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APPENDIX A

NTS—2 MASS PROPERTIES

The mass properties for NTS—2, Tables A—i and A— 2 , consist of launch and orbit

conditions. DRY signifies NO hydrazine in that condition . Hydrazine usage can

be obtained from Table A—3 and be added to any dry condition by

2I Total I +WT x d  +1 +WT x d ~~c c c h h h
where

C = Condition

H Hydrazlne

d distance CG is transferred

Individual component mass properties are shown in Tables A—i and A—2, which

along with hydrazine usage can be added to the last two conditions shown in

Figure A—i .

EXAMPLE:

USING COND (DRY), A1’ZM BURN, AKN SEP, WITHOUT SOLAR ARRAY , GRAVITY GRADIENT,

NIJTATION DAMPER, MAGNETOMETER, AND REACTION WHEELS, FIND MASS PROPERTIES

WITH SOLAR ARRAYS STOWED AND 50 PERCENT HYDRAZINE USAGE.

E’4T x CGZ
New C.G.Z. = 

TWT

— 
(799.7) (25.69 + (60.6) (22.00) + (26)( 31.68)

— 
886.3

= 25.61 in.

I = 70.02 + (799.7) (0)2 + 11.82 + (60.6) (0)2 ÷ 0.1 + (26) (0)2

= 81.94 Slug—Ft.2

— 56.32 + + 8.65 + 
(60 6) ( 3  61) 2 

+ 3.1 +

= 68.45 Slug—Ft.2

I (799.7)(.O8)2 (60.6)(3.6l)2 (26)(6.07)2
= 102.40 + (32.2)(l44) + 14.47 + (32.2)(l44) 

+ 3.1 + 
(32.2) (144)

= 120.35 Slug—Ft.2

1
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APPENDIX B

ONE BODY MODEL EQUATIONS

This appendix p resents the derivation of equations of motion used in the

one body simulation. For Defin ition of Symbols , see Figure B—i.

Vector torque equations are given by
2—

— — — d r
f rxdF = f rx—~ dm

dt

~~~~~~~~~ ~ (B-i)

dH
dt

where H is define d as

diii

= + m M( r ,r ) ÷ ~ .1 + E m M(r ,r.)] ~ + E J .w .
0 0 0 0  1 i i i .  0 11

= 1 w  + (B—2 )

where , in body 0 coordinates ,

M(a ,b)~~~ a
T b I — a b

T

I —I —I
x zy xz

J —  —I I —Iy xy
—I —I Ixz xy z

T01J~~
T
10 

(T~~ is tr~~sfonu~ tion from wheel I to body o)

I
5



dm

x - -

F
0

C M~
- 

Body i
(Symmetric Momentirn Wheel s)

z dm
Body ~

Body CM’s CM0, CM~
Tota l CM C!1

Masses m0 , rn~
Inertia Tensors 

~~~~~~
, .Y~ (J0, J .~ are inertia

tensors in reference body

coordinates of i nertias about

C~10 and CM~ 
respectively)

Figure B—i .  Notation

6



_ i- T~~w~

f  (y~ + z2)clm = I + , etc.

I = f  xy dm , etc.

The rotational equations of motion are then given by

d}l
dt~

= ‘
~~~~~ ~~ o~o 

+ 

~, ~~~~

= 
~~~~~ ~~~~~ 

+ 
~ 

+ + 
~

T = I~~ + 
~ ~~~ 

+ ~~ xH (B—3)

Wheel Torques may be described by

d2
f x1,xdF ‘ f  x1x —i x1dm

d 

dt

= -
~~~~~ 

f x
1x ~~~~~~

- din

- 
dH

1
=

Wheel mon~ntum is given by

R~~= f i x -~~~~ dm 

—
= i I~-~ ~1 + x xj ] &~

( 7

1 ’.



- j 1x[ 1 x x~, + x dm

— + J~w (B—4)

Differentiat ing

T — .T + J ~~ +u  x J w  + w  x J w  (B 5)
i i i  l o  o i i  0 i o

Torq ues about the whee l a,d.s are given by

Ti ‘.
~i~ i + j

1
: (B—6)

- “i~ i (B — 7 )

where Ti is the sum of motor , bearing and windage torques on wheel i.
Equations B—7 and B—3 are combined to compute the body rate derivatives.

T = I ~ + E T + u x H
0 0  o B—

Kinematics

The inertial coordinate system and the Euler sequence are consistent with the
Rockwell convention presented in the AVCS splinter meeting notes at the
preliminary design review . Specifically , Rockwell specified a ya~ pitch

roll Euler sequence wi th the equations :

e = w c o s~~p + q c o s~~~ — r s i n ~~

= (w sin ~p sin 0 + q sin ~ + r cos 4 )  (1/cos 0)

c~~= p + i ~~s in 0 +u s i n qi cos 0

8



r

where

= orbit rate
p,q,r = body rates

= Euler angles

~~~~ = Euler rates

These equations are consistent with:

1. A local vertical system with z axis pointing toward the earth and x

axis in the orbit plane and positive on the direction of motion.

2. Euler angles specifying body orientation relative to the local vertical

frame .

The inertial coordinate system is the Geocentric Equatorial Frame (e.g. , z
axis positive North and x axis positive in the direction of the Vernal

Equinox). The local vertical system is consistent with Rockwell’s (e.g.,

Z axis positive toward the earth and x axis in the orbit plane).

Two sets of Euler angles , both having a yaw pitch roll sequence , are used .

The first set PSI , THETA1, PHIl define the inertial to body transformation E.

The second set , PSILV , THETA , PHI specify the orientation of the body
relative to the local vertical frame and should be consistent with Rockwell’s

Euler angles. The inertial Euler angles are integrated in the simulation

via quaternions .

Linear Motion

The simulation uses two subroutines ( POSITN and RADV EC ) to compute the

ephemerides for the satelli te and the s tni . The ephemerides for the satellite

and the s~m are calculated using the six Kep le r elemen ts : semi maj or axis (a) ,

9 
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eccentricity (e) , inclination (i) , righ t ascension of the as cending node (4
argument of peri gee (w) , and mean anomaly (M). The update is a simple rate

term on the latter three. Table B—i presents the six elements , their units

and values for the vernal eq uinox condi tion . The rate terms are derive d
in the program from the fixed parameters and are given by

=—~‘~~ i 
[a(]._e2)]2

’
1
’

~~~~~~

’

k ”
~1u/ a~2 2 COS 1

[a( l— e )]

_________ 2
w = LI (2 .5  sin i—2)

[a(l—e )]
where

= Gui = 62630 .3949

k ~~2 J 2 (first term of perturbing force = —19255.96124

due to Ear th ’s oblateness)

The rate terms for the sun are fixe d and are included in Table B—l . The

simulati on updates M , c~, w by

M( t) = M(t ) + I~I ( t — t ) — i~ < M < it

c2(t) = c~( t )  + ~ (t—t ) — IT < Q iT

~ (t ) = ~~( t )  + (t— t
0

) — IT < W < iT

A seven th term , the Greenw ich Hour Angle (CHA) , wh ich relates the earth—
fi xed coordinate system to the inertial sys tem , given the six elements is
updated via:

GHA(t)  = GHA( t ) + ( t — t )

= earth rotation rate

10
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TABLE B-I. GPS AND SOLAR EPHE MERIDES

STANDARD VALUE

SYMBOL NAME UNITS GPS SUN

a Semi Major Axis Miles 14342. 1*

e Eccentricity —— 0. .0167

i Inclination Degrees 63. 23 .443

M Mean Anoma ly Degrees 0. 88.06 8

0 Right ascension Degrees 0. 0.

of ascending

node

w Argument of Degrees 0. 270 .

pe rigee
Degrees /sec —— 1.14074x].0” 5

0 Degrees/sec —— . 544773x10 ’9

Degrees/sec — 0.0
(~ A Greenwich Hour De grees 0.0

Angle

*Astronomical uni t

11
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APPENDIX C

THRE E BODY MODEL

STRUCTURE

The overall “three” body structure is as shown in Figure C—i. It d i f f e r s
f rom that given in Reference C— i in the addit ion of the gravity gradient  rods
and ti p mass components . The vector extends from the center of the
space vehicle , CM , to the support point of rod k. The vector extends
f rom the support point to the center of ti p mass k . The vector exten ds
from the center of tip mass k to a differential mass element. Since all

to rq ues will  be referenced to the total sys tem center of mass , CM , the

vector r will contain the e f fe cts of center of mass variation due to rod/tip
0

mass movement.

EQIJATI ON DERI VATI ON

In modeling the dynamics associated with the gravity gradient rods and tip
masses , the form , p rocedure , and notation deve loped in Reference C—i was
f ollowed as closely as pos sib le.

The system anmentum , with respect to inertial space is given by:

= I~~~ + ~~~~~~ + ~~~~~~~ + + E~~}I (c—i )
where the inertia tensors

1
0 

= 

~o + EiJi + + 
~k~k 

+ 
~n~n 

— ~~ (r ,r )  + 
~i
miM(ri,ri)

+ ~~~~~~~~~~~~~~~~ + ~k
mkM(tk

+Pk,rk+Pk
) + 

~n
mn

M(mn+pn ’~rn+pn)

(C— 2)

[ Ii = 

~i

12



/ — d m ~~~~~~~~+
2 GRAVITY GRADIENT R~€S 

Xk

1 
°

/ /
I— — — a — — — ... drn

~~ , f % ., ‘I

~k ’ 
/1 1  / 1  —

/ ~ 1 x~I ‘¼ / ~ I
I ~~~~~~~ 

/ P. I
I J ~

_
j CMj /dm

I I
CM0 II —

I i
~

_
i I

_•

I ~+: I
2 SOLAR PANELS

I CM 
~~~~~~~~~Iu .4__J_—.4 SYMMETRIC

I MOMEN TU M WHEELS
I x~ CM

~I
I I
I
I —

t 1~~~~
’
~
..SATELL ITEI

I
I

~~~~~ — 
_ — —

1 NUTATION DAMPERS

GRAVITY GRADIENT ROD SUPPORT POINT
SOLAR PANEL PIVOT POINTS P~
BODY SM’ s : CM~0 CM~ CMk; CM = TOTAL CM
MASSES: m~. ~~ mk, mn ; m = TOTAL MASS
INERTIA TENSORS (ABOUT CM’s) J0, J 1, ~~ J~ , ‘

~n

Figure C—l . Three Body Structure
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I. = + m
1

M (r +r
1

-f~~~P~ ) (c— 4)

M(a ,b) ~ b T aI — ba
T

and where is computed from

m r  + E iini(r +r
i

) + E m ( ~~+~~-I~~~) + 
~~~~~~~~~~~~~~

+ E in (
~ +~ + ~5 ) = 0 (C 5)

n n  o n n

If  we assume a massless r od and the sphere is a point mass, then

= 0 (c—6)

The momentum H.K 
may be represented by

5p
Hk ~k~~ o~~k ~~~~ 

X + f k ( r + rk+P k+xk) x ~~
-

~~
-- dm (c-7)

Since we have assumed the tip mass may be represented by a point mass , the

second te rm in equation C— 7 may be set to zero .

The torq ue equations whi ch are the ultimate goal of the mo del are derived

from

(C -8)

Or , differentiat ing (1)

+ f owo + I~ c~~ + Z~ I~~1 
+ Ek1~k + E

n
H
n 
+ x ii (c-9)

where the inertia tensor de rivatives

= - tn(M(F ,r
~

) +

+ ~~~~~~~~~~~ ~~~ + MT(rj+P~ ;~:3~ ) )

+ Ek k (M( rk+pk,~k
) + MT(rk+Qk ,Pk))

+ ~n inn (M + p , . )  + MT(rn+p ,~n
)) (c— b )

14
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= + m~M(r 0+r
1

4~ 
~~ ~

) + mj
}1(i~~f~~ ~~

) (c— il)

where
= x (C—l2 )

ro 
= - 

~j
xn
j~j 

+ 
~k
m
kPk 

+ 
~n
m
n~ n)  (c-13)

The de rivatives of the rod/ti p mass momentum shown in equation C—9 is given

by

~5r 
~~k ~~k — — —

= m~ 
2 + s— ~ ~~

-
~~-- + m.K(r +r

k
+pk
) x (C-14)

2
~

2 is the acce leration of tip mass k wi th respect to the sp ace vehicle.
Ist

At this point we introduce rod flexure considerations. Consider the location
of the tip mass to b e defined

= 

~k + (c—15)ak

where
= ini tial position of tip mass k

= displacement  of tip mass k due to flexureak

Diffe rentiating (15) with respect to body

—

~5t 5t  (c— 16)

and —
~~~~

-

2

cSt 
~St

15



The flexure mode l for  the gravi ty gradient rods is described in Appendix

It is a 2—node model which may be described by

+ C~ fl~ + Kk T
~k = F t 

- Tkw (C—l8 )

where is a displacement vector for  rod/ti p mass k
n l

= etc.
a ~ a

= disp lacement at node A (tip mass cen ter)

= disp lacement at node B (mid—point of rod)

is the mass matrix defined by

0 m~ = + ¼mrod ka a tip mass k

O Thk1, ~k1, ~~ rod

Ck is the damp ing matrix given by

C ~~~ a
k k C ~<~,

where Ck a 
and Ck1, ha ve been define d in Append ix I as

201.06xl0 6 0 — . 75xl0 6 0
Ck 

=

a 0 2O1.06xl0 6 o — . 75x10 6

— .75x10 0 l2. 17x10 0
= 

0 - . 75xl0 6 0 12.17x10 6

16



and Ck is a scalar used for a conversion factor  and for changing damping
ratios. NOTE: It has been assumed that there are no deflections in the Z

direction , thus there are only two de grees of freedom at each node .

is the sti f fness matrix

r r~i~
_
~K -~ w I a

k L k L\
where K.~ is a conversion facto r and

46082~ + 1728f 2 2 l440Q 3
El JG 0 b El
y K k y

Kk =
a 4608i 3 l7282~ x — 2x 2 576Z 3

El ~~~JG na.. °b El
X k k x

l44O~~ 5762~
El El

IC =

1440’ 576
El Elx

9. = rod half length = 30 f t  ( ful ly  deployed)

El = rod bending s t i f fness  about y axis 3000±10 percen t lb—in 2

2El = rod bending s t i f fness  about x axis 3000±10 percent lb—in

JF = rod torsional s t i f fnes s  25 lb—in 2

x , y = initial x and y comp onents of rep resenting unstressed
K pos~ tion from x , y axes respectively ,  due to thermal and

manufacturing curvatures .

r~ 1i~ = )  4 is the angular acceleration of the spacecraft which is

Lt J translated to the node poin t of rod k by transformation Tk.

17



- rr~ + 2P~s~~i(r~ (y — n )
L z  z

rrk ÷ 2 f sgn ( r~ ~1 0 (r~ + — x0 
)

Tk = L Z  Z J  x ak

o [r~ + 9~sSn(r~~)] (Y 0 
— 

~
b k

_ [r~ + sgu (r~ )] 0 (r ~ + r~ - x~
ZJ ‘C 

~~k bk

whe re

r + rk o k

The external forces , F~~~~
, are composed of gravi ty gradient forces and

solar p ressure forces. The solar pressure forces acting on the tip masses

are defined in Appendix C.

The gravity gradient forces are discussed below.

TIP MASS 1

\ R~~~~~~~
2
~

TIP  MASS 2

R,\ 7
\ /~

- 1

F
Figure C—2 . Tip Mass Configuration

I
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In a centra l  inve rs e square gravitational field the force acting on a par t ic le
of mass in is gi ven by

F = —~f = (c—l9 )
R 3

where :

m = mass of pa rticle

k = gravi ta t ional  constan t

R = vector from the par t ic le  to the nass center of the a t t rac t ing  body

If we assume two tip masses , the vecto r R would break d ow-n into R 1 and R 2 as

shown in Figure C—2.

~~ 
=

~~~~ +~~~ (c—2 0)1 o 1

R = R  + R  (C—21 ~2 o 2

where i~.j and are the vectors from the center of mass of the spacecra f t / rod
System to the center of mass of the tip masses and is a vector from the

center of the earth to the center of mass oftthe space vehicle . Referring to

Figure C— l

RI 
= ÷ rk + 

~k° 1 1
= + r~ + 

~k (c-23)
2 2

Thus
—m k~ 1 —m 1kR1p = 

1 
2 =1C 1R 11 I R 1~

3

-m ki —m kR
p = 

2 2 = 2 2
2 2 2g R2 R 2
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Now

1R 11
2 (

~ + ~ + ~ +~~~ 
) . (R + +o o k 1 k 1 o o k1

= l R l 2 +~ r +
~~~ 

+~~~ 
2 ÷ 2 ~ (

~o o ko o k1 k1r l + 2R . + + 
~ k + + ) 2

)]
o o k 1 1 + 

o k1 k 1

~ L~~ j R  2 
I R  

2
0 0

The last term may be neglected leaving

( l + 2 ~ ~ + ro o k
I R lI

2 I R  1
2

o 1 R 1 2
0

Take the —3/2 power of both sides

(1 + 2~ + + 
~k )

3/2)
1 1I R ll~~~ I R O I~~ I R 2

0

Usin g the binomial theorem
( 1 —  3 R  . ( r+ r  

~k ~01 1 1
— 

I R i S 1 R 1 2
0 0

There fore
(l- 3~~ 

. (
~ + r  ÷m k  o o k1F ~ 1 

~~ + + r + 
~k 1~ 

— 

I R 1 21G I R ~ 
o o k 1

0 0

and
(1 — 3 ~~ 

. 
(~~~ 

+ r + O k ) )

) 
m k  o o k 2F ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _÷~~ + r  +~~ )2G R I 3 o k 2 k 2 I R 1

2
0 o

20
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The forces F1 and F 2 can be separated into a gravi ty component and a
G G

gravi ty gradient comp onent or

F1 F
1 + F 1G C gravity G gravity gradient

where 
—

m k R
p = 1 0

gravi ty R I 3

and 
m1k (1-3 . 

~~o + 
~k +

P1 = 
3

(r + rk ÷ ‘~k 2 
1

G (gravity gradient) I R O 1 ° 1 1 R I

~ ( 3 R  . (
~ +~~ ÷~~ 

)
0 o o k 1 k 1

- 

J R 1
2

—~~ (3~ (r  + r  + . ))m1k 
— — — o o o k

= ( r + r  +~~ ) —
1R 0 1 3 o k 1 k 1 R I 2

Over the n bo dy model the gravi ty forces wi ll cancel out , leavin g only the

gravity gradient forces .

Summation of fo rces

2 —
~ p l_

1— —
2 ~

‘
1 + F 1
G s
(gravi ty gradient)

Where F1 
= solar force

S 0
All vectors are e~~ ressed in body axis , so R 0 = T

LV to B [~]Where TLV/B is the trans formation from local verti cal axes to body .

21
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APPENDIX D

N 1)T ATION DAXPER MODEL

This appendix summarizes the nutation damper mode l implemented for  the
digital simulation evaluation of GPS s tabil i ty and control analysis .

The nutation damper is used for p assive GPS spin axis s tabilization during

the initial mission phases by dissipating the spacecraft precession ener gy .
The nutation damper adopted for CPS application is of the type of ball in

gas filled tube. The tube is made of aluminum and the ball of tungsten
carb ide . The gas is a 9 : 1 ratio mixture of nitrogen and helium at 1 atm .

p ressure . Physical parameters of this dampe~ is shown in Fi gure D— l.

A simi lar damper of this type was used in the Telstar satellite , Reference
D—l .  Discussions on the desi gn and analysis of ball—in—tube type nutat ion
dampe rs can be found in Reference D—2.

Derivation of the torq ue equations presented here follows the same procedure
of Reference D—2 which contains numerous typographical errors. The results ,

In the torque form , are compatible for integration into the three body model

described in Appendix C.

DANPER MODEL DERIVATION

To facilitate the model derivation , we shall define a vehicle fixed B—frame

whose origin is at the vehicle ’s center of mass (excluding damper ball) wi th
the — — axes aligned with its principal axes. Also In the fol—

lowing consideration of vehicle rotational motions , it Is assumed that the

translational motion of vehicle ’s center of mas s resulted from reactional

F
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forces of the damper ball can be neglected. By reference to the geometrical

description of damper location in B—frame , the pos i tion of cen ter of b all ,

can be wri tten as , Figure D— 2 ,

0

(~
B
) = —a + y cos a (D—l)

b + y sin a

whe re
y = l 5 9 in . 13.25 ft .

(a,b) = coordinates of tube center of curvature

Equation (1) implies that 
~B 

— 
-~-B 

plane contains the damper tube .

Let the vehicle moment of inertia be such that

f I~~~ =~~~~~ = A  (D—2)

t_. Izz = C

The rotational energy of the vehicle becomes ,

Tv ½ A (W x
2 + W~

2) + ½cw~
2 (D— 3)

The veloci ty of damper ball can be written through di f ferentiation of (1) as ,

(~
B ) TBI (VB

b
) TBI (R’

b
)

with 
~~~~ 

