o r  d e sp i n , even if  p r e c e s s i o n  phase  were  me~~si . r -

able , w h i c h  i t  is not for GPS/NDS. Since the f o r c e d  b e h a v i o r

p r e J~~c t e d  in Equation 1-1 is dependent on at time oi firin g .

and  this i.n turn is dependent on the unmeasured precession

p h a s e a n g l e  d u r i n ~ u n f o r c e d  r o t a t i o n , we have an add iti cu a l

random element introduced . Wi.th a ’~litiona l instrument at 101:

s u c h  as  rate gyros , it w o u l d  t h e o r e t i c a l ly  be p o s s i b l e  to

• e s t i m a t e  t h e  t ! u i i s t e r  misai igninents , as t h ey  a r e  u n k n o w n  ‘r u t

cons

Two e f f e c t s  c o u l d  he seen d u r i n g  desp in. One increase in

v was a nc-u r Ic linear function of v0 . E q u a t i o n s  4 - 1  and  3 - I l )

s u m m ar l : e  this effect. The other increase in v was  i n d e pe n d e n t

of and was the effect of misalignment torques ~~ and M~ .

The increase in v d u r i n g  a t h r u s t  p e r i o d  was n e a r l y  l i n e a r  in

it ; reaction to  t hese  t o r q u e s .  The two effects canno t a~ w ay s

he directly a d d e d  because they may not he “in phase. ”

. 4
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V. \ I J M I . R I C A L  R E S U L T S  OF SPINDOWN SIMULATIONS

l i x t e n s  i c e  s i m u l i t  ion  runs of s p i n d ow n  o p e r a t  i O n S  f r o m  0

rp m do~~m t o 1 r p m  w e r e  made ~ i t h  v a r i o u s  t h r u s t  m i s.t I i g nner ~t s

No m a j o r p r o b l e m s  w e r e  e n c o u n t e r e d  down to 6 rpm , as t h e  nuti-

t ion  d a m p e r  i s  r e a s o n a b l y  e f f e c t  ~v e d o w m i  t o  t h i s  speed , m d

an nutation angle built up is diss ipat ed befor e st ar t ing

the next step of spindown .

The most comprehensive runs in~ olved the reg ion helo~

6 r p m . h r r o r  t o r q u e s  s i m u l a t e d  c o r r e s p o n d e d  to  m i s a l  i g n m e n l

a ng l e s  of 0 , 1 , and 2 d e g r e e s .  :\S expec ted , t h e  la r g e r  e r r o r

torques gave the more extreme beha crior. Simulations i-;erc

made starting with .5~ nutation angle at 6 rpm and desp innin ~

‘ . rpm - t h e n  s t a r t  ing t h e  sp in d o w n  to 1 rpm at several

d i f f e r e n t  t i m e s  in the  p r e c e s s i o n a l  cyc le , s ta r t i n g f rom t h e

e a t u r a l  m o t i o n  e x i s t i n g  a t  t h e  end of spindown to 2 rpm.

Anoth er set of runs with the same range of thrust mis ali gn-

ment errors was made sp innin g down directly from 6 to 1 r p m .

Th i s  w i l l  he  r e f e r r ed to  as  the one-step approach. Althoug h

not a complete sampling of all firin g times and error mi s-

ali gnments , Figm re 5 - 1  s u m m a r i z e s  t h e  r a n g e  of r e s u l t s

obtained :

11
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• he e xa c t  n u mb~~rs f or  f i n a l  mutation t i n g l e  a t  v a r i o u s

sp e e d s  mi g ht he d i f f e rent  w i t h  a s t a t i s t  i c a l ly  si g n  i~~i c a f l t

s a m p l e , b u t  ~hc general 
shape and relative poSit ionS of the

final nutal ion an g l e  r a n ge s  s h o ul d  r e m a i n  t h e  same.
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S i m n u l a t  i on  r e s u l t s , b a s e d  on thru ster t o r q u e s  due  to

r i m s a l i gnme nt of 2
0 or less , ind i cate t h a t  m o s t  n u t a t i o n a l

b e h a v i o r  will be of the t y p e  d i s c u s s e d  u n d e r  n a t u r a l  b e h a v i o r

and beh avior due t o  i n t e n t  i o n a l  d e s p i n  t o r . p i e .  .•\t a n y  s p i n

rate , h u t  n o t i c e a b l e  at low speeds , the  e f f e c t of m i s a l i g n -

m e n t  t o r q u e s  m a c  he either st a bili z ing or destabilizing and

is unpredic t abl e i n  b o t h  m a g n i t u d e  and s i g n  u n l e s s  f u r t h e r

instrument ation is added to the present system. This should

he c o n s i d e r e d  f o r  f u t u r e  m i s s i o n s .