= TBI
T (R B ) we h ave

= tBI (fIB ) + T BI
T (RB )

= _T
BI

T S [~~
B
B
)] (R

B ) + TBI
T (R B )
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Z
B

a

CM
~~~

”

NOTE : ZB = SPIN AXIS
cMv = VEHICLE CENTER

OF MASS
DAMPER CONTAINED IN
PLANE — Z B)

Figu re D— 2. Nuta t lon  Damper in Vehicle
Body Fixed Frame
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or 
, ~B ) = -s 

~~~~~~~ 
(R B ) + 

~~~~ 
(D-4)

In component forms , (4 ) becomes ,

[Vx1 0 -W~ W~~ [
Vy~~ = W~ 0 

~ x I X ~ — a + Y cos a

[vi] 
-WY W~ 0 ] L b + y sin a

r o  1
+ —

~‘ sin ~ - -

~ 
(D— 5)

L -
~ cos a

He nce the trans lational kinetic energy of the damper ball is

1b ½ M ( V x
2 +V y

2 +
~

7z
2)

= ½ M { [— ( — a  + •y C05 ~t )  W~ + (b + ‘y Sin 1)

+ [— (b + ~ sin ~) W~ —

+ r(_ a + ~ cos ) W~ + y cob ~ ~ (D—6)

where M = mass of the bal l

— 3 ~~b 
= 263 gin 0.018 slug

— dens i ty of t un gs ten carbide (WC ) 15.7 gm/cm 3

Assuming the ba l l  is roi l ing wi thou t  slipping in the tube , the magnitude of
the angular -.-~ ioc 1 ty of the ball is related to the translational velocity
of the center of the bal l  as

Wb b 
[(~ B ) T (~ B ) ] ’) 

2 2 .2 ½Sifl -~~~ + . ~ COB a n )

— whe re 1b = radius of the ball = 0.625 in.  (D— 7 )
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Hen ce , the rotational energy of the bal l is

T = ½ Ib
W
b
2 

= ½ (*..M ‘
~
‘b~~ 

(~ Q) 2

1 2 .2
~~M y a (D—8)

The drag on the ball is viscous, Reference D—3 , since the tube is gas filled ,

the cle arance between ball and tube is small and the ball moves much slower

than the speed of sound. Hence , the viscous drag on the ball can be

represented by Ray leigh ’s dissipation function as

F = 

~~D (~ I ) T 
~~~~

= 
~~~~~~~ 

~,2 ~2 (D—9)

where CD is a coma tant to be described later.

The total energy of the system then becomes

T = T  + T  + Tv b y

= W~
2 {½A + ~1 (y

2 + b2 + a2 + 2b y sin a —2a y cos a ) )

{½~~+ (b~ ÷ 2b y sin a~~ Si~
2 
a))

+w~
2 

t½C + ½M (a 2 
— 2a y cos a + 2 cos2 a))

+W~W~ {—M (—ab — a y sin a + b -y cos a ÷ sin a cos

+ W &  (M (y 2 — a - y  cos a + b  -y sin a) )

~ .2 
~~~ My 2 ) (D— 1O)

With the total vehicle energy given in (D—l O) and the damper dissipat ion func—
tion given in (D— 9),  th e equation of motion of the vehicle and the damper

sys tem can be obtained as
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.~~~ i!. w + w  - O
dt 2Wx Z 2 W ~ Y 2 W z 

-

-~~— -~ -- - w  -~~~.- +wdt 3W~ X ~~~ Z

~~~~~~~ ~.L- + w  IT.._ = 0dt ~~~ ~~ 3W~ X

L 4 — + 4 = 0 (D—ll )dt 3a 3a

The rotational equation of motion of the vehicle can be wr i t t en  in the form

of Euler ’s rigi d body equation as

+ (C - A) W~W~ = Tx

AW~ - (C - A) W
~

W
~ 

= T~

A14z 
= Tz (D 12)

whe re the torques Tx~ ~~~ 
and Tz are ,

Tx 
= —M [~J (-y

2 + b2 + a2 + 2b y sin a — 2a y cos a)

+
~
, (2W ~ + &) (b y cos a ÷ a y sin ~~)

+cz (y 2 — a y cos a + b y sin a)

2 2 2 2 2 2(a — b — 2a y COB a — 2b y sin a — y sin a + y cos a)

+ (W.1
2 

— w2
2 ) (ab + a y sin a — b y cos ci — 

2 sin a cos a) ]  (D— 1 3)

T~~ .~~—M [W~~ (b
2 + 2 b y s i n a + y 2 sin 2

a)

+ (W z
_ WXWY ) (ab + a y sin a — b y cos cz 

2 sin a cos a)
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+ W~W2 
(2 + b 2 + 2b y sin cx — 

2 
~~~~ a)

+ 2W~ & (b -
~ cos a ÷ sin a cos a)

+ 2W
z ~ 

(b y sin a + 2 sin 2 
a)] (D—l4)

= —M [~ (a2 
— 2a y cos a + y2 cos 2 

a)

+ ( ~1y +W ~Wy) ( a b + a - y s i n a — b y  cos a — y
2 sin cx cos a)

2 2 2+ ~~~~ (—a + 2a y cos a — y cos

2+ 2W
z a (a y sin a — y sin a cos a)

— 2W~ & (b y si n a + 
2 

~Jr ,2 
j i) ] (D-15)

With ball ’s equation of motion in tube given as ,

a c o s a + b  sin a)

— (b cos ci + a sin a) — W,~,
2 (b sin a + y sin a cos a)

— Wz
2 (a sin a — y sin a cos a)

2 2
— W~W~ (a cos a + b sin a — y cos a + y sin cx)

+ W~ & (a sin a + b cos a — a sin a — b cos a)

CD?
(D—l6)

The drag fo rce on the ball consists of two components : the pressure drag

and the viscous drag. For the case where the gap between tube and ball is

small , as in the GPS nutation damper , and the speed of the ball  in the tube is

small compared wi th the speed of soun d , it has been determine d in Ref .  D— 3

that  the drag force is primarily due to pressure drag. The drag fo rce D ,

30



can be writ ten as

D =
~~~~ 4( g

~ i~~~)S~~~
C
D
S

where
p = viscosity of gas in tube

g = (-
~~~~ 

— 

~
‘b~~b = gap parameter

= inside radius of tube

S = speed of ball relative to gas

CD 
= dissipa t ion coefficient

3
l35 ~— 

4x64 5/2g

For CPS nutation damper ,

p = 178.1 x l0 6 
x 2.089 x l0~~ lb f sec/ f t 2

g = ( 0 .6 3 3  — 0.625) / 0.625

= 0.633 in.

Hence , value of dissipation c o e f f icient ,

CD = .0171 lb f / ( ft /sec)

To handle the discontinuity at either end of the damper tub e , let

~x — - &  a t c x ± c x m a x

where

a max (8/ 159) rad = 2.9 deg .

= 0 for  ine las ti c collision

= 1 for e last ic  collision .
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The GPS req uirement on half cone angle of nutation is to be less than

2 deg. The discontinuity situation is not expe cted to be encounte red often

if the 2 deg. requiremen t is met. The value of c = 1 would give a

conservative result in that less precession energy is dissipated at bottoming.

Hen ce , use of c = 1 is recommended for this reason.

TIME CONSTAN T VERIFICATION

Nominal Solution Undamped Rigid Body Motion

Consider a rigid body with symme tric moment of inertia about the traverse

axes , i.e. , I~~ = I~~ in a torque free situation . The Euler ’s eq uation

is reduced to:

r~ 
= -A

~ 

= A W~W~

L ~z = 0 (D—1 7)

whe re

A = ( ZZ I~~~
) 

= - - 1)
XX XX

The solution of the above equation can be wr i t t en  as:

[Wx 
= — B sin

~ WY = B cos .~ t

[Wz = Wz(o) (D 18)

wi th ~ = A Wz ( O) (D l9)
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I

The angular momentum vector is writ ten as:

li = 
~XX~X ~ B + 1YY ~Y ~-B + ‘ZZ W~ ~~ (D- 20)

Since there is no exte rnal torq ue , the angular momentum is constant.  The

nominal motion of the rigid body can be visualized as a constant precession
about the angular momentum vector wi th  a pre cession rate f2 and a nu ta t ion

an gle 6 which is defined as:

~ 

.~Jj
2~~ 2 + I,~~

2W
Y
2 I.~~B

tan 0 = :~;— = 
T T T  

= (D—21)
S Z Z Z  ZZ ’4Z

Therefore :
I

B —  -j~--- x tan 6 W~ (0—22)
YY

Fo r small value of 0 , ( 6) becomes

IzzB~~ -i----— x 0 W2 (D— 23)
YY

A relationship between the rigid bo dy’s an gular momen tum and rota t ional ene rgy
usefu l  for later development of the energy sink approxi mation is:

H 2 H 2
= ½1XX 

(w 2 + w 2 ) + ½1zz~
41z

2 
= 2Ixx 

+ (D—24)

L H 2 
= H 2 + H 2t S

I I  2
Hence H

~
’
~ 

= 
XX ZZ 2T — !-~

--— ( D— 25 )
ZZ XX ZZ

From (5)

2 H t 1XX1ZZ 2T 1sin 6 = 
2 = I — I 

— (D—2 6
H ZZ XX H ZZ

1•

P
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N utation Damping Time Constant

The GPS nuta t ion  damper consists of a tube ali gned with respect to the
vehicle spir uxis . A bal l  inside the tube is dissipating the nu tation
energy via viscous drag force retarding the bal l’s motion . An app roximation
p rocedure known as the energy sink concept assumes that the dissipation of
nuta t ion energy does not change the system ’s angular momentum (which is
dominantly spin angular momentum) . Hence equation (0—2 6) can be d i f f e r e nt i at e c
wi th tern~ H n eglected in this approxi mation , i .e . ,

2 1 T
2 sin €‘ cos 0 = 2 ( 0—27)

(n— 1) H

For small value ~~ P ,

. 2I~~~o 0 2 (D— 28)
(n— i) H

A fu r the r  approxi mation involves
2 2 2 2H - H

s ~zz W~ (0—29)

Hence. r  1
2 I (D—30)L (n_ l)IzzWz 0J

The energy dissipation T can be expressed as the product of the drag fo rce

the ball experienced and the velocity of the ball , i.e. ,

T = —fv (0-31)
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with drag fo rce ,

f = C
D
V

and the ball ve locity,

V = ya

Hence the energy dissipati on rate ,

~~
C

D 
Y ~

2 (0— 32)

whe re a is the position of ball in tube defined as in Fi gu re D— 2 ,

y is radi us of damper tube,

CD = is dissipation coe f fi cient

From analysis of nutation damper , the motion of the ball in tub e was
obtained as

7 . 2
-
~~ y cx + W~ ( — a cos a + b sin a) — W.

1~. (b cos cx + y s~ n a cos

2 . 2(b cos a + a sin a) — W~ ( a sin a — y sin cx cos a)

_W
yWz

(a cos cx + b sin a — y cos2 a + ~ sin 2 
a)

-

+ a 0 (0—33)

Wi th the geometry of mounting such that b = 0 and introducing the small
2 2angle approximations sin ci a , cos cx 1 and neglecting te rms W

>~ 
and WY

as they are small for small nutatlon angle 0 , equation (17) becomes

+ + W~~ (-~ 
- a)cx = WYWZ(a 

- ‘
~~)  - W

~
(
~ 

- a) (D-34)

Using the expression of W.
~
, as given in equations (2) and (7)

n W2 Cos ~t (0— 35)
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Similarly ,

= ~~ W~ 0 cos

Equation (18) can be reduced to the following form:

5% . 
[5(y 

— a)W~2l
a+ -

~
j— ~~~ L 71 Ja

rs(1 — a) (2n — fl
2 )W 21

= — 8L 7 J ~~s ot (n—36)

The solution of the standard second orde r linear differential  equation of

the form
‘ 2

a+ 2 b a + a  a = c O  cos Ot ~D — 37 )

has been obtained in standard textbooks as:

= 

~~~ — + 
2 2  

cos (Ot + 
~~ ) ~ Ocx cos (~~t + t) (0—38)

Compare (20) and (21),

2b = 5 CD/ (7M)

a2 = 5(1 - a)W 2/ ( 7 )z -t
c -5(y - a) (2n - n2) W

z
2/ ( 71) 

~D-39)

From (2 2) ,

ci = — 0 a 0 sin (Ot + ~
) (~ —4O ) - -

Substitute (24) into (16)

— _ e 2 CD 
2 

a
2 

~
2 sin2 (Ot +~ ) (D- 4l)

.1
‘ I
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The average value over a full period , i.e.,

~t = 211 , isp

= —½ 
~~ 

.~2 a 2 ~2 ~2 (0— 42)

since -

~~~~~ ~~~ 
sin 2 (Pt + ~)dt = ½

Subs t i tu t ion of (26) lato (14) gives

or 

= 

[
~ 

2 a 2 , 2 e2J 

(0-43)
2 (n— l)I zz Wz

The time constant of nutat ion damping can now be wri t ten as:

L 2 (n—l) I w 2
T = 2 2 2  (D—44)

I C C a PD o
where

I - 

~~O 
= 

~~~~ ( 2 
- ~2) 2 + 4b2 ~2

2b = 5 C
D

/ (7M)

a2 
= 5(y — a)W

~
2/ (7Y )

c = — ( 2 n — n 2)a 2

f P (n 1)W
z

I ’
1~
1 37
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The predicted nutat ion damping time constant for the two cases of W~ =

100 RPM and W~ 10 RPM are compute d as follows :

Case 1:

r = 13.25 f t .

a = 10.25 f t .

m = 0.018 s lug

CD = 0.0171 lb f / ( f t/ sec)

= I,~~ = 77 s lug-f t 2

= 94 s lug— ft 2

= 100 RPM = 10.47 rad/see.

n — 1.22
P = 2.31

2b — 0.6789

2 
= 17.72 8

2 
= — 16 .84

a = —1.34 8
0

T — 155.755 sec. - -

C

Case 2:

W~ — 10 RPM = 1.047 rad/sec.

n = 1.22

P — 0 .2 3 1

2b 0.6786

2 
— 0.17728

4
38 :1
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c = —0 .1684

a = —0.84275
0

T = 398.49 7 sec.
C

The nutation half cone angle history corresponding to Case 1 and Case 2

conside red above are plotted in Figures 0—3 and D— 4 respectively.  These

results are obtai ned using the nuta t ion damping simulation program where the

detailed dyn amics of the dampe r ball and rigid body dynamics are

t considered.

{
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100 RPM

= 76.3

~ 

= 78.3

L’zz = 94.1

(deg)

4

3-

2

“Time constant ” 150 sec .

( 155.75 sec . was predicted )

Bottominq 
- .

0

0 
I I

0 100 200 300

Figure D—3. Simulation Data
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10 RPM

[l xx = 76.3

,
~ 

= 78.3

Ii = 94.1I ZZ
(deq)

2.0

I

0

1.5 -

“Time Cons tant ” 365 sec .
C 398.5 sec . was predicted )

1.0 —

. 5 -

0 I I I I I

0 100 200 300 400 500

Figu re 0—4. Simulat ion I)ata

U
I
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APP ENDIX E

ATTITUDE CONTROL ELECTRONICS SYSTEM MODEL

The unmodified model of the Attitude Control Electronics system as

implemented in the computer simulation differs only from that shown on the

Spaceta c blueprints it -i the absence of voltage units and wheel signal

monitoring elements. It is given in block diagram form in Figures E—1 ,
- E—2 , E—3 , and E—4.

I
1
I
I
I
1
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K 0 -K 6

Nominal ______________________ 
6 2 - 

0 -K -K
63 

- -K 0 -K
64 0 K -K

j G 11 0 0  0
Wheel 1 off 6 2 +K -K -

~~~~

6 3 -2K 0 0
64 ] +K K -2K

K -K -2K1 ~~
Wheel 2 off ~ -K -2K

64 0 +2K 
OJ

.707

I
Figure E—2 . \~~eel Command Transf orma tion Log ic
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,
,
,,

,
J,
,,
,

J a b

a = .57 rad/sec

b 2.09 rad /sec I
slope = .0

(equivalent to .14° db in pitch and roil ,

2.58~ db in yaw , for s ing le  ax is  inputs ) 1
,

Figurc E— 3. Nonlinear Element
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APPENDIX F

TILTED, CENTERED DIPOLE MAGNETIC TORQUE MODEL

The instantaneous magnetic dis turb ance torque is Tm H x B where

14 is the spacecraft effective dipole moment 
—

B is the local magnetic induction or flux density .

The tilted, centered dipole model is used to represent the flux density .

The flux density is a function of latitude and longitude. These parameters

were not being calculated in the previous model. Hence a new coordinate
sys tem , the E frame , was defined. The E frame has its center at the center
of mass of the vehicle wi th the reference plane perpendicular to the earth ’s
radius vector.

The x axis points east , the y points south , and the Z axis points towards
the center of the earth .

The flux density, B is defined in the E frame as

B E 
= — ( ~) 3 (g i 

sin A — h 1
1 sin

B~~ = p ~ cos 0 +  g ;  sin 6 cos 2 + h 1
1 sin 0 sin

BE 
= — 2 (

~
) ~ 

(g 1
o sin 0 + g1

1 cos 0 cos A + h1
1 cos d sin

where Re = radius of earth = 2.09029 x IO~ f t .

R = orbit radius 8. 71627 x 10 f t .

0 = latitude

A = longit ude
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where if B is in webers /m2

= —3.040 12 x 10~~

= —2. 1638 x io
_6

h1
1 

= 5.7782 x io 6

Latit ude and lon gitude may be calcul ated from the following exp ressions .

= cos

5ifl
~,H—— — ao cos e

where a = orbi t al rate = 1.454441 x 1O~~ rad/sec =
0

we 
= earth sp in rate = 7.272205 x l0~~ rad/sec

= heading an gle

The rat e of change of the heading angle is given by

5in tan O w 0

In iti al conditions may be def ined as

0 = oo
A — o

0

= (90 ° — i ) ,  i = inclination angle — 63°

The flux density mus t be tran s forme d into body coordinates or

= T LV/ TE/ Lv 6E

I
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where

TE/LV = transformation from E frame to local vertical frame

sin cos 0

= CoS
~~~ H

_ Sifl
~~~~~ 

0

0 0 1

TLV/ = trans formation from local vertical frame to body frame

(alrea dy computed in program)

The resulting torque expression then is

= MB x BB

Prior to launch the spacecraft dipole moment will be calculated and

redu ced to less th an .5 amp ere—meter2 (500 pole—cm) per axis. Thus if

is given am pere—meter
2 and 

~B 
is in Weber/m2, 1

~ 
is in newton meter. The

conversion factor between newton meters and ft. lbs. is .737757 ft—lb /nt—m ,

which will be applied to T~~, or

TB (ft. lbs.) 
= .73757 TB (nt m)

Operating Range

Although it Is planned to measure the spacecraft dipole moment prior to

launch and compensate to obtain values less than 500 pole—cm per axis.

Table F—l , which was takw~ from NASA SP—8018 indicates there mey be a large

disparity between prelaunch measurements and on—orbit values. In magnitude

alone , the values given in Table F—i range from a factor of .25 to 12. for

spin axis.
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Tab le F—i.  Change in Spacecra f t  Dipole Moment

Spin-axis dipole moment Spin— axis dipole moment in
Spacecraft measured prior to trans— orbit (computed from motion

portation to launch site of spin axis) 
—

A-rn2 (pole-cm ) A-rn2 (pole-cm)

Tiros II +0.1 (+100) +0.9 (+900)

Tiros III +0.34 (+140) -0.45 (-450)

T iros V -0.40 (-400) -0.56 (-560)
Tiros IX +0.08 (+ 80) -0.02 (- 20)

ESSA II +0.01 (+ 10) +0.10 (+100)
ESSA I I I  0.00 +0.10 (+100 )
ESSA IV +0.03 (+ 30) +0. 15 (+350)
ESSA V (a) (a) +0 .05 (+ 50)
ESSA VI +0.17 (+170) — 0.15 (-150)

NOTE: Specified spin axis dipole moment for a ll spacecraft
listed is 0.1 A—rn 2 (100 pole-cm).