The fol lowing conclusions are drawn from s i m u l a t i o n s

sa~: m m a r  i :ei in S e c t  i on  V and s p e c i f i c a l ly a d d r e s s  the  ~1 u e s -

l i o n  of wh et her  it is advantageous to stop the desp in p r o c e s s

• at 2 rpm and  then proceed to 1 rpm . Firstly, in a probabi -

I isti c (mean value ) sense , there is no advantage to s tep p ing

at 2 rpm , assuming that the nutation damper has negli gible

effect at this speed . The time constant of the damper effect

is on the order of several hours theore ticall y . Secondl y,

the worst and best nutatio n ang le resulting from a p lan

stopping at 2 rpm would be larger and  smaller respectively

t h a n  if desp in w a s  continued directly from 6 to 1 rpm . If

the management criterion is to minimize the maximum mutation

ang l e  r a t h e r  t h a n  the  expected angle , it would appear better

to despin directly from 6 to 1 rpm . Under the assumption

that we have no nutation at 6 rpm , we should still expec t 20

13
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to 3~ nut-a t IL- n it  1 rpm , no mat ter ho~ we dc’spin , ~f we have

approximately 20 t h r u s t er  m i s a l i g n m e n t .  T h i s  r m n g ~~ should

be r e c o gn i z e d  as  an enginee ring judgement since the cost of

simulatin g sufficient combinatio ns of firing times and mis-

ali gnment ang les to ma ke a valid statistical statement is

prohibit ive.
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A P P E N D I X  A

DERIVATION OF DYNAMIC EQUAFIONS

16

k~~

~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ -!!~

‘U1 f~~ baw~ —. ~~ • - - •.-•~~~.- ~~—~~~ -‘-~ ~ ‘2 -
~ ~~~~~ ~~

- . .- -



___  _ _  
--.-~~~~~ ~~~ .- .--~~~ —-~~~-

APPENDIX A

DERIVAT ION OF DYNAMIC EQUATIONS

Given:

+ ( l w ~~~2]i ( A - i )

~~~~~ 
U~ 

= 
~~~~~~ [I~~

2w~~~ 
+ 

(A 2)

Us ing  E u l e r ’ s e q u a t i o ns 2 - 1  through 2-3

dt UT ~~ [~x
u v~ zI z~~ 

+ ~i M I ~~~ w M ~~r~~] 
(A 3)

To d e ri v e  t h e  n u t a t io n  a n g l e  e q ua t i o n , w e  a s s u m e  t h a t  i~~~

is c on s t a n t  except  f o r  the change  caused by M .

- d 
fH

1
\ 

- 

U :H T 
-

(It 
- 

dt ~w-) - 2
z

M H
= 

U 1I1~ [ w~ w~ I z A I )  + H
~
M
~ 

+ H y My]  
- 

_~~ T (A - S)

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(A-6)

S t a r t  in g f rom the result that for o~ c o n s ta n t  and no t o r q u e s ,
* 

x

and ~~~~ , behave as a second order s ste ii w i t h  n a t u r al  f r e q : l e f l c ’r

= K1
s , (Reference 3). We have

A cos u t  + B~ sin ~~t 
(A-7)

________________________________________________
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m:m ( t )  = -A ~. ~~~ ~ ~ + B a e Q S  w t
v V ii v n n

-
~~ ( t )  = A cos w t + B sin ~ t (~~- ~;j
X x fl x n

o ~t )  = -A ~ s i n  a t + B cos w t (A- lU )
x x n fl x n fl

~e d e f i n e t h e  t ime t = 0 su c h that

u ( O) = ~A- 1 1

w (0) 0 (A l2)

W h i c h  i m p l i e s  I r on  t h e  E u l e r  equations

2~~~fl) = 0 (A -l3 )

~- ( ~ = (L~~~~
1
~~~ w 2 o~ 

( A - 1 4 )

Su h s t  i tut  in g  A - l i  and  A - 1 3  in A -  and A -  8 g i v es

B = 0 (A 15)
y

A = w (A-It’ )
y y0

Substitu ting ~\-l 2 and A- 14 in A-9 and A-l 0 g ives

Ax = 0 (A -l7)

-w

B
~ 

= r2- 
~~~ 

(A 1s)

Using the defin ition of K1

= -

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

= ~~~~~~~~~~(j
Z~~~~ ) (A-19)
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Therefore ,

w~ (t) = w cos w t  ( A - 2 0 )

= K2 ~~~ °n~ 
( A - 2 1)

where K2 is defined by Equation A-19.

With this convenient form for ui and w , it is relativel yx y
strai ghtforward to integrate the unforced special cases of

Equations A -3 and A-6. Since they are essentially the same

equations , w e  ~ill integrate only Equation A-6.

th) ~~ 2 K cos w t sin w t ( A - 2 2 )
dt H~ y0 2 n n

2 Ky 2
= sin 2w t (-~-23)11 -

‘-M \/K ~ 
w 2

I — f l — --- I  ~ 2w s in  2 w t 1A-2 ~~)\ 4EL~j\K1/ wz

= -
~~~~ (1 z~

z)(
~~ 

W
Y
o)

2

(I z M K
Z)  2w sin 2 w t  ~A- 25)

v 2 J AT K,
= 0 Z 2w sin 2w t

2’~ ~ 
2 K ‘~ -

~~
y 1

The bracketed term involving inertias may he reduced to

• the simple form

K = ~~ 
(r 1K 2 \  i ( A l \(‘z\ (A-27)

3 2 2 - 

r J ~r~ J

5. 19
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so t h a t

= - -
~~~~

— K3 sin 2 w (2w 1 t)dt (A-28)

I n t e g r a t i n g  we obtain

= 4- K 3 cos 2~~~t + C
0 (A-29)

w h e r e

= ~~ (l - K 3 )  ( A - 5 0 )

i v i n - .,•

v ( t )  = V + K 3 (cos 2 .~~t - 1) :\ 31)

-
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A P P E N ~~I X  B

D E R I V A T I O N  0 1 E RROR TORQUES

T h i s  sec t  t o n  d e v e l o p s  t h e  m e t h o d s  u sed  t u  dot L rm i c

error torques. We assume t h e  use  o f  two  o p p o s e d  t h r u s t e r s

(nom i ma 1 1 y 12 and  14) w h i c h  ~ ro v  ide  t o r q u e  a b o u t  t oe flog -

t i v e  : axis to effect sp indown. T h e y  ar e  posit i o n ~~d w i t h

respect to the c en t e r  of m a s s  as  shown in F~~g ur o  B 1.

~~~~~~~~~~~~

cz

~~~~~~~~~~~~~~~~~~~~~~~

F i g u r e  B - l  ~14

Geometry of Thrusters

Looking in det ail at thr us tei 2 , we c a n  define m i s a l  ignn ,e~~t

L •- angles in the x , y and  y , z p l a n e s  a s  sho~~n in Fi gures 8-2 and

B- 3. >.
— -

, I

xy/ j
Fi gure B- 2 l i g u re  B -  3

Definition of r De finition ofy z  x y
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The a ng l e s  ~~~ and 
~~~~ 

are Jefin ~ d so as to provide p o s i t i v e

t o r q u e s  ~~)out t h e  x and y a x i s  r e s p e c t i v e l y .  We shall assume

that the  misali gnment angles allow use of the “small angle

a p p r o x i m a t i o n . ” We kn ow t h a t

Mx

M = M~ = x F (B-i)

Mz

w h e r e  ~i and ~ are both with respect to the body center of

m a s s .  We may  compute for thruster 12

rx

= r~ (8-2)
• 

.

l j . = Fh -l (ii-3)

where  Th i_ s t he  t h r u s t e r  l e v e l .  Then

r c ~~ r: y y :
M = Th r - r

~ 
c~~ (B- 4)

-r  - r  ex y xy

We may do the same for thruster 14. To keep the compu-

tations more simple , we assume the two thrusters are located

symmetrically with respect to the center of mass , but this is

23
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not necessari 1 y t r u e .  I f  t h e  thruster block were- rotated , it

would not be true. Using subscript H to denote errar an gi Ls

of th r u s t e r  14 , w h i c h  a r e  d c i  m e d  a n a l o g ou sI~ t o t h r u s t e r  12 ,

~e h ;~v e

r c - r -

y y: 14 z

= Th r - r s ( B - 5 )
I- I  x y 14 x

-r + r C
— 

x y X Y~~

Comb n i n g  the e f f e c ts  of the two thrusters

r Ic  c -

\~~~~ V
F ~~ I4

= 1’h r 1€ + c \-r (c + c \ (B 6)
lotal z \ x y 12  x y , ~~ x ~ yz 12 Y2 1 4)

— 2 i
- x -

We note that the error torques are uncertain in both direction

and magnitude , varying with the thruster misalignment angles ,

which may be independent of each other , and possibly with

• u n c e r t a i n t y in t h r u s t e r  p o s i t i o n .  The m i s a l i g n m e n t s  c o u l d  be

estimated if accurate measurements of body angular ra tes we r e

available. When Section V speaks of ,,20 misalignment ,” it

-: m e a n s  t h a t  b c t h  t h r u s t e r s  have a p o s i t i v e  v a l u e  of 2 0 in b o t h

errors.
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