(a) Information is not available.

Table F—2. Factors for Estimating Spacecraft Dipole Moment (M)

Estimate of d ipole moment Estimate of dipole moment
Category of magnetic per unit mass for non- per unit mass for spinning
properties control spinninq spacecraft spacec raft

!\-,i~2/kg (pole—cm/lb) A—m 2/kci (pole—cm/lb)

Class I 1. x10 3 (0.45) 0.4x10 3 (0.18)

Class II 3. x10 3 (1.6) l.4x10 3 (0.63)

Class Ill l~ x10 3 (4.5) 4 .0x 10 3 (1.8)
an~ hiqher and hiaher
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Table F—2 , also taken from NASA SP—80i8 suggests using a value of 1.6 poic

cm. per lb. of spacecraft which would suggest a value of 1600 pole—cm. for

NTS— 2. The Class I category is for cases where magnetic torq ues are
comparable to other torques .

Although Table F—i does indicate factor of 10 variations, it appears that

these occurre d for systems who we re tuned to finer than 500 pole cm. An

operating ran ge of ± 5000 pole cm. is clearly un reasonable . Howeve r ,
based on Table F—2 , an operating range of ± 2000 pole—cm. would be real-

istic if slightly conservative value.
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APPENDIX C

SOLAR TORQUE MODEL

The relative position of the sate llite ’s surf aces are given in Fi gure G— l
below. TIP2 U.

__________ 
ROD2

PA NEL lj  SUN

I -

~~~

/ _
/

0/ 
ROD1 

_______

TIM

Figure G—l. Relative Position of Satellite ’s Surface

The solar force on a flat surface is given by:

F = 
~

FNN + FTT where : (C— i)

FN = [(l+OP)cos ~I) + -
~~ 

( l— °) ]  P A cos

FT 
= (i—°P) cos tj sin P A

P = Solar Pressure Constant = 1. x l0~~ lb/ f t 2

I
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A = Area of the flat ,urface

p = Total reflected of the incident light

o = That part of p that is specular reflection (there is also the

diffused reflection ~ and p = (a + ~~ )

= Norma l unit vector to the flat surface

= Shear (tangent) unit vector on the fiat surface given by:

= ~~~~ (See Figure G—2)
(N .~~) N—S

= Unit vector on the sun LOS.

-l ~
- -*

4) — cos (N.s)

-~~~~

N T.Q SUN
..ø,. ‘ 1’T

(N ~S) N I

/ t /~~~Flat  surface

Figure 0—2. Unit Vector on Flat Surface

The torque due to (1) is:

• x ~ where : (0—2)

• Vector of the center of p ressure of the surface (usually the

geometri cal center).
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The force and the torque on full cylindrical surface are given by:

= — F~ I + FT~ 
- wh ere : (0—3)

= Unit vector along cylinder axis

= No rmal unit vector in middle of the cylindrical surface given by:

~~
.

=

= Unit  vector on LOS to the sun

FN 
= [(1 + op/3) cos + p (1—a) p A cos 4)

FT 
= ( l—op ) cos 4 sin -~~ P A

A — Projected area of the cylinder — 2 R H

R = Cy linder radius

H = Cylinder Height

-l
= cos (S .N)

P = Solar constant (1. x lO~~ lb/f t
2)

The torque due to 0—3 is:

= x where : (G-.4)

i~
- = ~~+ R ~

= Vector to the geometri cal center of the cylinder (see Figure G—3)
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z

\ I /->9;-
RN SUN

/?

/ ~~~~~~~~~ Par t  h i t  by l i g h t

Figure G—3. Vec t-r to Geometrical C~nter of Cy linder 3
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TIP MASSES

The total solar force on a sphere goes through its geometrical

center. Due to the symmet ry each quarter (of the half surface of the

sphere hit by the sunlight) will produce one quarter of this force along
*LOS.

Let us divide this quarter into k equal slices by means of k meridians

at ~ 
~~ 

angle intervals (Figure G—4).

Then let us divi de each slice into n spherical trapezia by means of n

parallel circles at = f— i angle intervals , from the equator to the

north pole .

As (k -
~ 

o~) and (n -~ x ) the spherical trapezia can be app roximated by
f lat  t rapezia.

The dimensions of the ith trapezium on a slice are : The two equal sides :

[~~c = rL~xej , r = radius of sphere (0—5)

the unequal sides of the trapezium (its bases):

= r1~~~, r . = radius of ith paralle l circle
ri

*Other forces (tangential) cancel out due to the symmetry of the sphe re and the
assumption that sun rays arc parallel at .

1



z North Pole

‘

‘ ‘
sib

: ~
9, E n u a t o r

FiItire 0—4. Angle Intervals
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= r cos ( lA O )  * Ar], i 1, 2 , ..., n (G— 6)

A. From (G—5) and (G—6) we find the area of the ith trapezium:

= + ~ / ~ - (
~ 

- ~ ) 2 /4 (0-7)
ri_i ri r ri_i ri

2

i = 1, 2 , ...,  n ;  where r = r.

B. CG Location

We have: = + ~ (See Fi gure 0—5)

I = (rcos ~~~, rsin ~~~, 
0) (G— 8)

U — (—Xcos ~~~, —Xsin ~~~, rsin ((i—l)AO)) (0 9)
z

ith trape zLiii

-~~~

-0. I
w

i — i  -

y

( j - O . 5 )  x ,jth s l ice

x

Figure 0—5. CC Location
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From Figure G—6 : X = r - - ~s ( ( i — l ) A O )  or X = r(l—cos( (i—l)AO)) (C—lU)

Figure C—6. Value of X

— + = ((r—X)cos ~~ , ( r—X) sin 4) , rsin ( ( i_ l)A )) (G—ll)

Now the CC of the ith trapezium is:

= + whe re: (0-12)

L” = (c cos 
~~
, c sin ~~~, c~~] 

wh ere : (0—13)

[ c~ 
Lc h-c 

- £- /h
2 2 

- h(2~ + 0)
Lcz r~ z~ ‘ 

c hV  
— z~ , C — 3(~4-~3) (0—14)

See Figure 0—7.

whe re :
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T

/ 

~~~~~~~~

Figure G—7 Figure G—~

— 

4)ri 1  ~~~ 

)2 

See also G-6 and 0—7 (0—15)

= r sin ( lAs) — r sin ( ( i — l ) A O )  
(0— 16)

= r [sin(i&~) — sin((i—l)AO)]

Substituting 0—li and G—i3 into 0—12 we obtain the vector of the

ith trapezium

Lcc 
= (xcos ,~~~~ xsin ,

~~~~ 
c~ + rsin ((i—l)AO)) (0—17)

whe re : x =  r —  X —  C

61



1) c and c are given by 0—14 , 0—15 , and 0—16

2) X is given by (5a) and

3) = (j — l ) A 4 )  + ~~~~~ , j 1, 2, . . .,  (k—l)

= (j—0.5)A4)

j = jth slice (j — 1, 2 , . ..,  k)

I = ith trapezium on this slice from equator to north pole.

( i = 1, 2 , . ..,  n)

C. The normal unit vector to the ith trapezium is:

U~ = 
-÷ (G—18)

where CC is given by 0—17 and the norm :

CG ~~r or

~G =~~~[xcos ~~
2 + [~~in ~j

2 + [c + rsin( (i—l)AO) ]
2

÷ [C + rsin((i—l)Ae)] 2

I

GRAVITY GRADIENT RODS

Let S be the length of the rod. The rod is a full cylindrical surface

and when i t  is curve d due to thermal bending we can approximate it by
N equal small cylinders, each having height S/N and which we ass ume to

be ri~~it cylinde rs . See Figure G—9 .

- 1
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0 V n i-ne

O R

Figure G—9

Let :
X Y Z — Body Frame

x y z — Rod Frame (same as XYZ at nominal position)

R = Radi us of curvature of rod.

Swe have: c~ = -
~~~ , 9. ~.

= 
~~~ and

= iA 4)+ , i = 0, 1, 2 , ..., (N-l) (G-19)

0 < ~ a

From Figure (—9 we dec.’ nine the normal U t i t  vector N1 
to do ith sub-

division In Rod Frame .
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— (—Rcos ~~~, 0 , —Rsi n l ) / R  = (—cos ~~~, 0 , —sin 
~~)

where ~ is given by 0—19.

Let T~~ be the transformation from Rod Frame to Body Frame.

Then = T~~N1 
is the normal unit vector in Body Frame.

We must determine TRB, i.e., the three Euler angles .

Let S = 
~~~~ ~2’ S3) be the sun unit vector , and its projection

vector on the XY plane. Then( see Figure r—in) we have

—S
tan

1

O = tan 1 (S 2 /S 1) (0— 20)

4) • ( see Fi gure 8) and

c p = 0

and we h ave the Euler angles for TRB .

64

1~ S



sun

z~~~~~~~~~~~~~~~~~~~~~~~~~~
A 
J

I
z

• 
_ _ _

-
, /

Figure 0-10
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Let us de te rmine the unit normal ve ctor of the ith rod element in

Body Frame from 
~l (corresponding one in Rod Frame) and the known Euler

an gles (0 , 4 ) ,  ~p) given by G—2 0 .

We had: = (—co s ~ ‘ , 0 , +sin ~) ,  ~ = (i— . 5 ) A q  (G—23)

or 
~~ 

(x , 0 , z )  i = 1, 2 , . ..,  N

= (x , 0, z) in xyz rod frame

I) Find N1 
in x’y ’z’frame( call it N2

). See also Figure C—li .

For this p roject x0 on x
’—y ’—z’ axes actually x ’—z ’— axes

(since the y ’ projection is always zero because 
~l 

is

always on the x’z’ plane).

This gives: (x cos a , 0, ±x0 sin a)

P roject z on the x’z’—plane : (~z sin a, 0, z0 cos a)

= (x cos a z sin a, 0, ± x sin a + z cos a) (0—2 4’

ii) Find N
2 
in XYZ Body Frame (call it

For this we need only project (x cos a + a sin a) on the

X , Y axes sin ce Z an d z ’ are identical . 
t

= ( (xe, cos a z sin a) cos 0 , (x cos a z sin a) sin O~ (0—25)

± x sin ~ + z cos a)
0 0

where :

x = —cos i; ~ = (i—0.5)Acp , I = 1, 2 , . . .,  N

z = ± s i n  ~; Acp ~

66



z
_ 1

—
~~~~ 

-
~~~
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~~~~~~~~~~~
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I X~
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o curv

Figure G—11
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where: tie top sign app1ic~ to the rod on —z axis and

the bottom si~~ applies to the rod on +Z axis.

Finally we mus t determine the CENTER vector in body frame at

the ith element of the rod as well as its AREA .

From Figure 0-12 we have

cEN T E R = R  (~~+~~ ) + R ~~curv
z

‘
— 

CENTER

C curv

a

Figure 0—12

where ~~ = 
~~~~~~~~~~~~ 

..~~~~L , 0) ,  ~ (S 1, S2 ,  03) unit

vector on LOS to sun.

R = Rod Radius

is given by 0—23 and R is the input radius of

curvature of the rod due to the thermal bending .
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AREA = A cp * R  *W RØDi - curv

WR(~D = Rod Diameter

When R = i.e., straight rod the formulae above mustcurv
be modified as follows:

9 = tan~~ (S 2 /S 1)

a
Ap 0

I
~ i (

~~~
, 0 , 0)

= (—cos 0, —sin 0 , 0)

CENTER = ( 0 , 0 , ±SR~D/ 2 + REIAS)

SR~D = S (Rod Height)

AREA = SR~D * WRØD

SOLAR PANELS

Definition 1: ~ = angle between the panel normal and LOS to the sun

and is positive if rotation is CCW from LOS to the sun ,

when standing at the origin of the body frame and look-

ing at +Y axis.

Definition 2: Panels are at nominal position when their normal unit
vector is = (1, 0, 0)

69
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r

7)~~~~ 

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

~~~~ 

6
~

__________________ Nominal  pos iti on

Figure 0—13

S
From Figure 0—13 we have : ~ = cos~~ ~~~~~~

II S I~
= (S 1, S 2 ,  S

3
) unit vector along LOS .

T h e n 4 ) = 4 ) + B a n d

N = ( cos 4) , 0 , sin 4)) is the normal uni t vector to the panel
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c~ r ft ~ jTf

_

_ _
/

Figure 0—14

From Figure 0—14 we see that:

-*-* + +

CENTER = CP + D
2 
+ ~p

whe re:

CP is inp ut

Ap = Solar pressure shift  vector from the p anel geometrical cen ter
(given in Body Frame wh en panel is at nominal position) and is

input.

1)
2 

= (0 , d/2 , 0)

d = length of panel

h = width of panel

AREA = d*h

I
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APPENDIX H

NTS-2 GRAVITY GRADIENT ROD THERMAL ANALYSIS

The BI—STEM boom configuration and 2—D the rmal model are shown in Fi gure H—i .

The NRL specification quotes a maximum solar absorptivity of 0.15 ; no

emissivity data w.~s available — a nominal value of 0.05 was assumed.

P reliminary calculations showe d that  compare d wi th peri phe ral conduction .
internal radiation could be neglected. Radiation was included between the

overlapping sections of the boom elements. A hot case solar flux of

455 Btu/hr. ft.2 was assumed. Earth—albedo and IR fluxes were excluded ,

p roviding a maj or analysis simpli fication . Inclusion of these terms would

result in a slight reduction of the predicted temperature gradients .

Note that the model is two dimensional, i . e . ,  axial temp erature gradients in
the boom are not considered.

Temperature Predictions

Figures 11—2 to 11—7 show steady state temperature for two solar orientations o:~
for various values of a , c. Figure H—2 is for nominal a, c and indicates a

gradient of only 2°F from sunside to backside. Figure 11- 3 shows the eff~-ct of

severe degradation in both ~ and c: the gradient increases to 4.1°F. (Note

that the mean boom temperature is unch anged because the a/c  rat io is the same.)

Figure 11—4 shows the effect of increasing the ernissivity only; although the

mean boom temperature drops significan tly , the gradient is still only 2°F.

Figures 11—5 , 11—6 and 11— 7 sl o- ’ temperatures for the same property comhinati i s i’ut

for a different solar orientation. Hot side to cold side gradients are

unchanged.
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DIAMETER O.Y
ELFMENT IHI’~KN ESS ~.OO2”
MATE RIAL RcCu Al loy No. ~‘5

1 -)

11 7

1-’ 
a

l~3 

1 2fl~~ 5U

4 18 2

19 L INF CON~P.CT 26
15 ASSUMED - .

Ii 2
l~ 2

21 2~
22 23 1
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THERMAL MODEL NOC ES

Figure H—i . Bi—Stem Boom Configuration and Thermal Model
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~~ SUN

= 0.15 251.6
£ = 0.05

251.2 51.2

250.8 250.8

250 . 3
250 . 3

250 250
I

249.9 250 250 249.9

249.9
249.7

249.8 249.7
249.6 249.6

49.6 249.6

249.6 249.5 249 .5 249.6

Figure 11—2. Nominal o and c
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= 0.3
c = 0.1 249 .6

248.5 251.3

248.2
251.9

248.1
252.2 SUN

248.2
252.1 _______

248.1 248.3 252
252.2

248.5
248.2 251.7 

252.1

248.7 251 .4
248.4 251.8

248.9 251 .

248.7 
249.4 250.4 251.2

:1
Figure H—3. Degraded a and c
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= 0.15

= 0 . 1

136.8

136 . 137 .6

136 .1 1~ 7 .9

l3~.1
4 -

1~ f . 1 SU~!13€ .1 ________

1~ 136.1 13~ .2 138

13~.1 13~ .3 
138.1

1 136 .3 137. 7
1 3 f .2  

137.9l3I~.4
(_ 136.7 137.2

13~.4 137.6

I
I
I- Figure 11—4. Degraded ~



~= O 1 5
= ¶ Lf lE

SUN

251 .6

251 - 251 .~~~

251.? 51.2

250.3 25J .P

250 .3 
2~0 .3

250 25C

249.9 250 250 249.9

2i9. 249.9 
~?49.~ 2’.9 7

2.1° 72~9.6 - 
24~ .6 - .

‘49.6 . -

~ 24924Q .6 - - . - - , . 249 .6

F;;’ure H—5 . Nominal t and c
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0.3
0. -

~UN

253 ..~
2 ~~~~~~~~~~~~~~~~~~~~~~~~~~

252 ,~ 2~2 £

251.5

250.~
250.1 2 5 0 . 1

24 9 .8 250 250 ~4 9 C

249.4 249.7 249 .7 249 .4

49.5 249 5
- 2E-3...~ 

24q .2
.3 2 4 L ~~

249.1 ‘ .1 249 1 2~9.1

Figure 11—6 . Degraded a and £
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a 0.1 5
£ = 0.1

SUN

138.6

l38.~ 38.2

137 .8 137. 8

13 7. 13 , .3
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1

136.9 137 
137 13~ .ç ¶

36.9
136.7 136.9 136.7

136 8 
136.7

136.6 
- - 136 .6
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136 .6 136.6

“i gure H—7. Degraded c
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Figure 11—8 shows the transient response for entering and leaving a 55 minute

pe riod in the earth ’s shadow . Initial temperatures were assumed to be those

shown in Figure 11—5; at time zero the solar flux was removed and the tempera-
ture histories computed for 55 minutes . At this time the sun was switched on

again and the response computed for a further 200 seconds. The results in

Figure H—8 show that the 2°F gradient decays within IC) seconds of eclipse and

re—establishes wi thin 10 secon ds of re—entering sunlight. In actuality , the

change would be slowe r , since the transition fro m sun li gh t to darkness (and
vi ce ve rsa) would take a minute or so rather than being a step function as

assumed in the analysis .

Boom De f lections

To get an estimate of tip deflection , consider the relative expansion of

“strips” on the sunside and shadeside :

R R + d

i.e.

R

• ,  R =

- I,

- - 

- 

—
- ~~

- —- -

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

—-—-—— -
~~~~~~ 

~~

- - — -  

~~~~~~

--



But
cS 9. = B x AT x £

whe re B is the coeffi cien t of expansion

4 
— _ _ _

• R - B x AT

For Beryllium Copper Alloy No. 25,

B = 9.3 x io
_ 6 

in/in°F

Thus for a AT of 2°F, and d = 0 . 5”

R = 
0.5 

= 26,881.7 inches = 2240 ft.
9.3x10 x 2

The tip deflection ,

~ R (l— cos o)

and 0 61 1.56°

= 0.83 ft. (For 2°F gradient)

[For comparison , the formula on P.13 of NASA CR—25l6 gives a static tip t
defle ction of 1.05 f t .  for  this geometry.]

It  ha d been planned to generate a STARDYNE model of a finite length of the

boom and impose the comp uter cross section temperature profi le and determine

disp lacements . In view of the small gradients and tip deflection , this is
not presently considered necessary .
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P.—

Implementation

The thermal model was set up to run a series of cases for solar incidence

angles verying from 00 to 800. The configuration was simulated with “nominal”

thermal properties . Temperature gradients are summarized in the table below

and plotted in Figure 11—9. Full thermal maps are given in Figures H—b through

11—18.

Table H—i. Temperature Gradients

INCIDENCE 0 100 20° 300 40° 500 60° 70° ~~

Sunside

Temp . 0F 251.59 248.42 240.12 225 .89 205.06 176.40 137.52 83.26 —1 .51

Shadeside 
249.53 246.39 238.18 224.11 203.49 175.07 136.49 82.56 —1.86

Temp . °F

T 0F 2.06 2.03 1.94 1.78 1.57 1.33 1.03 0.70 0.35

Static Tip

Deflection 1.0 0.985 0.942 0.864 0.762 0.646 0.50 0.34 0.17

(Feet)

The boom static tip deflections shown assume that a 2°F gradient gives

approximately a 1 ft. deflection .

1 \
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NOMINAL c~, c

= 0.15
= 0.05

00 INCI DENCE ANGLE

SUN

251 .6

25 1 .2 51.2

250.8 
250.8

250.3
250.3

250 250

249 .9 250 250 249 .9

249.9

249 .7

249.8 249.7249.6 249 .6
49 .6 249.6

249 .6 249.5 249.5 249 .6

Figure H—1O
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100 INCIDENCE ANGLE

SUN

248.4
248 .3 48.3

248.0 248. 0

247 .6 67.6

247 .1 247. 1

1 246.9 246 .9

246.8 
246 .9 246 .8 46.8

1 246.5 46.7 246 .7 246.6

1 246.6
I 246.4 246.5

246 .5 246 .5
246 .9 246.4 246.4 246.4

F
I Figure H—il

86

I



20° INCI DENCE ANGLE

SUN

240.1

239.7 239.7

239.3 239 .3

238.9 238.9

238.7 238.7

238.6 238.6 238 .6 238.9

238.4 38. 5 238. 5 238.4

38.4
238.3 238.4 238.2

238 .3 238.
238.2 2 23 238.2

Figure H—i?
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30° INCI DENCE ANGLE

SUN

225.9

225.8 225.8

225 .5 
225 .5

225.2 25 .2

224.8 224 .7

224 .6 224 .5

224.4 24.5 224.5 224 .4

224 .4 224.4
224 .3 

224 .3

224 .3 224 .3
224.2 

224.2

224 .2 224.

224 .1 24 .1 224 1 224 .1

Figure H—13
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40° INCIDENCE ANGLE

SUN

205.1
204.9 204 .9

204.8 204.8

204 .4 204.4

204.1 204 .0

203.9 203 .9

203.8 203 .9 203.8 203.8

203.6 03.8 203.7 203.6

03. 7
203.6 203.6 203.5

203.6 203.6
203.5 03.5 203.5 203.5

Figure 11—14
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50° INCIDENCE ANGLE

~~
SUN

176 .4

176.1 - 176.1

175 .9 175.9

175.6 175 .5

175 .4 175.4

175.3 175.4 175 .4 175.3

175.2 175.3 175.3 175.2

175.2 175 .2
175 .1 175 .1

175 .1 175.1

175.1 175 .1 175.1 175.1

I
Figure 11—15
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60° INCIDENCE ANGLE

SUN

137 5

137/
’

~ ~N~~
3

137.1 137.1

136.9 136.8

136.8 136 .7

136.7 136 .7 136 .7 136 .7

136.6 136.7 136.6 136 .6

136.6
136 .5

6.5 136.5
136.5 36.5 136.5 136.5

Figure 11—16
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70° INCIDENCE AN GLE

SUN

83.3
83.2 83.2

83.1 
83.1

82.9 
82.9

82 .8 
82.8

82.7 82.7

82.7 82.7 
82.7 82.7

82.6 82.7 82.7 82.6

82 .6 82.6
82.6 82.6

2.6 82 .6

82.6 6 82 82.6

Figure 11—17
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80° INCIDENCE ANGLE

SUN

—1.51

-1 .52 -1.53

—1 .57 —1.58

-1.6 1.6 6

-1.73 — 1 .74

—1.77 —1.78

-1.79 -1 78 - 1.79 -1.80

-1 .81
-1.83 -1.80 -1 .84

—1 .82 -1.83

—1 .85 -1 . -1.86

-1.84 -1 .8
-1 .86 -1.86 -1.87 -1.86

Figure 11—18
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Summary and Conclusions

For nominal external the rmal p roperties (a = 0.15 , ~ = 0.05) the steady s ta te

temperature gradient across the boom is predicted to be on ly 2°F .  This

would produce a deflection of about 1 foot at the booni ti ps.  Wi th  degraded

thermal properties (a = 0.3 , c = 0.1) this gradient would increase to 4°F

and the ti p de f lection to 2 feet .

Transien t thermal response was evaluated for  step function sun on/ sun off

conditions . The results show that  the 2°F sun side to back side gradient

is established/or de cays very rap idly (within 10 seconds) .

This analysis suggests that defle ction of the boon~ as a result of thermal

gradients should not be a problem . The e f f e c t  on the spacecraft  control

sys tem could be assessed by imposing a 1 — 2 f t .  s tep disp lacement on the

boom tips.  If  prob lems occur the displacement could be ramped over time

periods of 10 seconds to 1 minute instead of assuming a s tep f u n c t i o n .

94
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APPENDIX I

GRAVITY GRADIENT ROD FLEXIBILITY MODEL

I-i NTS-2 GRAViTY GRADIENT ROD DYN AMICS

This appendix contains detai ls of Stardyne simulations of a r igid  satelli te$ wi th two f lexible gravity gradient rods . These s imulat ions showed th at

modeling each rod wi th  one f lexib le beam and one ti p mass gives ques tionab le

results . Using two-beam elements or four— beam elements gives almos t

identical res ults . Therefore , a two-beam mo del was fu r the r  exp lore d fo r

addi t ion to the orbit  simulat ion mode l (GPS ) . (See Sect ion 1—2)

Con tents

• S umma ry Tab le — Key Re sults  (Table I — i )

• Deforme d Geometry  Sketches , for  modes respons ive to solar

array drive torque s (Figures  1—1 , 1—2 , and 1—3)

• Math Mode ls :

2 Nodes/Rod (1 beam/rod) , or iginal  (Figure  1—4)

2 Nodes/Rod (1 beam/r od)  , up dated ( F i g u r e  1 — 5)

3 Nodes/Rod (2 beam/rod) (Figure 1—6)

5 Nodes /Rod (4 beam/rod) (Figure 1—7)

• Modal Da ta  S ummaries , Tab les 1—6 and 1—7

• Mass Proper ty  Caic .  fo r  Dynami c Rod Mode ls
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1st ELASTIC 4th ELASTIC
NPflE 11 MODE SHAPE MODE SHAPE

6— ~~~c~

720”
2 PLCS

~~~~i2 ~~~ 

I

f7 .0055413 Hz 02 .02533

X3 1
7
=184.7 sec radian

f10= .02442 Hz
T 1O =

~’
.O. 9

~1 Sec

I I

r
16

1~ r ‘ ~~~~~~~~~~~~~~

I . I I I _ _ _ _ _ _

-1.0 0. 0 1.0 -1.0 0.0 1

I I1C D A L
inches/inch

Figure I—i. I t~eam/Rod Model
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NODE 11 —‘ 1st ELASTIC ~~kth ELASTIC ~~10th ELASTIC
6 MODE SHAPE ODE SHAPE MODE SHAPE

= 7.5 
I

L 
•

360”
(4 PLCS)

~~X 1 0 2 = 0 2 =
I 12 .0000049 - .00684 - .00043

rad ian radian ra d ian

X3

f 10 .02834 Hz
14 - 

f7= .005527 ~z 110=35.28 sec
17=180.9 se f1~ = . 425 Hz

I 
116 = .02 sec

21 

0.0 :.~ ~~
MODAL DISP LACEME fl T

inches /inch

Fi gure 1—2. 2 Beam/Rod Model
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~VT ! LA ’T  Ii

P.J [,JD SOLrR J\R[S~ Y S ~‘e t)E SHAP E ‘IDF st rj Mfl~~

= 7 . 5  ~~~~~~~~~~~~~~~~~~~~~~ 

7 
).180’

2 = 
;~~~ ~~~~~~[ I

I ~ r . f l rVr ’ ~ 
_ f l f l f l~

V 

4’ 
- PVA DI1~.

~~~~~~ ~~~LI~~~~ _ _

~J V  7 .5  ~t ’~ 
— —_____

I 
:1 -1 .~ ~~. ‘) l V r

I “H ~~ 
~~ I 11 ‘ . E ~T

Figure 1—3 . Gravity Gradient Rod Bending Mode Shapes
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j_
__________________  ‘ Q~~—~’ NODE 11
3.8125 BEAM 19 (RIGID)

2 NODES/ROD
5

BE A M
3 

I

4

720”

.3

ORIGIN

19.957 NO DE 22 ( MASSLESS )

31” C .G . ,_ IS AT SYSTEM C .G.

NODE 31 
— — 

= 0.0

.37147 ~~~ 
12 Z = 19.86 in.

19 .75”

~BEAM V

720” 7
14

15

BEAM 20 RIGID

‘.~~~~~~~~N0D E 2 1

Figure  1—4
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FOR DYNAMIC MODEL WITH 2 NODES/ROD

11 ,— -
‘

NODE 6~~~~~~~~~~~45 lbs . @ center of upper mass

Rod Weight = .90 lbs .

NODE 2 

.45 lbs.

.45 lbs .

— 19.86’ (to srs . c.g.)
31 L = 28.34”

No de 31 
= 22.95” 

.45 lbs .

r19.7
~~~~

ADDITIONAL INERTIA FOR NODE 31:

= ( .45)  2 ~l, .86 2 + l l .l4 2
2,

518.5

= 466.67 lbs—in
2

AL~ = (.45) (2) (28.34
2 

+ 22.95
2
)

= 1196.87 lbs—in 2

= ( .45) (2) [19 .75 ]2

351.06 lbs—in2

= .90 lbs . to ta l  adde d to Node 31
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UP DATED DYN AMI C MODEL, 2 NO DE S/ROD (TIP and SPACE CRA FT END)

For cantilever beam of mass rn.0 and

tip mass m

o e 3. 8125”~~~~~~~~ Equi va len t tip mass wei ght  = m + ¼

Ref. MyKles tad , N .O., “Fundamen tals

6 • — 
) Ri aid of Vib ration Analysis ,“ McGr~~—Hill ,

1956 , p. 40.
.225# — 180”

- - Above is based on Rayle igh—Ritz

energy me thod.

Therefore, t r ans fo rm ¼ beam wei gh t  to

540 ” end of beam bu t do not transform ¼ beam
.675 # —

inertia , since this is accounted for  in

the ¼ rn.0 approximation.

Nod: 11 

= .225 lbs.

11. 14k ’ 
~~~~ = I~~~~ = .225 ( 3.8125)

2 =

3.27 lbs—in

— 5 43) 1  Node 21

2
SW = .225 lbs.

.675~

- . . .  . 
LSI~~ = ~~~~ = .225(2)

2 
= 0.9 lbs—in

2

.22 5#~ — 180 ”

Node
/

~~~~
_2 .OU

~i~’ure 1—5
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N ode 31 (Spacecraft c.g.)

Assume 3/4 of rods attached and full inertia transformed to base.

AW = 2 x .675 = 1.35 lbs.

From upper rod

AI~~ = 1/3 ~ + w(l9.962 + 19.752)

= l/3(.675)5402 + .675( ) =

= 65,610 + 532.2 =

= 66,142.2 1bs—in
2,1~ from upper rod only

From lcMer rod

AI~~ = 1/3 W + W ( l l . l 4 2 
+ 19.752)

= 65,610. + .675 ( )

= 65,610. + 347.

= 65 ,957. lbs—in 2 -.u~

Total I~~ added to Node 31

= 66,142.2 + 65 ,957

~~YY TOTAL = 132,099. lbs—in
2-ii~

For

From upper rod

= 1/3 W + W 19.96 2

= 65,610 +~~~~5 (19.96)~ =

268.9

= 65 ,878.9

103
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From lower rod

AI~~ = 1/3  w + W ( l l .  14) 2

= 65 C610. +~~675 (ll.14)±j

83. 76

= 65,693.76

TOTAL = 131 ,572 .7 lbs—in 2 
~~

For

AI zz = 2 x W . ( ]~9 75) 2

= 2 x .675 x 19 . 75 2

AI zz = 526.584 lbs—in 2 --~~~~~

I.

‘a
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( o~~ i N 0DE 11
3.81 25

6 3 NODES/ ROD MODEL
RiGI D SOLAR ARRM~RE-\ M FREE TO R~)TAT E At OUT “

4 . 5

. 4

720”

BEAM
3

O R I G I N

- —  _ _ _ _ _ _

19. 957

3~~~
u l j__ C .G. NT~D E 2 ~ (MA:SL: S ’

NODE 31 :
.37 147 ~~~~ ~~~~ 

12~~ 1
’
~~~6 ~n.

19.75” I
13 ~~Br~AM

720 11

7 14~~

I. BEI\ M
15 8

2 o” 
- -  

‘16.
~ ~~~~~~~~~~~~ 21

Figure 1—6

I i
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3 NODES PER ROD

Program will automati cally lump rod

masses to Nodes

2 , 4 , 6 (upper  rod)

12 , 14 , 16 (lower rod)

~ode Will manually transform weights at.3 Rioid
6 ~~~~~~~~~ 

— V 
dependent nodes 2 , 6, 12 and 16 to

adjacent independent nodes of ri gid
.45# ’ 360” systems .

4 — — _ Node 11:

A W
1 = .225 lbs. (W , W , W )
1 x y z

.45# — 360
- 

A Ix = Al y = .225 (3.8l25) L

2
2 -~ L.... ,. .j -__-ø~ 

Xl 
= 3 .27  lbs—in

ODE I de 21:

_ _ _ _ _ _ _ _  

~~~~~~ 19.96 No 

A W 2 = .225 lbs. (W , W , W )
1 x y z

11.14 
A I x = A I ~ = .225 (2 .0) 2 

= .90 lbs-in2

19.7~~~ 

12 ’ , 

— 360” 
A W ~ 1 

= 2 x ( . 2 2 5 )  = .450 lbs.

de 31:

Z (w , w , W )
14 X 37 Z

A l  = .225 (19.96) 2 
+ .225 (11.14) 2

x
— 360. = 117.56 lbs-in2

A I~ = .225 (19.96 2 
+ 19.752) upper

16 . rod

Node 21/~~~~~~
2.00 

= 

+ .225 (11.142 + 19 . 75 2) lower
rod

______________  
293.09 lbs—in2

A I z = .225 X 2 x (19 . 75) 2

= 175.53 lbs—in2
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3 NODES/ROD MOVE Z MASSES TO SPAcECRA FT

Program generates rod weights at

3 .8 125 ’ nodes 2, 4, 6

No d~~~~~~~~~~~~~ Riqid 12 , 14 , 16
— 6

Mus t manually t ransform wei ght  to
.45# 360 . in dependen t nodes of any ri gid system s .

. L -
Node 11: (from Node 6)

. 45# — 360 .
= 225 lbs. W , W

~~ ll x y

~‘4ode ~ /‘~ . Node 21: ( f r o m  Node 16)
• 23
I~~ ~~~~~ 1J .14 

AW21 
= .225 lbs. W . W

—

~~~~~~~~~~ 19 90

x z

19.75 ~~ Total  rod + tip mass wei gh t  in Z
‘—360.

di re ction 7.5 + .90 = 8.4 lbs .

360 
part of ri gid sys tems . Han g Z we igh t

T r a n s f o r m  to No des 2 and 12 , wh i ch are

1~_ _

on new Nodes at ends of stiff elastic

beams tied to Node 31. Node 23 at

same location as Node 2 , Node 24 at

same location as Node 12.

For beam from Node 23 — 31 Thus to ta l  c .g .  is correctly modeled
El and inertia of Z w e i ght  cont r ibut ionK = -

~~

--

~~ 

— cantilever beam 
is retained.

Wan t f = 50. Hn z

2 
= (217 50)2 K 386.4n 16.8

2
K — 16.8 x (lOO ’T) 

= 4291. = 18.5 x 106 b = l2kI ~— 386.4

= 
K9 ~~ - 

429 1 (l9 .7S)~ - 

~~Oy3l6 for b d b = .775t — 

6 43 x 18 5 x 10 I = 1 / 1 2  b
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$ 
- -  NODE 11 (UPPER)

3.8125 
BEAM 19 (STIFF~6

5 5 NODES /ROD
RIGrD SOLAR ARRAYS ,
FREE TO ROTATE ABOUT

- 4 Y AX IS

720”

3

ORIGIN

~~ ~~~~~~~ SU N

19.957

NODE~~ to

.37147 H ~~~~~~ 12
19 .75” Z = ‘9.85 i

~~~~l3

720”

BE AM ?O ~T 1F F

21

EART H

Figure 1—7
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FOR DYNAMIC MODEL WITH 5 NODES/ROD NODE
—-  

~ 6 ~ 
.1125 LBS TO NODE 11

Nodes 11

Al = Al = .1125 x 3 .8125
2 x 50% r

XX YY . 2 I ELASTIC ROD ,
= .8176 lb—in 

.
~~~ 

WEIGHT = .90 LBS
Node 21 

.22~ LBS ,
_______ - -, EACH
Al = Al = .1125 (2 .OY x 50%

XX 37)~ .
~ ‘3

= .225 lb— in

.1125 LBS

T— —t 
~
‘
~~~~

— 1 9. 75 
~~~~~~~~ 2 

. 11 25 LBS

19.86” SYS. C .G .
\

31” RIG ID
NODE 31 BEPM

~~~~~~

12

.1125 LBS

z

ADDITIONAL INERTIA FOR NOD 31:

Al = .1125 (2) 19. + 1 1 .l 4~
V

xx
= 1 1 6 . 6 7  lb—in

2
tsI = .1125  ( 2 )  28 , ‘ ‘ ‘ + 2 2 . 9 5

2
= 2 99 .22  lb—in

Al = .1125 (2) 19. T~ 
2 = 8 7 . 7 6 4  lb-in 2

= .1125 x 2 = .75 lbs to Node 31
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TABLE I- - SPACECRAFT PARAMETER VALUES

Mass P r o p e r ti e s  ( or b i t a l  c o n f i g u r a t i o n )

Tot a l  weigh t  ( ib s )  - 910

O r b i t  c o r r e c t i o n  — 75/ hy draz ine usage

S p a c e c r a f t  ~ on n t s  and products  of i n e r t i a , s o l a r  arrays $

deployed , g r a vit y  g r a d i e n t  rods n o t  dep loyed  ( s l u g  — f t 2 )

= 2 08. 89 - 0

— 167. .6 
~~~ 

0

1zz 78.98  1 Yz — — 3 . 0 4  14082 .73  l b s — i n 2

S p a c e c r a f t  molT00 nt s and p roduc t s  of ine r t i a  w i t h  a r r a y s  and rods

dep loyed  ( s l u g  — f~~~V
;

— 209 = 9 n 7 i i S .3  lb s -m V- I~~ 0

— 1998 ‘ 9 . 2 5 5 7  1~~~ 0

= 1909 8. 8 4 ! .  a 10 = — 3 . 0 4

So la r  a r r ay  moa n t  of i n e r t i a  a b o u t  a r r ay  axi s of r o t a t i o n

3 .28  s l u g  — f t  ( t o t a l  f o r  two a r r a y s )  — l519~~,5  l b s — i n ’- .

S p a c e c r a f t  w e i g h r~~ 4 1 5 4 c r  of g r a v i t Y  C m oments  and p r o d u c t s  
P

of in e r t i a  ( s l u g — f t ) and - i r a - m e us age  f~~r o r b i t  ‘ S u s i e ’ t i o n

in stoc-ied c o n d i t i o n .

T o t a l  . H o d
UT ( ibs )  

C ( V  ( i n )  I ..~ ~~~ l zz I Z  (‘s;Ig e

949 2 5 . 7 5  I 2 ~~. 1 2  7 ( . ’41 88 . 7 5 ,  — 3 . 3 1  0

2 5 . 5 8  12 2 55 7 1 . 9 .7 $8. 14 — 3 . 31 25

9 7 3  7 5 , )-  12 0 . 9 4  70 .08  58. 0 ,  — 3 . 3! 50 ’

9 10 2 5 33 11 9.3 4  6 8 .3 3  8 7 . 8 5  — 3 . 11 7 5 4

897 2 5 . 7 1-  1 1 7 . 7 5 (, 4 o 9 87.  71, — 3 . 3 1  1005
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TABLE 1— 7 .  INPUT TO RUN G2 MASS INERTIA
PROPERTIES COMPU TLR PROGRAM

NTS— 2 w i t h  ri g id  dep l s i v e d  < - l a r  a r rays  less e l a s t i c  g ra y ,  grad . rods

F o t al  p r o p e r t i e s  f r o m  G . E .  r ep o r t , NRL Table  4 — 1 .  e . g .  f rom top of v e h i c l e .

T o t a l  W e i gh t  2 9 10. ~~~ S t a r t  w i t h

T o t a l  e . g .  19.86 t o t a l  ri gid

T o t a l  1-ti . 9 2 5 5 6 9 5 . 0 4  8843404.32  968188.32  ) s p a c e c r a f t

T o t a l  Prod .  —14 0 8 2 . 7 3

l2prmass Weig h t  2 — 7 . 5

Up rmn ass c.g.  19 . 75 — 7 2 3 . 8 1 2 5

Uprinas s Mi.  — 4 8 .  — 48 .  — 4 8 .

Upr  rod W e i g h t  2 — .90 
S u b t r a c t  e l a s t i c

Upr  rod e . g .  1 9 . 7 5  — 3 60 . rods and t s p
Upr  rod M i .  —38 88 0 .03  — 3 8 8 8 0 . 0 3  — .0558 masses

Lwrm a s s Weig h t  2 — 7 . 5

Lwrmass c . t .. 19 . 75 753. 0

t4),rmnass M i .  — 2 7 .  —2 7. — 2 7 .

Lwr rod We i gh t 2 — .90

Lw r  rod e . g .  19.75 391.0

lMr rod M i .  — 3 8 8 8 0 . 0 3  —38880 .03  — .0558

F .ndgroup

End case

Stop

S tN1 ) . J 55 l l

v *cj -)l  S

S*$DI S

RE SULTS f o r  N i -i de 31 , F l e x  Rod Models

( W t .  — 893.2

e.g .  —

a — — . 3 7 1 4  i n .

z :  19 957 s s .

lne r t i a s  about  ‘ . g.

— 74 4 9 5 4 4  l h s — i n

= ‘125980 — 15 , 195

— 310 , 785 lh s .= in 2 fo r  s o l a r  arrays f r e - -  t t u r n  a l e  .4 I C -  5-

961440.  l b s — i n 2

c V
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TABLE 1—8. INPROP RUN G2 MASS

cOMPI.rrED VALUES

NTS — 2 with rigi d dep loyed solar array s less e l a s t i c  gra y,  grad rods

RESULTS POR THE TOTAL SYSTEM

Wt .  — 0 .89 320 E 03  +— 0 .  Pounds

e.g. Loc. — 0 . 3 714715 00 +— 0. I n c h e s

0. +— 0 .  Inches

0 . l 9 9 5 7 E  02 +— 0.  Inches

— 0 .  33l8OE 03 +— 0. Poun d — In ches

0. +— 0. Poun d — Inches

0. l7826E 05 +— 0 .  P ou n d  — Inches

Square = 0.11007E 07 +— 0. P ou n d  — Inches square

Square = 0.68 185E 06 4— 0. Pound — Inches square

Squa re = 0 .96 156E 06 +— 0 .  Pound — I n c h e s  s q u a r e

Square — —0 . 14 0 83E  05 +— 0. P o u n d  — Inches square

Square 0. 4— 0. P ou n d  — Inches square

Square — — 0 . 4 8 7 4 4 E  04 +— 0. Pound — Inches square

Mas s mom, of inertia about c.g .

Square — l~~~ 0 .7 4 4 9 4 E  06 +— 0 .  Pound — Inches square

Square — 0 . 3 259 8 E  06 +— 0. P e u n d  — In c h e s  s q u a r e

Square  — ~~~ 0 .96 144E 06 4— 0. P o u n d  — In c he s  square

Square — l~~ — O . 14 0 8 3 E  05 4— 0. Pound — Inches  s q u a r e

Square  — 0. +- 0. P o u n d  — Inches  square

Square  — 0 . 1 7 4 7 4 E  04 4— 0. Pound — Inches square C

~..1
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1—2 DERIVATION OF INF L UENCE COEFFICIENT MATRIX , INCLUDING CROSS—COUPLING

EFFECTS DUE TO ROD CURVATURE

Gravity Rod Simulation with Two Flexible Beam Elements

(Linear Theozy )

Based on Stardyne model vibration analysis of NTS—2 with rigid solar arrays

and fle xible gravi ty gradien t rods , the following flexible rod mode l with
two beam elements of equal length was found to give very good results.

‘

1 A F~ ,

fl 0 
~~~ 

F~~ , 
~
‘
b

C ‘ff/7/ ff~~’

The influence coefficient matrix for the above case can be calculated using

standard beam deflection equations , sh~ ,n on the next page. Thus

I~a~ Ie i ,i e1 2 1  r F
A

1’ > =  I I S
I~~bJ L~2 ,1 e2 j  L. FB

where the e
1 are iniluen ce coefficients .

t
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Un der dyn amic loading cases , the net app lied fo rce at each panel poi n t will

be

F = F  - m y ’
i exte rnal~ ~

where
F could be due to solar pressures or the coaponent of
exte rnal

gravi ty gradient torque (forces) normal to the rod.

From Roark , “Formulas for Stress and Strain ,” 4th Ed. , the following beam

equations are p resented.

TABLE 1-9. SHEAR, MOMENT, AND DEFLECTION FORMULAS FOR BEANS;
REACT ION FORMULAS FOR RIGID FRAMES

Notation : W = load (lb.) ; w = unit load (lb. per linear in.). M is positive

when clockwise; V is positive when upward ; y is positive when upward.

Constraining moments , applied couples , loads , and reactions are positive when

acting as shown. All forces are in pounds , allmoments in inch—pounds ; all

deflections and dimensions in inches. 0 is in radians and tan 0 = 0

STATICALLY DETERMINATE CASES

- - SU , 1 V  C I 1 . 11 5 - ~~I~ 
V Len, 5 , S V IU 15 55 nd - Scm- at O and Lh C I , , ’ r :5’ ,‘ u - - - 5 1 u is .

— 

R \ C ~~~ 

A C  I

~ 
:__,:: ~

;E
~
;;:;; ;_._.11 :ij . :: ::: I

I

I 4 

I

I

I
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Note that  no external beam t - r q ue loads are included.

De finitions:

= deflection of point A due to uni t  load at point A

e1 2  deflection of point A due to unit load at point B

e
2 2  deflection of point B due to unit load at poin t B

e2 1 
= e

1 2 by reciprocity theorem .,

= deflection of point B due to unit load at point A

e

p
/ FA , ‘~

‘a 
By Case 1, for FA applied positive

/ 
in y direction

/
~
‘a 3 E 1

/ but

I L = 2 t

L 
— 1 (1.0) (2~)~ — 1-

El 3 E I

4, I 
~~~~~~~~~ —

3E1

I

t 
— ‘,I/ Il /71”

I

1
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e

By Case 1

T 
I l P9.3 1

/ Rot ation at point b , (by Case 1)
I 

1I 0 = 1 ’E~f~I
Deflection at point A due to load at

— — ~~ 
~~~

‘ point B is then

FB YA Yb + 0 Z

/ 

= ( 1 . 0 )  3EI + 2EI ~ 
=

~ 
1

— _________

e1 2  ~~~~~~~~

La

From first calculatIon for e1 2
1 

_______

‘i
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e

For load at A , def lect ion at poin t  B
e21 1 A I~ found by Case 2 .

—~~~~~~~
1P  3 2 2= -g ~~~~ (—a + 3a L — 3a x)

b u t a = 2

L = 2 L  x = 0

I = ‘

~~ T~ ’ ~~ + 3 2 
. 22 — 3 2 

. 0)

L f’ B1  ~
‘
~
‘b 

= 

*~ T (_~~ 3 + 6Z~~)

, x
I 6 E 1

I e2 1  for  uni t  load P.

‘~77~ I” = e
1 2

= 
[

~~l~~1 
e 1 2

Le2 ,1 p
2 ,2

fl.~
~3 1 3  6 JE =

~f L
T for NTS—2 2 = 7 2 0 / 2  = 360 . ”

El = 3000. lbs—in

~ ( 6O)~~ = 15 , 5 5 2 . 0

(V
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Numerically , for straight I,)dS , NTS — 2

r41,472. l2 ,960T1
[E] = I inches/lb .

L12,960. 5,184j

Not e :

Define total rod panel point deflection as follows

~TOT — 
~e1astIc + 

~ rigid body ÷ 
~
‘the rmal + 

~
‘non— linear

Define inertia loads in terms of 
~total

+~~ F
total elastic rigid body thermal non—linear

y is determined by means of influence coefficient matrix above.
elastic

Similar expression will also govern elastic beam bending in the other

beam bending axis .  That is , for un i form El = Elxx yy

Z

t 
~~~~ ~

‘a ’ FYA 
X

a 
0 0 F

~~~~A 

~~~~~~~~~~~~~~~~~~~ :=
~~~
!

-4--B L
~~~~
*
~

I
b

~ 

FYB 
~b 

0 0 -
~ 

-

~~ 

F

I ~
‘ “

~~
*t X b, FXB 

Note that  x ’s and y ’s are uncoupled.
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Now examine effect of slight bending of rod due to out—of—strai ghtness ,

therma l def lect ions , or o ther  sources , causing an equi l ib r ium pos i t ion  of

the rod with a sli ght  curvature .

LINEAR ELAS TIC CROSS—AXI S COUPLING

z

_.1
~~ 

X 0~

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

4

at Node A

XOA = R — R cos 0 = R ( 1  — cos

at Node B

X
OB 

= R ( 1  — cos ( V ) )

6 Choose positive x in di rec t ion  toward sun , resul t ing  the rmal  bending
is ~~~~~ fro m sun .

Now , a force perpendicular  to x— z f~lane wi l l  result  in a l inear y d i rec t ion
de f lection , as before  p lus addit ional de f lections due to twisting about
the z axis .

I
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z
In 3-D View

~
‘A ’ FYA

’ 

_~~~~~
y XA , ~~

For torsion
A - -

TL
JG

T = torque 
9. X 0~

L = beam length ~
‘B FYB 

B 

~~~~~~~~~~ 
X8, F

~ 8

J = torsion section s t i f fness

C = shear modulus of material

~
‘base 

~~ 
X b

In Side View , in X—Z Plane

XOA - x OB
9.

XOB
XoA

A
For loading into the p lane of pap er ,

in the y di rection , no to rsion exists

in the beams if 4 1 = 4 1 .  I

In uppe r beam segment , no torsion , 
~~~~~~ _

_ A 1

exists due to F

~ A~~~B

yA. A 1...-~~ 
B1

Pure be nding about point B is about an

axis to upper beam , line A ’ — A ’ .

This moment at B about A ’A’ must  be 
B

resolved in to a momen t about axis

B ’ —B and a torque . ~~ x

T = (Momen t at B re ferred to A’ _A ’) * sin 
~~~ 

— 

~~~
= F . 

~ sin 
~~~ 

— ~~ for small 41ya
~
IOA XOB LOB

= 
~~ 

sin — F
A 

= (L OA 
— 2 XOB )F A

124 
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At Node B

T = (x — 2 LOB
) . F

A

T9.Twist of lower beam is 0B 
=

0 B = 
(( XOA 2 x

0~~) 9 .  F A

Additional deflection in y direction at

Node B = 0

However , twist 0B about lower beam wil l  cause s ome additional y def lec t ion

at uppe r node .

Arm = ~ sin 
~~~ 

—

= —

XOA — 
XOB XOB

= 2  — ----

~

-— = ( x OA
_ 2 x

OB
)

Deflection at end of arm (Node A) is 0B arm

= 
(x

0A 
~~~~~~~ 

xOB )) 
F A

fo r  XOA 36

XOB
_ 9

360 .

JC = 2 5
V 2

above term is (36 — 18) 360. = 4665.6 in/lb .

Che cks ve ry we ll wi th 3 node Stardyne s ta t ic  model. Low for  5 Node s t a t i c .

I
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Coupl ing  with  Acceleration alon g Z Axis (Rod Axis)

2 L  ____—~~~~~

‘

rC rC e~ -r
As shown , a posit ive r V

~~~~~~ i i ~ I 
____

force F w i l l  ten d to

strai gh ten the rod.

A n egat ive or ien ted  Z

force wi l l  incre ase the ,,, ,,.

rod def lect ion .

Buckling che ck:

From : Myklestad , N.O . CiFundamentals of Vibraticn Anal’-’sis , “ 
~~~~

p. 28.

5)

W 4 L ~~~mg f o r F = m g down
‘or - - El

P = colu~~ bucklin~ load

m (7.5 + .45)1386.- lbs-sec
2/in .

g dynami c load factor acting downward due to reactions frc~
solar  array dr~.ve torques , i nches/ sec 2 .

mg = - E114 L

2 _  -
- 

~~~ - - (Y300.)386.4 Vr sallow = = = .)1 in/se:
4 L — (720r
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f

2g = 5.51 in/secallow

r 0 = g r = dist. from spacecraft c.g.allow
to rod attack point ,

J— t o  Z axis

= 19 . 75 in.

— ______0allow 
— 

r

— 5.51 in/sec
2

19 .75 in

= .279 rad/sec2

= 311 ,l60 lb—in2 input to Stardyne run

If peak applied torque = 1 ft—lb for max p ulse duration of 45 millisec

~~~~ Torq~ e 
T = I

( 
= 
12.0 lb—in x 386.4 in

311,160 lb—in 2 sec2

= .0149 rad /sec 2

Fraction of bucklir g load = = .0534

I
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Couple d X—Z Beam Def 1ectio’~

Linear theory will be used. Exact buck l~~ig solution involving theory

of e last ic  s tabi l i ty  is not suitable for application at han d , especially since

coluan loadings are ve ry low , by prey,  calculations.

A Z
0

Xoa
A

XoB
B

sin o =
R

xOA R R c o s 0 = R ( l cos c
~
) 

~~X0Acos e = 1 — -
~~

—

(2 9. xOA Ltan 0 = 

~~~~~ L 

1 — = 
R —

0 t an R -  x

XOB = R ( 1  — cos

No closed form solution avai lab le to solve for R in terms of 9. , xOA .
Mus t i terate.  ~~
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~ 0A’ 10 B  are kn own , -s t imated , or previous ly calcula ted.

_ _ _ _  

F

Z4 

_ _ _ _- 
_______ ~~~~ x

I X OA
for  ~ small I

1
41 X OB

F zA

k 
4\
‘ I  ‘
I I

A

~~~~~~ 

F sinz-\

B 

V

Momen t a t B = F th
.

A . 2 = M B fo r sin :A~~~~ B

( 
_

1.oV
~

IL
~d’1~~~fl

( 
Resolving ver t i ca l  force F~~ trans ferred to point  B , la te ra l  component is

F B = F~~~ . sin ‘
~B ~~ 

F
A
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Z—X Couple d De f le ctions, c l nt i n u e d

De flections of point B (elas tic)

F 9 M 9.
_ l xB 1 yBXB~~~~3 ii_ 

~~ El

F F 9.3 
______1 zA ’ 4 1B 9. 

~~
1 zA~~ A ~~

~B 3 El 2 El

Rotation of point B (elasti c) eB (interme diate vari ab le)

M
YB

9 . F
~~ 

9.2

elastic El 2 El

2
= F  

th
A

t F
~~~41B~~zA El 2 E 1

Deflection of point  A due to vertical F th force

x = x .- + 9 . ’ c~B ‘ cos 41A s elastic A

cos 41A . F
zA

For cos 41A 1.0
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SUMMARY EQUATIONS z

For un—bent rod , El same in both axes

r8 ~ ~ o~~ r~ 
A .

[x
~~~

i~ j  
1 5 1 0 O~~ I F I

~3I 
8 5~~1 B

I ~
‘A ’

~

Y

AJ~~~~ L0 

0

[ 5 J I F ’0 0  
~ ~J [j

x
For bent rod , wi th point A ini t ial ly at

unstressed posit ion h aving x and y comp onents

of XOA~ ~ 0A ari d point B having corresponding

ini t ia l  uns tressed def lec t ion componen ts of

Xf~B~~ ~ OB wri te out de f le ction equations

in algeb rai c form.

= h— (-
~ 

F~ + F ) ~~ in—p l ane bendi ng
y A

+ 
~~~ ~

‘OA 
— 2 

~0B~ 
F~~~~~ tors ion

+ 
~ 3 

~ ~ (
X
0~~ — XOB) 5 x

OB) F u ~ Z—X couplingV
~ Tr~~t~~~

V

y

Similarly:

Y A = j ( ~~~
F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 6 
~ B’

~ 1 
~ ( ~OA 

- V
08) 5 ~ 08 Ft ‘ ii— 

~~~~~

V —

) Z
A

c

1
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For Poin t B (elastic def 1 - -t ions )

X
B 

= ~~~~ ~~ F + -
~ F ) in—p lane ben ding

y A B

+ (no torsional contributi on

at B) (1st orde r approx.)

+ j ~. 
(

~~ (x OA
_ x

OB) ÷~~~
(
~~~~

)) 
F
~

Z—x coup ling

= 

~~~~ 

F + 
~ 
F ) )

9. 3 
( 1 ( Y ~ A

_ Y
GB ) ~~1

Note : Rod bending s t i f fnesses  El and El are desi~~~ated as follows :

El is s t i f fness  for bending rotations about x axis , resul t ing in

y deflections

EI~ is s t i f fness  for  bending rotations about y axis , resul t ing in

x deflect ions .
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Numerical Check

For manufacturing tolerance , mm radi us of curvature for BI—STEM > 1800. foot

per NI~S—2 spec.

For L  2 £  = 720 ”

tie deflection = 12.0 in. 0 = 1.91021317°

Add 24 in. thermal deflection (per R .G. Langton memo)

Total XOA = 36. in. ~~~ 0 = 5.7248°

R = 601.5 ft. = 7218. in. (radius of curvature)

XOB 
= 9.005 inches 

~ ~0A ~0B 
= 0.0

El = 3000. = Elx y

JC = 25.

£ = 360.

A 2—beam Stardyne finite e lement model was run using the above parameters ,
including the radius of curvature . Two straight beam element connect the

base , Node B , and Node A (top). Rtni TSNS T6Z.

An additional run , using twice as many beams and no des , was als o run (Run

TSNS T9D). Both results are presented in Tables I—i , 1—2 , and 1—3.

-I

‘ -I
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STARDYNE CHECK ( VA SE s GRAy . ROD INFLUENCE MA~rRIX . [E]

TABLE 1—10. COMPUTED [EJ - lbs/inch

X
A 

41 ,472 . 12 ,960. 0 0 2073. FLA

LB 12 ,960. 5 ,184 . 0 0 713. F

0 0 46 ,138. 12 ,960 . 0 F~

0 0 12 ,960. 5 ,184 . 0 F

TABLE I — l i .  STARDYN E 2 B EAN SOLUTION

I 

(INCL UDE S Z DEFL E CTIONS)

x 41 ,498. 12 ,993. 0 0 2464.  F
A X

A

- 

,c. 12 ,993. 5 ,205. 0 0 715 . F
5 X

E

0 0 46 ,294. 13 ,011. 0 F~

= 
0 0 13,011. 5 ,208. 0 F

z +2 ,465. 715. 0 0 149 . F
T A Z

A

Vt 
Z

B L+ 325. 130. 0 0 18.

6 x 1  
— 

5 x 1

C

I
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TABLE 1— 12. Sf ARDYNE 4 BEAN STATIC CHE CK RE SULT S
FOR FLEXIBLE GRAVITY CR/U) . ROD

(COMP ARE TO TABLE 2 & 1)
(INCLUDES Z DEFL E CTIONS)

I- -
~~ 

- -

X
A 

41,494. 12,992. 0 0 2 ,562. F
“—

V 
~

_ X
A

x.. 12 ,992. 5 ,204. 0 0 739 . F
XE

0 0 48 ,336 . 13,886 . 0 F
A

0 0 13,886 . 5 ,354. 0 F

z 2 ,562. 739. 0 0 162. FA Z
A

- — 

398. 154 . 0 0 23
:

R un TSidS T 9D
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SHEARS AND ~ JMENT S T RAN SMI t i ~D T O  ROD ATTAC H POINT BY FLEXIBLE ROD MODEL

FZA

parameters the dyn ami c loads imposed

In terms of previously de fi ned 

A 4___.
~
v ‘~“A ’ FYA

on spacecraft  by rod motions are as

follows : 
~~~~, FXA

9-For loads in Y—Z plane :

(shown in positive L~~~’ 
~
‘B’ FYB

di rection) ~

B’
Loads on spacecraft

are eq ual and opposite : 

~
V — F  + F

~ ~
‘A ~ B

V = F  F
~ X

z z

M = — (9- cos 41A + 9- ~~~~ Fx
F,~,

+ F causesy

— 9. cos 
~B 

‘ F
Y B 

9- 

negative Mx

— 
~~~~~ ~ 

~~ 
applied to space—

cra f t .

For 1st orde r non— linear analysis, update moment to include deflection of

point A. Assume cos

M = — 2 ’ t ’ F  — 9 .x F~, — 

~~0A 
— 

~
‘a~ 

F
~

I
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Loads in X—Z Plane F
~

Loads shown at base of rod to I
maintain equilibrium. 

~~ 
F,~

Loads on spacecraft are

opposite and equal. 9-

V = F + F 
vx ~~ 

— C k~)—’-~” ~x X
A 

LB

V~ (p revious ly calculated = F
~

M = +(9- cos 41A + 9. cos 41B)Fy X
A + + 0

+ 2. cos 41 FB X B

+ F(xoA)

For 1st orde r n on—linear analysis~ update last term to include current

deflection of point A (tip mass) which could be changing fastest. Also

cos 41A 
= cos 41B 1

M 2 9 .  F + 9 - F  + F ( x  — x )
y LA LB 

z O A  A
y

Moments about Z Axis
FYA

From top , looking down

M
~ 

= 
~ OA . F

~ 
+ y05 FLB 

~~
\

+Z 

x
- F~ - 

LOB F 
A 

X OA 

~~F x~

For non,-linear e f fec t s , up date total dis t ance

frotn Z  axis.

-s
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Non— linear

M = (y
0~ 

- 

~~~ 
F + 

~~0B 
— YB)F X

— (L
OA 

— L
A

) F~ — G LOB 
— XB)Fy ~~

In matrix notat ion , loads on spacecraft at rod attach point are :

V 1 1 0 0 0 0 F
X X

A

V 0 0 1 1 0 0 Fy X
B

V 0 0 0 0 1 1 F
z 

=

0 0 — 2 9~ 
~~~~~~~~ ~~~~~~~~ 

Fy

M 2 Z  9. 0 0 (x0A
_x

A
) (x08—LB) F

M 
~0A~~ A~ ~~~~~~~~ OA xA

) _ ( x
oB_XE ) 0 0 

— 

F

where

XA ,  XE ’ ~A ’ ~~~~~ are updated rod elastic de f l ec t ion .

For non—linear Lagrangian analysis or do not include for

linear (small deflection) analysis.
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NUMERICAL CHE CK , REACTIONS AND MOMENTS

Linear analysis

CALCULATED VALUES , STARDYN E CHE CK CASE

V 1.0 1.0 0 0 0 0 F
X

V 0 0 1.0 1.0 0 0 Fy X
B

V 0 0 0 0 1 1 Fz 
=

N 0 0 —720 —360 0 0 F~

M 720 360 0 0 36-  9 Fy

M 0 0 —36 —9 0 0 F

COMP UTED REACTIONS FRO M STARDYNE
2 BEAN MODEL (RUN USN S T6Z)

V 1.00 1.00 0.0 0.0 0.0 0.0 F
X

= 
::: ::: ::: ~::

M 0.0 0.0 —720.00 —360 .45 0.0 0.0 Fx
M 720.0 360.45 0.0 0.0 36.0 9.006 F

M 0.0 0.0 -36.00 -9 .006 0.0 0.0 F:

r

11
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1-3 DISCRETE DAMPING MATRIX DERIVATION AND CAH:ULATION

Convert Modal Damping to Discre te D amping,

Matrix equations of motion for free vibration :

[Ml {x } + [C] {
~

} + [K] { -x} = ~O} ( 1—1)

Let {x} = [~] {q}

where

[~] set of mode sh apes

~q } = modal displacements

Also {
~ } = [~] {4} (I— ~)

{~~} = [~] {~j:} ( I— ~

Subs t i tu t ing  Eqs.  1—2 , 1—3 , and 1—4 in to  Eq.  I - i  and p r e m ul t ip ly i n g  ~-v ~41
i ,

the resul t  is

[MEQ ] {q} + [MEQ 2 ~ w ] { ~~} + [M EQ wn
2 ] ~q } = ~0} (I-s)

where

[~~ ] = [41
T
] [M] [~] (Generali zed Mass Ma t rix) or equivalent

( R e f .  STAR DYNE Theoret ical  Manual ,
DYNRE 1 A n a l y t i c s )

For solution by the normal mode method , Eq.  1-5 , th~ damping mus t  1~e assumc- .

to be p ropo r tional to the mass or to the stiffness . For the first ,

[C] = 2 ~& ]  [M]

If  so, then

[41]T [c]~~i1] = 2 [~] [ti 1~~] (1—7)
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Note:

(Corollary for one d.o.f., oscillator)

Ref: Thomson, W .T., “Vibration Theory and Applications ,” Prentice—Hall ,

1965 , p. 51—55.

C = 2 m w ( cri ti cal damping c o e f f . )

= 
C (damping factor),

C ’ 2 p m w (8)
n

From Equation 1— 7 , assume a value of .005 for  
~ 1’~~2’ •

~~~
‘

Premulti p ly botb sides of 1—7 by E41 1
T 1. (Inverse at transpose of [41 ]) .

[I] [C] [~] = [[~~]T 
-l 

2 [~] [MEQ ]

Post—mult i ply both sides of Eq. 1—9 by [41)
1
.

[c] [[41]T] [2 e] [M EQ ] [41]_ l (10)

Evaluate numerically.

EQUIV. DAMPING CALCULAT ION

WA = 7.5 + .225 = 7.725 lbs.

\

WB = .45 lbs.
B

— GROUNDED ~~ Xl

$X3
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Mod e No. , n M
EQ 

x1 ~n ’ H
n A B

lbs.

1 7.7969 1.000 .3135 2 .00550005

2 .47307 — .01526 1.000 .13555

fT.oooo — .015261 Column s are for a
[
~
] = I I

L.31352 l.0000J mode (11)

fT.oooo .313521
[41]T 

= (12)

[~~,01526 l.0000J

r .Ol 0

L 0  .01

r7.7969 0 1
[M
m

] = 
I 

lbs.

L o .473O
~j

[Thi ol 17. 7969 0

[2~~~ ] [ M  ]= I I IE Lo .o~j  L 0 .47307

[~~ 77969 0
= I I (13)

L 0 .0O4730~j

= 
~~~.000 .3l35~~~~

1 

= 
+ 

r1.000 — -

— .01526 1.000 L+.0l526 1.000 J
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where

A = de term in-u t

= a11a2~ — a12 a21
= (1.0) + (.3l352)(.0l526)

= 1.004 784 3

— l fT 95238 — . 31202 71
[[41]T] = I I (14)

L.OI
~5l873 .995238]

and

[~.ooo — .015261 
—1 

— 
[1.000 .Ol52~~

L.31352 1.000 J I A I [—.31352 1.000 ]
A l  = (1.0)

2 + (.O1526)(.3i352)

= 1.0047843

E.995238 .0l5l87~1=1 I (15)

L- 31202 7 .995238]

Performing numerical multiplication , from Eqs. 1—13 and 1—14 ,

— l r995238 — . 3120271 ~.077969 0
[[41]T ] [2 v ]  [M

EQ
] = I I I

LO1S1873 .995238J L 0 .004730 7
JT0775977 — .001476 1— 

[2011841 .0O47O8l7J

Then post—multiplying by Eq. 1—15 ,

r0775977 — .001476 1 [ .9952 38 .015187 ]
[.0011841 .0O4708 17j L—.3l2027 .995238] i
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r .o7768884 — .0002905 71
Cc I = I X 

~~~~ 
lb—sec/ inch

[ .00029057 .00470374 I
-J _ _ _ _ _

(Divide by 386 .4)

For 1 d.o.f. system , f = .0055 Hn z

w = 2 f = .0346 rad/sec.n n

Using Eq. 1—8

C’ = 2 B mA m = 2 (.005) (7.725/386 .4) (.0346)

= 6.917 x io
_6 

lb_sec2/in. ~se C

I f  divided between Node A and Node B

CA = C
B 

= 3.45 86 x io 6

Dividing couple d dauping matri x by 386.4 (since Stardyne M
EQ is expressed in

lbs.)

~~ .0lO58 x 1O~~ - .75199 x 10 61
[c] =1 6 ~ 

I lb—sec/ in .
L.75199 x 10 1.21732 x 10]

Note : if single d.o.f. damping were based on second mode only

C ’ = 2 ~ mB ~~ 
= 21r (.13555)

C ’ = (.01) 386 4 2~ (.13555)

= 9.9187 x l0 6 (see below)
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For single d.o.f. system

Damp i-’g factor = C 1b—~~ c/in
Damping force = C ~
For sine vibration

* = uX in/sec
Damping force = C w X lb—sec/in . rad/sec in. = lbs .

= 2 B mA 
= 2 x (.005) = 1.9992 x

For large mass .

C~~ 2 = 2 0 mE = 2 x .005 X 386.4 = 1.1646 x l0~~

CHECK DAMPING MATRIX

Assume constrai ned vibration mode , at resonance ,

tip amplitude = 1.0 sin w t f = .0055 H
w =  2ii f =  .03455

XA = 1.0 X
A = w X

A 
= .03455

XE = .31352 X
B 

w X
B 

= .010834

X
A 

= 2 
X

A 
— .0011942 in/sec2

= XE — .00037441 in/sec2 f
Inertia forces:

~~A 

~~~ ~~~
[ ~~~~~ 

: j  = : : ~ 
lbs .
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Damping Fo rces:

[c] = 
r2.0l058 x lO~~ — .75199 l O f

’
.03455~~

J
.9384 x l0~~~

‘
1~

X
BJ

’ L— .75 199 x io 6 1.21732 x 10 Jl(
o1o83j’)~.o59 x io 7j

For s t i f fness fo r ces , must  inve rt 2 x 2 influence matrix

[E] = ~~~ L~ 
6j 

[K] = 

~
F—-~ —ii 

_______________

~ L~ ~j 
~~~~1 l  51

El 3 6 1 3  6 1

9-~~~~l 5  81L~~~i
E12 -3q51

[ K ] = V
~
L
~I I

~ L3° 96J

St i f fness  fo rces:

Evaluate numerically:

[K] = !L
3E ~~~~

9- = 360 El 
= 

3000 
= 9.18577 x 1o 6

El = 3000 79. 3 7 x (36O) ~

r 1.10225 x lO~~ -2 .7557 x l0~~1[K] =J 4 _ 4 1 lbs/inch
V L2.7557 x 10 8.8183 x 10 J
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1~ 11. ~
) 12.38313 x l0~~~

[K] (  ~= [K] ~ 
~~~

= (

(~ BJ - 11352J L8.9947 -
‘ l0~~

Summary of check at 1st Natural

NODE INE RTIA , lbs . STIFFNESS , lb. DAMPING

A —2 .3875 x 10~~ 2.38315 x 10~~ 6.9384 x 10 6

B —4.3604 x 10~~ 8.9947 x 10~~ 1.059 x

At resonance , inertia + stiffness forces are equal and oppos i te .

I
I
I
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APPENDIX J

DETAILS OF ~3)LAR ARRAY FLEXIBILITY MODELING

SOLAR ABRAY TORSION

The solar array torsional equations of motion are described by a solution of

the following system of matrix eq uations

[MI {~ ) + [C] {o) + [K] {O} {T(t) } (J--1)

where the vector {8} is the rotation of each solar panel and the drive

motor.

App lied torq ues T( t )  may be zero at all locations except the drive motor.

The above equations in discrete coordinates are coup led because the s t i f fness

matri x [K] is coup led. The damping matrix [ c]  may also be coupled. For

Six solar panels plus the drive motor , the equation has at least seven

degrees of freedom. Now make the following transformation :

{e} = [
~
] {q) (3—7)

where the columes of f 41] are the eigen vectors which result from the STARDYNE
sol ution of the relationship

[K] ~~
} = ~J [N] {~~~

}

Subst i tu t ing equation J—2 and its derivatives i n t o  Eqn . j —i and premultip lying

I~y the transpose of [~
] results in the followil?. set of uncoupled equations in

terms of the gene ralized coordinates {q }:
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[M
eq
] â~

} + [Meq 2 P V .
0

] ~~~~
} + [M eq o n ] V = [41]T {T(t ) }

Note that by orthogonality relationships , the o i l — diagonal terms of the

tenerali zed mass , damping and s t i f fness  matrices are zero.

The STARDYNE solution for the NTS—2 model with flexible solar arrays and

flexible gravity gradient rods has six rigid body modes and one mechanism type

rigid body mode because the solar array s are considered free—wi~ee1ing in 6 .

The “free—wheeling ” solar array mode in the STARDYNE mode s is include d as a

linea r combination of all seven STARDYNE ri gid—bo dy modes .

Fo r simulation p urposes , the f ree—wheeling solar array mode will be replace d

by a single equivalent rigid b ody mode whose amp litude is normali zed to

1.0 and whose generalized mass is thus equal to its total inertia about the

solar array 0 axis.y

The elas tic modes are taken from the STARDYNE run TSNSTRL. The on ly

si~~ii f i can t  solar array elastic mo des are the symmetr ic  torsional mo des at

1.095 H and 1.89 8 Hz z

Thus the total nun~ber of generalized coordinates to be solved is three ,

defined as follows:

~ 
q 1~) = rigi d body torsion mode

= q
2 

q
2 

= first synun. torsion mode

q
3 

q3 
= second symm . torsion mode

Generalized Mass

EMeq ] = [41]
T 

[MJ [
~
]
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The diagonals of the generalized weigh t matrix are printed by STARDYN E and

are claculated for modes normalized to a maximum displacement  or rotation of

unity . For the above three solution m odes :

1 , 2
MODE EQUIV . WEIGHT EQUIV . MA~ S FREQUENCY 0n

NO. Meq~ 
Lbs . Mer e lb—sec 2 / f t  H

~ 
rad/sec ( rad/sec) 2

1 13956.7 3.01 0 0 0

2 9284 . 2.002 1.095 6.880 47.339

3 6971 . 1.5034 1.89 8 11.925 142.2

Premultip ly ing Eqn . J— 3 by [Meq f
’
~ 

the respons e equation becomes

[I] {
~~~

} + [2p~~~] (4} + [~~
2] f q }  = [I41

I~~
e

~~~~

(t))

Extracting only the O ,~ rotations at the drive motor (node 20) , the —Y outer

panel center (node 2 ) ,  and the +Y outer panel center (node 31) , these

rotations are relate d to the generalized responses by

drive motor ) 1.0 —1.0 — .5 
~

‘ 

q
1~~

s~ 0 —Y tip mass 1.0 1.0 — .5 ~ q~ tj _ ~~~

[ 0y +Y tip massJ 1.0 1.0 — .5 [ q
3J

Eq uation J—4 in nume rical form reduces to (p = .005):

1.0 0.0 
~~~~~ 

0.0

1.0 
~ ~ 2 ~ + .0688 

~ 
q 2 ~ + 47 .33~ ~ q 2

1.0 (~q
3J 

.11925 (, q
3J 

142.2 
(~
q 3

33222

= ~~~4995 (T d i  (t)) (i— ~-)

— .3326 motor
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Equation J— 6 can be solved as three uncoupled . con d orde r linear di f-

fe rential equations .

TABLE J-l. —Y SOLAR ARRAY , (BENDING ONLY)

STIFFNESS MATRIX

(Units = lbs./ft.) For motion relative to drive motor

1 .00 85617 — .0048601 ( x
[K] {x}= I I )  1

L— .004860 .63O2l8J )~ 
z~

where

= motion of center of oute r pane l , normal to p lane of panel

= motion of center of outer pane l , in plane of the pane l

MASS MATRIX

(Units = s lugs (lb— sec 2 / f t)

1.42176 0 1 i~1

L 0 .s2oo sj 
~

DAMP ING MATRIX
= .005 (½ of 1 percent crticial damping)

1.00060 09 a 1 (k
[c] {

~ } =  (—s—) I I /.0 5 L 0 .005758 J ~

(Units of [c] are l b — s e c / f t . )
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TA BLE J—2. +Y SOLAR ARRAY , (B :DING ONLY)

STIFFNESS MATRIX

(Units = lbs./ft.) For motion relative to drive motor

F .008670 — .010 705 1 (x
[K] {x } 2

L— .010705 1.37791 J ~~

MASS MATRIX
(Units = s lugs ( lb— sec 2 / f t ) )

1. 42176 0 1 Ix
~M] {~~ } = I 2

L 0 .5 2 6 O 8 J L z 2

DAMPING MATRIX

(U nits = ( lb — sec / f t )

1.000 6047 0 1 1*
[c] {xI = 

2

L 0 .008514] ~ z2

I
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TABLE J- 3. NTS--2 SOLAR ARRA ~

COMPARISON OF MAXIMUN OUTER PANEL DEFL E CY ION S

FOR STEP INP UT YAW TORQ UE OF .04 Fr—LBS FOR

3 SECONDS , RESPONSES ARE NORM . TO PANEL , AT CENTER

‘
~ i MAX. REL . T IME OF ~()DE NOS .D NRE RESPONSE , NODE 2 MAX . RESPONSE , INCLUDE D COMMENTS

RUN NO. INCHE S SECONDS IN SOLUTION

TSNSTCO — .009843 1.40 10, 14, 17, 24 Includes 1st

(Tape X3350) and 2nd anti—

symmetric

array bending

modes

TSNSTI1 — .009855 1.40 10, 14, 17 2nd antI—

(Tap e X3350) symmetric

ar ray mode

de leted

TSNSTJO — .009916 1.40 10, 14, 17 Simpli f ied

bending

mode l

I

I
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SOLAR ARRAY DRIVE TORQUE PULSE

Drive torque vs. tine is as follows :

Torq ue pulses repeat at 2/second.

I

1 .0

Tor que ,

ft-i b 
_____ _______________________________________________________0

I t , T I M E
a —

~~~50 fi~ 32 5 m sec
rn sec

I I I I
0 100 200 300 400

t , m i l l isec o nd s

Figure - 1 — i c -c- . ) r i ~~- -  v~ -r s Io- I I I I U

a is def in ed VII ~ levc l C c - f  i - itopp iug t Irq ue rt-q ui r ’.- m  C o  k i l l  -in c r i t - hIj ilt 11 1 1

during pos i t ly e c - i  r t  c - f  t o rq i i i -  cv c  lo -

= — for tsi i t  I
1’ 1 - —

= - t

afte r .050 sec.

= 
12.0 In - lb  .050 - .60 rad/sec

V

(
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To kil l  of .60 rad/ sec in 325 msec.

=

= ~- —
0

TB0 — 60 — -i—- (0 325)

T B 32 5 — 1.846 1~~ I n — l b .

T 8 — 1 . 8 46154 - -

T = 12 
— . I ) 4— .~~I~~
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NTS-2 SOLAR ARL tY STRUCT URAL AN ALYSIS

o A linear Open Loop n~ del of total NT S— 2 spacecraft was run

on STARDYNE .

o A l l  s u b — s t r u c t u r e  s tI f fnes se s  cothined.

o Con~ ine d w i t h  previ ous def ined bea m models
( ‘  be ans/ro d)  of gr a v i t y  gradient  rods .

o Above mode l was reduced t o  v a r y i n g  degrees of comp l e x i t y  by

selecti ng fewe r l umpe d Itas s p o i n t s  C so lar a r r ay s .

RE SULTS

o S c - I l d r  i r r lv f l e x i b l e  t c -’ r — lo n mode l should have

~+ D.O.F . I- dri ve I~~ t I T  
c-i .

o I - t i  i t  I I -  t .-x . bend ing mode l I t0 have

2 V~~~ c - c -  per t i  ra-; with good rt - sii lt,-,,

- M I  I- pe r r - - w I th be t t e r r i - s  i i  s -

o IC-en_Loop t t i e - . h - n t  response ru ns  t o  l~ - made

to gui de c - k - 1 i s b n ~i b e n d i n g  II1L ) d ( ’ l .

I
I

V f
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NTS- 2 SOLAR ARRAY STRUCTURAL ANALYSIS

FOR EAC1~ ARRAY , CONSIDERED

o 3 Solar Panels (identical)

o 1 Interface  P ane l

o 4 Hinges (Assume d identical)

o Drive Tube (L = 35.53 in., —Y Array)

(L = 14.87 in., +Y Array)

Each identical  s t ruc ture  was modeled in de tail by f ini te elemen t

analysis (STARDY NE ) , and reduced to a sub—st ruc tu re  s t i f f n e s s

matrix element .

Su b s t r u c t u r e s f o r  —Y a r ra Y  checked out for con~ arison with NRL

vibration h-s t

o Whe n g r a v i t y  t i c - - i d  s t i f f n e s s  i nc lude d , n a t u r a l

freq uency lii X and c-Y agreed w e l l .

o Mode l is somewhat sti t fer in bending in Z di rect ion

(plane of panel) due to lack of de fn . of brkt. at end

of drive tube .

I
174

______________________—— -- V -__ - V _-~~~ -____________
- -  -V  -~~~



_ _  _ _  I

I ___________________________________________________________________________I
.
~1

_______________ I

I 
_ _ _ _ _ _ _ _ _ _ _ _  

I

I 
I

10 
_ _ _ _ _ _ _ _  

o~ UI ______________________________________________________________________________________________

I I

I I (10 0 1
I ______________  

I
I I

V I 

__________________ 

)l O  >-

I -

~~_ _ _ _ _ _ _ _ _ _  V)

I _____________  
I

0 o l c

_  

~~~~

/
1I ______________  I

I I $ ~~~~~~~~~~
I I 

-
~~

10 0 1 I )
I _____________  I
I _ _ _ _ _ _ _ _ _ _ _  I
I 

(I I
I C ° I
I _ _ _ _ _ _ _  u
I I
I I
I I
f O 0 1 -

~CC
_ _ _ _ _ _ _ _ _ _ _ _ _  

0~
‘

V

—
U-

i-C-I
-J

c\J

In
I

cC-

cC-
4

L)

0

175

I
- - 
-

~~~— ---— -— - - - 
V 

— --



S---\

_ _  _ _

/J ~~~~~~~~ I
/

CC _ _ _ _ _ _ _ _

_  K
- - ‘ci- ~~1 C’4~~~~~ C--I

It 

I

‘If’
0 -a- I—.

0-I a0-I
-‘-I

176

ii
—-V —



::~~~~ 

_ _ _

_
14.9 . 

(HONEY cOMB ) N N / /
8 . 7 1 - 

_ _

2 .4c . T~~~~~~\\~~~~~7 _
- . :- - 

~~~~~ _ __ _

3 7  
/\  / \

9 9 6  ____

/ / \ \
_

-10.40 -4.18 2.04 8.27 14.49 20.71 26.93 33.16

Figure J—18. NTS—2 Solar Panel Model

177

I
—

~~~-- --V~~~~~~— --
---

~~~~~~~~- - -V~~~~~~~~- —- ~~~~- - -~~~~~~— -  —



5 . 0 5  STARDYNE MODEL
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TABLE 3—6. SUMMARY OF SOLA R ARRAY CANTILEVER VIBRATION
TEST RESULTS @ NRL VS. STA RDYNE MODEL
(GRAVITY VECTOR ALONG Y AXIS)

1ST TORSION 1ST X BENDING 1ST z
FREQ . FREQ.,  NORMAL BENDING

U TO PANELS FREQ .

z z z

INFOIUj~~L NRL
TEST DATA , (REF. .40 .44 .68
LARRY TURNER)

STARDYNE ,
ORIG. HINGE STIFF. .408 . 48 2. 07
I G FIEL

STARDYNE ,
MODIFIED HINGE STIFF. . 384 .47 2.05 4
I G FIELD

STARDYNE ,
ORIG. HINGE STIFF .408 .28 2 .04
“ZERO G”

I
STARDY NE ,
W~DIFIED HINGE . 384 .26 2 .03
“ZERO G”

180



• ~~~ r~
~~ 0~ C4 (‘.1
~~~~~ N -~~ -~1 -1• c’~)

E 4 0  w~ c~•4

~~~cI~

~~~~~~~ ‘-~~~~~~ 
. .

C -
~~ 

-
~~cc cc cc -l

~~ 
C9 C’1 0’

~~ Z 1i~~E-~ O\ O~ C’ cn
O c ~~~~ 

H

C c c
• Ifl L1) L~~ cc

~~~ O Q 0\ O\ cc
~~ N 0 0 0 0

,.-
~ .-~

c’1~~~~~~I C O

E-’ I-’ Z ~~~z~~~~ i-
~ ~~~~~~~ cc cc

9 9 L

~~~~~~~~ ~~~~~ z •  r-. r-. 
~~E-4 E-’ C c~iC H O

r -0 o~ cc
0 0 ~0 ~~N ‘.0 ‘.0 LI~C’) C’) (‘1 C’)

o ~~~ cc .

-~0 ’~~ _ _ _  _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Z c c Z

~~~ ~~~~~~~ It) 0) 0’ 0’
E-i I~.0  C E-i ~~~~~ .

cc ~ Z ~~ H Z • C’ C’ C’ C’
~ N E-i .-4 H H

C~~~~ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _r-..
I • C~) -~~ ~~~ -~~

X C  0~ ‘.0 ‘.0 ‘.0 ‘.0
N C’1 CS1

9 9 9 9

I E-i

~
H O

i_i ,~;i ~~ 0 ~
~z:I

H

— .-.. ~~~- Q~ - E-4I ~~ C\1 ~~
~~

~~ ‘.0 i f) ‘.0

(

181



‘.0 C’ N.
N cc N. C’~

e’~ 
(~‘1 c~’J 0

~~~~~~~ 
- •

z C  -
~~ 

-
~~ 

-
~~ 

-
~~

~~~cc
~~ • . . • —“N. H ~~ H ~~ I

c~j r —  c’i r- m l
H O)  H Q~cc ‘.o cc ..o ‘.o o

Hr )o  
_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _H

Z • Lfl cc Lf) cc It) .—. 0
C C 0’ C’) C’ C’) C’ m iO H ~~~~~~~~N f~~~cc

o ~~ cc cc H ~-4 H H .-I ‘...- H

zI C C  H ~~~ ccc c c c o
H if) C’) C’.I
z~~~~ cc 0’ C’ C’

• • •

H H H~~ ~~~~~~~
. H H H

O H

I
C

~~z ~~ 
cc -.~tZ ~~ N N- N.

C ~~~~~ C’ 0)
0 ~~O Z H H C’JZ~~~~0 ccC o

~~~ z~~~ 4
— N. c’.J c’si c’..iH~~~~C o~~~ ~~~~~~~- cc C’ C’ C’

~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _cc C oI O H I• If) if) It) If)
cc~~~ 0’ cc C’4 c’I

N -~~‘ -1~ -.~~ ‘~1’‘-:1 .- ~ -
~ ‘1

H __ _ _ _ _ _

H O IH H O  ~

_
- .- ~~

.- ~~ ~~
— H

~~ 0 
~~ m

‘.0 11) ‘.0 -~~

I
1

182

____________________________________ 

__. —~ 

— — - -—.— — - _____________________________



o 4<
~ ‘C .~~ 00

4< 4< •0 0 4<
.4, C .4

..-, •0 ‘4< C 0 .
~0 0 4 < :  : : : ‘ C :  ‘-~

-4 ) C) C c~) : : :
00 00 , 00

•0 .
~~ 

,.. .. . -.~o 0 :  : : 0 :  : : ;-~ : E 0 :  : :
00 00 ‘C ~~~0-4

‘0 “ 0
S 4< , 0 0 : C C 0 4 < :  ‘-‘ 4 <  4 . :

C. .‘~ — 0 1’-~ -e

a —  - - 
___ —________

C-, — ,-4 ~~) — ‘

~ 

. 4 < 0 <  0< Z 4 <~ 14< ‘C ‘C

;~~~ ~~~~~~~ i
__

~ 

J
i

~~~~~~:
c

I~~

0 ~ 0 C) — C — >4 — < : 0 _ i  C C .‘ 4< 4<
• 

~~~ ‘.C4 ‘C- C C 4< —‘ >4 ‘. 0 4< 0 C S C-- C 4 04< C
o o en >4 en en — o C 4) 0 ~04

.<1. I C I I —t I I I P I I
i c c

—
cc-” C ‘C ‘C

— 4!) -C -C . 00 Q\ ‘.4 4< ~~~~~ C
I-’ C) ‘.4 ‘0 1.4 I I C 4 0 C 4 — C C-

C ‘C ‘ ‘ C  ~
.., — 4 0 0 )  O~ C C — ‘C- ‘4 C — C C “ —

i— U ,-, - C 0 - C  ,C —‘ 4< C O  0 0 —  5 >4
P
~~~~~’

. C C C C  1< — 0  4< 4< C C C  4< 4< C C
00 C C — >4 C C-- ‘C — C 0 C 4< ‘C 0- C — 4<

_ _ _  ~~~~ 

‘

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

~~~~~~ ~~~~~~~ en
- — —  .- — In — -, c-I 00

0 0 : 4  C
C

0 . — ..-~ .5 e— ‘0 en ~ - ~ - .~ en 1,’, -- r I e n o -~ C.
Z H’ 4.4< ‘4 4< 4< 00 0 -r -, -C 0’ -C 0- 4<- a-- a’ c

-C V C C 0 0 < (‘4 .1 ~ t —4< ‘. ‘C ‘C .‘- ‘c
4.— ’-’- C-?

c — en en -, u’ -C I’-. ‘C 0- o —c c-u en —, ,,-, .r
C ‘C

Hcc 4.

~~ 
_. r— 00 

~~, C ‘< ~-, en .-, en ‘C C’— 
~~ a-~ 1

183

- -- --~~~~~~~---— -- —--.~~~~~~~~~---- - S -
~~~~

- - - -_ _ —



C 00
C’

00 -‘-I - ‘0
0 40 —4
‘-I C C 14 0 : 44
‘10 0 0 0 41 4<

4 cl ,.4 ‘ 00 1 I C N.]
44 10 10 _l C.

I~ . N~ >c 44~ 4.’ NC
II4< 0 10 0 > .  0 10 10 Cl .114 10

~~ ~., ‘0 1 — 10 1 - 1 1 1  14 14 l. 9 0 0 0 1 4 .
00 0 :  : N, C 14 14 I~~4<

00 N,I!) 4 c - 0  ‘C ‘C ‘ C E
2 .0 1114 14’0 ‘ 0 1 0 0  ‘0 ‘-‘ 0 >4 ~- ‘ 1 0

00 0 0 1 1 0  C > ,  14 0 0  10 44 00 0 0
O C) -t ‘C — ‘C C-I C-I III en 1’.] 00 0-
CI,

C
Id 002 en >, 00 en

‘C N’ 0< ~1 - 0- >4 4<
I!)

C/C

04
0
0
00

N~

rs — - —
-c ‘0 ‘0 C-.

I I 00 CC. en c-~ IN 04< C-I 00
C 0 I I 0 C en — C-’ en
— -4 o C C C C C’4< 00 o C

0 ~ 1< 1< ci -‘I 0 C C C C  C C
H II’, .~ ‘40 C-’ 1< >4 C C C C C C C

In -4 — — C 0 0 0 C C C
C) 414 ‘ . . . . .

‘C I I I I I I I
0 I

IC4< 00
C) 0 0 ’—

C ‘0 ‘0 ‘C 10
1/4 00 00 In I I I I 0 en C-~ C-

i- 0 0 0  I I Ic- C C 0 C 00 en en en
‘C ‘ ‘ C  0 0 C ‘C ‘C — c-C 0 C C C
i-UI-I  N. “I -’ C >4 4< 4< 4 < 0 0  C CH 1< 0 C-, en C-C C-- C C C C

~~~~0 ‘I’, 04< ~ ‘- 4 < 00  C 0

— I I I’ I

~~ 0 0  10 C-’ ‘0 ‘00 4 1 4  I ‘40 P C-’ 10 I I 0 C
0 0 0  C IN C I I C C — en .t

‘C 40 cC 0 ‘-1 C C ..4 cl 4< ~ en ‘I

0, 1< C — CC 1< I”~ a- C) ‘CC ‘-I C en 4< 1< .4, C-I C-, a- o Cen o . -  C- -~ -~ c - 4 < -  ~ C4
C I I I I I I

~~ en 0 - 0 0en en c-i
O 0 IN IN en In 04<

~~ CC 0 0 a- 04< 0 0  ‘-‘C 4.0
C IC- 40 4.0 en C -‘ 00 a’

— ,— 00 C-j N ,—I ‘—I — —1 INH a-cc Co a- 00 ,C C’-.

C) .
~~~~ 0 - 0 0 , 4 0  4

1-’ en ‘0 ~ a, en

I-)

“1 ‘1  ,‘4 ‘I ~~I C-I c-I ‘C

II) N’ 00 Oo 0 en en -a ICC C N’
f—i 0 C ‘-‘ — — C-I C-I en en en Cl  ~ I C-Iz ~>

114
1u1

4’. N 0 -  0 < 1. 4

184

P

—
~~~~
. --



00
C4 11. —‘ 00 10 ,—.

44 CI ~00 1.] 10 “IC ‘C ‘. .10 0 ‘0 10~~~ 0
00 00 0 4 < 0 . -i C :

.4< - 10 0 4  1 0 1 4 1 4‘0 ‘10 44 4< 0 1 0 4 4 0  CC- I.

cc C :  0 0 10~~~ 0 ‘ I~ . 4 < Q~~~ 1 - 0 < :  I C C :

CII ~. ~~~~~~~~~~~~~~~~~~ ~ ,0 i

Z ~ 
00

~~~~~~: ::~~~~~~~: : :  ~~~: 
l-~~~~~1-~~~~ ) 1 4 1 1 :  I4~~~~~:

I— ‘ 0 0 0  00 ‘C >‘‘C 00 4 4 <  ‘C ‘C C.
‘0 14 ‘~ N’~~~~’’ ~~~~~~ ’ 0 ’ 0  ‘-I~~~00 ‘~ 1 0 =  : : o :  : : ~~~: ~~~I 1 1 0 . 0  1. 1 0 0  0

U 0 en ‘C ’— < C I A .  en en —~~~~

H 0
04 00 0.

C 0- 2 C-J — — >, ,~ en
‘C N’ 0 < 4 <  0 < 0 <  4< 1. >4 0<
00 00

04C .

~~~~~ ~ 
.:~~~ ~

O H  ___________________________

‘I a-
C ‘C- ,o In —I en — o — a,cc~~. 4< 

I n 0 0~~~~~~ 0 0 C ’ -~~~4 0 0 I N  00 0 N ’ - t - 4 000

~ C C - ‘C I C-I I C I I IN In C — ‘40 c l  0- 40.
In 

~ 
IN C-I ,I en 0’, IN ‘0 C-I IN- .0 I I C )  - 4 0 0  I

C I

C-’J
0 en

- 0 In a- N’ 0 C C IN 0
F--I (C > .., -.40 — c — C ~ C a- C en C ‘C ‘0 00

cc .ol ‘ C ’ -  (C . . .
f-,  ‘C I C 0 I I I en -C c-I I a- a- ~0I ‘00 C > ‘C IN 0 In I 0 -4 en c—I

C ~~~ 00 - C en c-I — I I I
0 C-’ I I

C L )  — ____________________________________

0 1 1 4  IC-
C-~4 ~ C) -I C-I C ‘—I II)

‘C o en en a- 0 .4< 00 en en
P HH  Cu - ‘ C - 0 c - 0 ’ - C C  ‘ C ’  C”? 4<’. °.

4<4<
. ’°. .4<- 10 0 a- a- 

I 
04< I I N’ en

4.-. 4< cO C-, 10 .40 I C-’ C
C-. I 

I 
en en

0 — r I a- IC N— N a- IN C a- C-I ,—‘ N’

~~~~~~~~ . . ‘ C ’ C °
~~~

’
~~~~’? - . ‘, ‘C ° en

00 1/1 C ‘C- en en a- — C C —0 C-I — — C-~ 
c-C

- c-I ‘C — --i — en ,—I ,—I en I’- ‘C en ‘-I —1 .-i en
/ I’ .(C a- -a en
Il~~ C0 ‘C a- ‘0

IC -4.0 CO O’ C-.
IN CC en ‘C en a- 04< ‘0 In c a- C— en ~ en C-I In

4— 414 ‘4 C t1 00 ‘0 00 0) 0 C-I C-- a- C-- In en -, C-. N’ -.~C C 00 C C c — c ,  en en —, -c -4 r-. a- In C I 0~. 14<3
4C C., 0 0 0 0 0 e n - 4c0 c-I en C’C- .4 0 N 4 C ) C - 4 ’C C-I

ç .l I 
~ l CI CI -,

~~ 
.~ 0~~~ - I I N e n . 4 0In ’0 r C . ’ C a O  , Cr C)

~~~~~~ I n I n  N’

‘C N ’ ’C a-~~~~~~~~~ , c - C - ’ , r u ’ , .~~~~~N’ ‘C a’

~ 
_ _ _  

~~~~~~~ U h i~
185



oY3 ROTATION , INNER PANEL , +V

~Y4 ROTATION , OUTER PANE L, +Y

r — — i r— —— 1 r —— ———— i DRIVE

I I I I I MOTOR

‘ I

I I  K~1 I I I K 2

~YM

L~~J L~~J L~~ J
4<:

(1) ‘en
C~J

4<0 CI
In

I +

II II

>- >- >-

C x r K l t e }  = C x K in FT—LB/RADIAN)

4

where C = 1/12
r

211.065 
(SY~~ ETR IC) 

8Yl

—211.131 352.756 0Y2

0 —141.625 283.281 OYM

o 0 —141 .788 352.919 0Y3

o o 0 —211.13 .1 211.065 0Y4

(Final model is a modal solution U s i l i l ;  the more detailed
structural model for torsion.)

Figure J—21. Solar Array Torsioji Flexure Model
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AYPENDIX K

?4)DIFIED NTS—2 SOLAR ARRAY To’ - ) ION MODEL

Hinge stiffness increased from 326. to 92,000. in— lb/rad. Dri ve tube O.D..

Increased from 1.25 to 1.75 inches. Drive tube wall thickness incre ased

from .049 to .063 inches. (Above information from Larry Turner , NRL by

telephone calls 1/18/77 and 1/26/77.)

Previous model of solar arrays solved for torsion only (degree of freedom 5

= GY).

For existing S&R simulation model, update as follows :

1 M 2
Mode No.  Equiv .  Weig~ t eq 

Freq . ‘I
n

(Symn~ tric On ly ) Meq lb—in 
E~~1IV•

f
~~9S H

~ 
rad/sec rad

2/sec2

1 13944. 3.007 0 0 0

2 (3) 7152.5 1.5426 7.9635 50.036 2503.6

3 (5) 6289.1 1.3563 15.5315 97.587 9523.3

The di f fe re ntial equa tion of motion of the solar array drive system (open loo

loop) is given in terms of the general ized coordina tes , q ,  as:

I {q) + 2 
~~n 

{4 } + 
2 

~q} = 
$
T {T ( t ) }

For .- = 0.005 (½ percent cri tical dau~ ing) , the generalized equation reduces

to
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[ 1. I~~2~ ÷[ .5004 

]

~~~ 2 ~~ f 
2503.6 l~q 2 ~ =

1. ]1q1 o.
~~~~~~~~ r°•
4 3J [ 9523 .3j [,,~

q
3J

1. 
J ~~~

1.0 “1

( L00 I3.007 ) I ~~~~ . 332 55 ‘

~
“
~

1.5425) ~~
T drj ve motor (t)) 00 - .64830 (T d i  motor

.8856% 1 - .65295 J
(~~.3563J J

This rep laces Eq. 6 in previous memo. The disc rete responses of seve ral

locations of interest are taken f rom the mode shapes and given below :

STARDYNE 0 Rotat ion (Radi ans ) per Uni t q
LOCATI ON MODE NO. Mode 1 Mode 2 Mode 3

(Rigid Body )

Dri ve Motor 20 1.0 —1.0 — .8856

Tip of —Y outer 1 1.0 1.0 — .885 6
panel -~~

Pitch sensor 3 1.0 .5683 .32105

Tip of +Y outer 32 1.0 1.0 — .8856 -

panel 
I

(
4

0

0.
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APPENDIX L

SOLAR ARRAY TORSION MODES ,
SOLUTION FOR RESPONSE TO TORQUE
MOTOR A~4GUL AR ACCELER ATIONS

Sij~4J4fiJ~y INPUT BATA

Based on updated solar array hinge torsional s t i f fness , the arrays are

assume d to h ave symmetric responses for a rigid torq ue motor connection to

the spacecraft .

The modes of interes t are obtained fro m STARDYNE finite element s t ructural

model , using only the torsional masses and spring stiffness data , incl uding

tçdated hinge stiffness . For a locked—up or grounded torq ue motor , the

foll~~ ing data is obtained fo r the two mode s of in te res t :

Mode No. Mode No. Equiv. Wei~~ t 
Meq Freq . ~n 

2
(STARDYNE) (S & R) Me 

lb—in Equiv . Ma~s H rad/sec rad /sec
q Slug—ft•

2 1 10072.297 2.17225 2.5908 16.2784 264.987

4 2 7719.405 1.6648 9.0358 56.774 3223.281

The differential eq uations of motion of the motor array drive system in

terme jf the generalized coordinates q is given b y :

{ I]{~~} + [2 Qu ]{~~} + [ 1 2] {q} =[
_

[~:q~ ;
where

angular acceleration of drive motor (absolute)

“ 
= ~ Torques applied to drive motor, not + 

“ (L 2)
I ~spacecraft/pitch accelerationarrays ,
pi tch , total 
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Note that if torque motor is moving and torque is app lied to cause + 
~ array s ’

then a nega tive torque is app lied to the spacecraft.

If

I = p itch moment of i~~~rt ia  of spacecraf t, w i t h out arrays
~sc

= 
— (

~ Torques applied to drive motor) + all other pi tch torques
Sc I

P S c

Als o note that the net torque app lied to dr ive motor = T . — T
app lied b rake tor que

— 
Dri ve motor Torque “ (L-3)

I + O Aarray

F ~i1 
[16278 0 11 411÷

[264 .987 0 1[~[q 2j  L 0 .56774 ~j [ q2J [ 0 3223.28j
[~ 7

r- .8o 76 1 •.
I I 

~~~~~ 
F

L~ 
2076 j

B .95183 q — .46754 q
pi tch Sensor 1 2

0A I ~~~~
0sc

For P = 0.005 (½ percen t crit ical  damp ing) the generalize d torsional  equations

of motion become

[i. 01 ~~~ + 
[.16278 0 1[~i~+ [264 .987 0

L0 i.J ~ L 0 .56774 J L4 2 J L 0 3223 .28J~~~ 2 J

1-.8076~l ..
I (L-4)

tII1.

— .20 76

J 

‘a

— I197



The discrete responses of several locations of interest on the solar panels

are taken from the mode shapes and the generalized coordinate responses

{O} = 
[q] fq}  + 8 (L-5)

where B = absolute angular displ. of drive motor

STARDYNE
MODE NO. LOCATION ~ MATRI X TERMS

20 Drive motor 0.000 0.000

1 Tip of —Y outer panel 1.000 — .98418

3 Pitch sens or .95183 — .4 6754

32 Tip of +Y outer panel 1.000 — .98418

I
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AYPEND1X M

COMBINED EARTH SENSOR MODEL

INTRO DUCTION

This appendix des cribes the mode l developed for the GPS combined ear th  sensor.

The model can be used to evaluate acquisit ion as well as normal operat ion .

This mode l is based on informat ion obtained f rom Barnes Engineer ing Comp any

at a meeting in St. Petersburg, Florida on March 13, 1975 , and a s ubseq uent

phone call , and the Rockwell procurement specification for the sensor.

SENSOR DESCRIPTION

The Coubined Earth Sensor is a two—axis , s ta t ic sensor which incorpora tes

two horizon crossing indicators for spinning mode attitude sensing. The

adjective static means the sensor uses no moving parts in the measurement

of a t t i t u d e.

The two— axis sens or consis ts of an optical  sys tem , 24 thermop ile de tec to rs ,

and processing electronics . The 24 detectors are arranged on the focal

surface  of the opt ical  sys tem . The e a r t h  image is t angen t  to the  inne r

edges of the A detectors  at null at the design a l t i t u d e .  Two roll and

two p i t c h  measurements  are computed sequen tia11~ by s w i t c h i n g  sums and

d i f f e r e n c e s  of var ious de t ec to r  o u t p u t s  to the  input of an i n t e g r a t o r .

Each measuremen t is sampled and held for comparii~;on check and possible

output. A new roll and new pitch measurement i~- computed each 1/4 second.

Roll and pi tch computations are separated by 1I~ secor.d. The S detectors

are for space reference and are used with the ~tec tors for accurate

1
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measurements over +1° in the track mode. The -nd B detectors are used

in the acquisition mode for +40 range . The tb :opile detectors have a

time constant of 1.4 seconds and are sensitive in the 14 to 1f~ micron

wavelengths (CO
2 
band). The sensor continuously tests all signals and

rejects spurious or incorrect signals due to sun , moon , or other ancnialies.

The two horizon crossing indicators consist of 3 degree by 3 degree square

fields of view . One diagonal of each square is parallel to the scan path .

One field is 100 from the —X axis toward +Z and the other is 100 from —x

toward —Z (Spin rotation is about the Z axis). The detectors are pyro—

electric with insigiiificant time constant.

MODEL DESCRIPTION

The model consists of an initialization and two normal operation sections.

The initialization section performs one— time computations and clears outputs

and counters. One normal operation section is for the horizon crossing

indicators used in the spin phase. The other normal operation section is

for two— axis earth sensing.

Characteristics of the horizon crossing indicator model are as follows : —

• Inpu ts to the model are spacecraft position vector from cente r 4-

of ear th , and spacecraf t attitude di rection cosine matrix. Both

inputs mus t be relative to the same re ference frame .

• When a sensor line of sight crosses the edge of the earth , the

time from the crossing to the sample time is output. If no

crossing occurs in the s amp le inte rval , the output is set to

• If a sensor line of sight crosses the earth ve ry close to a tangent ,

there may not be an output . The sample , -‘~t , should be small
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enough so tha t this loss of ou tpu t does no t happen when attitude
determination is critical. Select ~

‘- t as follows :

2 
tan ’ 

2 ½s e ~~[(l h. .) — 1 ]

where

W spin rate in rad/sec
S

2 — w- 60 RPM

= spin rate in rev/m m

h = s.~tellite altitude in n. ml. C 100 < h < 10897)

r = earth radius in n . ml.  (34 40)

= distance from earth cente r to chord of detector

p ath in n .  mi .

e.g.

let
WRPM = 100

h = 10897

r = 3440
e

= 3405.6 = 0 .99 r

then Lt < 0.00326 seconds 1

I
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o The equation s used in the flow diagrai :- . are derived below

re
3440 ~ ‘ L0S~

ANG3
EART H

NG1R ZB 
ANG2

SPACECRAFT

LOS is a unit vector

R X L O S I = SIN (AN G2)

R O S  
= —cos (ANG 2)

N — —l SIN (A NG2)A G2 - TAN cos (ANG2 )

ANG2 = TAN ’ ~~~~
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ANd = SIN 1 
- 

-~~

— 1 
r / I R I

= TAN
[i — ( r / ~R~ ) 2 ]~

r— l e
2 

r
2
]½

ANG3 = ANC,2 — ANd

Note t ha t  3440 ÷ 100 < 10897 + 3440 n. ml.

13.8° < ANG 1 < 76.4°.

Cha racterist ics of the two—axis ear th  sens or model are as f o l l o w s:

• The sensor output is up da ted eve ry 1/8 second.

• The senso r mo de l has four s tates which are :

Sta te  1 Compute Roll  1, O u t p u t P i t c h  2 if v a l i d

State 2 Compu te Pi tch 1, Ou tput Roll 1 if valid

State 3 Compute Roll 2 , Outp ut Pi tch 1 if valid

State 4 Comp ute Pitch 2, Output Roll 2 if va~ id

The state is advanced every 1/8 second.

• Each detector area is divided into 1
0 

x 1
0 

sq uares . The area

coverage of each 1
0 x 10 square by the- ea r th  is cor~pu ted  f rom the

distance between center of the earth circle on the focal surface

and the cente r of the square . The orientation of the square is

not considered.

• The position of the earth image on the focal surface (B&C) is

computed from t rue a t t i tude . The dia ise te r of the ear th  image

on the focal surface  (RE ) is compute d rono s a t e l l i t e  a l t i tude .

Me asurements on the focal surface are in  equivalent  radians .
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• Each detector output is the sum of tb coverages of 10 x 10

squares w i th in  the de tec tor .

• The sensor output is computed from the detector outputs according

to the functions in the electronics.

• Functions of the system p rogramer to reject spurious or incorrect

si gnals is included.

• Subroutine must be in i t ia l ize d by calling with MODE = 0 prIor

to operating in two—axis mode .

• The t ime  incre men t , ~,t , should be se l ec ted  from one of the

foll owing to synchron ize wi th the sensor update frequency :

Re commende d ~t Increments per  Up date

0 . 125 1
0.0625 2

0.025 5

0.0125 10

0.01 12.5 
‘
~~Synchroniza t ion  error

<0.01 > 12 . 5  ( O .O O 5 sec. is
— — ) i n s i g n i f i c a nt

EARTH RADIANCE VARIATION

The variation of radiance ove r ear th  s u r f a c e  f o r  the 14— 16 CO 2 band has

been calculated in Figure  M — l .  ~‘ ] n t s  of the  r ; d i a n c e  as f u n c t ien  of

la t i tude and time of year  for  various altitudes is shown in Fi gure M — 2 .  The

mode l for GPS simulation is deduced f rom these resul ts . For maximum radiance

variation a J anuary  s i tua t ion  is considered.  T u e  radiance is ass ume d to be

a func t ion  of lat i tude but  not longi t u d e . The radiance var ia t ion  for south-

ern hemisphere is assume d to be tha t  for  nor the rn hemisphe re six mon ths

later .  The radiance variation for earth disk is  approximate d by piecewise

linear segments using the values corresponding t o  20 Km altitude shown in

Fi gure M—2 . The radiance values and the norma tize d variations are summarized

206

— -—~~~.—-‘qx=~~~~~~~•-~~~~~~~
--;--- . 

~~~~~~~~~~~~ 
— —



I

I I

7.0  ~~~~~~~~750 JU LY ‘ •
6h

~•~~
J
~

Y• 
• I
•

• • • I
• • I6 0 ~~~5~~~~J~~L? • • • • •• • S • S S• . • • • •• • •  •

3OO JAN~~~~~’. •5.0 -45 ° JAN 30° JULY • •
• S SS .  • • • • • •

• s . •• •6~l° JAN •
• •. .S 

•75O jA~~~~~~...
:.. • • • • •

c’J~~~~~
~ Iw 4.0 I S • U I

~~~~II •
—Il— •~~~. . •....:..
~~~ IV)

—
~ 

• S .
• • • • • •• .s
• ..::....

•
•:..~~

.• ..3.0 -  •
•:.

1

• • II$ •

•

* . It2.0 - • -I -I I • ••

III ,‘
1.0 - II

0 _ _ _ _ 
_  _

20 25 30 35 4 45 5! 3

GEOMETRIC KILOMETERS h0(krn
’)

Figure  M — l .  Radiance (.ft, 14—l 6~i

207

_ _ _ _ _ _ _ _ _ _ _ _  - ~~~—~- - - - -— — - -- --- - ---- - - - —



F(8)
V = + L = y1 + (y2-yl )

I x2-xl 1 .2

= (y2-yl ) 1 12 /
~~-~

‘l x2-xl

I .U~1 .03

.96

— .9

/11 
_ 

_  _

,/
‘~O0N 75 0 60° 4Q0 200 0° 15 0 300 45 0 600 75 0 80°S —

Figure M.-2. Normalized Earth P:i iance Variation
wi th La titude a t Jan uary
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in Tab le M— 1. The normali zed variation is used to be compatib le with the

exis t ing  earth sensor simulation tha t  does not  include the details of

sensor opti cs and f i l t e r  response . The radiance for  the 15° la t i tude  ban d

is taken as that corresponding to a 220 °K earth which , in conj unction w i t h

the sensor optics and f i l t e r  response , p rovides 3.15 -~jw when the “A ” detector

FOV is fully i l luminated.

TABLE M-1. EARTH RADIANCE VARIATION WITH
LATITUD E AND TIME OF YEAR

LAT . MON . 
— 

RADIANCE W / M2 NORMALIZED

—75 ° JAN 4.13 0 .72

—60 ° JAN 4 . 6 3  0.80

— 45 ° JAN 4.88 0.85

~ 300 JAN 5 .5  0.96

+15° JAN/JUL 5 .75  1.00

300 JUL 5 .94  1.03

45° JUL 6.19 1.08

600 
J~~ L 6 . 4 4  1.12

75° JUL 6.94 1.21
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Imp lementation of the earth radian ce vari ation into the sensor mo de l requires 
-.

the fol lowing computations which are based on the geometry  given in Figure

M- 3. -.

(a) LOS—vector for detector cell element centere d at  (X , Y a) :  - .

U

X sin Ua
s

_ 
U

-Y si~n Ua
S U

Z = cos US

Denote

x
5

(i:
S
) = Y

—a S

zS

(b ) Look poin t  on earth surface alon g L
a
:

= TIB T5~
’ 

~~~~~ 
I

= + ~ ~~~~~ I
whe re

(R 1
) = look point on earth surface along 

~~~ I
(R ,~~) 

= vehicle posi t ion f r o m  center of earth

S = slan t range from to

= (~~,
I ) T (t I ) _ 

e
2
~~ic,

T (~~,~~ + {(!v
I ) T

(r a
L ) 2 F ½ i

y = 3590.95 n .  mi.e

E l
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I 
Figure M—3. Sensor Model ‘ cornetry
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(c)  Look point lat i tude :

= TEl ~~~~~

Denote

R1
= R

2
R 3

S = sin~~ (R
3

/ y )

= look point  latitude

(d) Scaling factor for radiance variation :

V =

where F(S ) is the piecewise linear func t ion  def in ing  the

radiance variation with latitude.; FC- ) is plotted in Figure M—l.

(e)  The value of AREA is modi fied from the original value by the

scaling factor , i.e.:

AREA~~~ —ARE A * V

Figure M—4 presents a comparison of the GPS s imulat ion radiance mo del and a

model described in a Barnes Lngineering document , “Technical Desc rip tion

Model 13—16901 and Model ‘3—16903 Synchronous Altitude Static—Sensors ” ,

22 Augus t , l9i5. Models agree reasonab ly well.

I
I
I
r
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BARNE Y M ODEL

~~~~~~~~~~ 

~~~~~

80°N 60° 40° 20° 0 
- - 

200 400 60° 80°S

Figure ~I—4 .  Comparison e~
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SENSOR ERROR MODELING

The sensor error modeling considered here includes detector and pre—ainp

noises , electronics parame ter shi f t erro r , error due to temperature

gradient across detector and sensor ali~~ ment error. Horizon uncertainty

errors , though no t a sensor ori gina ted error , are also included in the con-

sideration. These are errors that exist in all operational situations .

Errors due to sun or moon in sensor detector field of view and errors

resulted from variation of earth disk size due to vehicle orbit eccentricity

exist only for a specific operational condition and are not included here .

The detector and preamplifier noise has been calculated to be 0.379 jiV (3-)

for sensor in track mode (A detectors only) arid 0 . 4 6 4  ijV (3-) for sensor

in acquisition mode (A+B detectors) with a detector scale factor of 3.15 iiW/

deg. and responsivity of 20 V/W . These noises are equivalent to 0.0060 deg.

(3-) and 0.0074 deg. (3-) respectively. Use the output scale factors of

5 V/deg and 1.25 V/deg for track and acquis i t ion  modes respective ly . The

noise at output then becomes 0.03 V(3-) and 0.0093 V(3-). The noise error

will be simulated as white noise .

Electronics  parameter  s h i f t  has been analy zed by Barne s , Re fe rence 14-2 .

The values at i n i t i a l  se t t ing  and at end of l i f e  have been calculated to be

0.0034 deg. (3 -)  and 0.0219 deg. (3-)  respectively .  These correspond to

output errors of 0.017 V ( 3 - )  and 0.1095 V (3 - )  fo r  t rack mode and

0.0043 V (3G ) and 0.0274 V (3 -)  for acquisi t ion mode . The error due to

electronics paramete r shift will be simulated as bias errors .

The temperature gradien t considere d by Barnes ailiounts to  a tempe r a tu r e

difference of 0.00048°F between A and S re ferern  c j ”nct ions . The correspond—

ing a t t i tude  error  evaluated for t empera tu re  of 10 C is 0.0103 or 0.0515 V

~1
I
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for track mode. For acquisition mode , the temperature change of 0.0028 deg.

between detectors Is calculated to cause a t t i t’ !’  erro r of 0.0029 deg. which

amounts to output error of 0.0035 V. All values quoted above are considered

to be fo r wors t case and will be treated as 30 values . The error  due to

tempera ture gradient wi l l  be simulated as bias errors .

The achievab le s t a t i c  sensor ali gnment accuracy has been est imated by Barnes

to be in the orde r of 0.015 deg. (30 ) .  The equivalent output  error is

0.075 V ( 3c’ ) for  track mode and 0.019 V (3o ) for acquisi t ion mode . The

e f f e c t  of alignment erro r will be simulated as bias errors . The h orizon

unce r ta in ty  e rror has been t reate d as an exponential ly  correlated noise

with s tandard deviation 0.88 Km , correlation time 10 days and correlat ion

distan ce 2500 N . Mi in Re fe ren ce Fl— i , i . e . ,

E [ h (t ,s )h ( t+ T , S+d) ] ab e e~~~
/2 50O

where

~h 
= 0.88 Km

T = t ime in day s

d = distance in a. ad.

The term e
_ T

~~
0 can be approximate d by 1 if T is much less than 10 days .

Factoring in the GPS orbit  a l t i tude of 1089 7 N . Mi the ho r i zon  uncer t a in ty

error amounts to 0.0020 deg. of earth disk angle e r ro r .  In the e v a l u a t i o n

of P1 and R 1 de tectors  at oppos i te sides of the ea r th  disk are invo lved.

The separat ion between the look points of these de t ec to r s  is:
0 0

‘ 180 — 14 ‘X~d = x 346 1.6 N .  M i .
180°

= 10029 N .  M i .
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The separation is approximately four time s the correlation distance .

Hence the e f f ec t s  of horizon uncer ta in ty  er ror  at: opposing de tectors

are essentially uncorrelated. The equivalen t error in evaluation of P
1

and R
1 
is then 0.0020

0 
x I ’2 = 0.0028° (lo ) or 0.00 85° ( 3 - ) .  The ou tpu t

e rror becomes 0 .0424 V fo r  t rack mode and 0.0106 V f o r  a c q u i s i t i o n  mode .

The same values can be used for  P 2 and R 2 .  (Th e d is tance  between look

poin ts of eve ry other detector cell is approxi mate ly 5383.1 N .Mi . The

correlation of ho r izon uncer ta inty  at points separa ted  by th is  d i s tance  is

on ly 0.12. It  is neglected for simp l i c i t y  of mode l . )  For vehicle  po in t s

at nadi r and spins at a yaw rate of W RPM , the sensor de tec to r  scans the

earth surface at a rate of 358.87 W N .Mi /sec. The 25OC N.  Mi correla t ion

distance would then be equivalent to a correlation time of 6.9 7/W sec.

The sensor output  error  e ( t )  due to the horizon uncertainty will be modeled

as an exponen tially correlated noise as follows :

E [e (t )  e( t+T)] = o~~
2 e T/ T C

whe re

= 0.0424 V for  track mode

= 0.0106 V f o r  acquis i t ion  mode

T = 6.97/W sec

= 3.485 sec for W = 2 RPM

t
The above mode l wil l  be used to account fo r  the e f f e c t  of hor izon  unce r t a in ty

even for  cases where vehicle is not q uite pointing at the nadir. (The change

of correlat ion time due to the po in t i ng  o f f s e t f rom nadi r by ± 4
0 

is expected

to be small. For large offset from nadir the effect of de tector not seeing

the ear th  disk wil l  be much more signi fi can t than  the e f f e c t  of hor i zon

uncertainty.)

In sun~nary , the sens or error wi l l  be simulated as an addit ive output error

consists of a white noise componen t , a bias  component and an exponentially I
216 
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correlated random noise . The white noise is used to simulate the e f f e ct

of de tector and preamplifier noises. The eq uivalen t at t i tude error of the
white noise is 0.0060 ° ( 3 0 ) .  The exp onentially correlated noise is used to

simulate the e f f e c t  of horizon un ce rtainty error .  The equivalent attitude

error is 0.00 850 (3 -) .  The correlation time of this error for  the vehicle

sp in rate of 2 RPM at initiation of earth acq uisi tion is 3.485 sec.

The bias error is introduced to accoun t for the total effects of electroni cs

error , temperature gradient error and sensor alignmen t e rror.  The equivalent

atti tude error is 0.0285° (3-) evaluated as the RSS value of each individual

effec ts .

CON CERNS

o The detector geometry and output comp utations may not be correc t

since Barnes has two different designs . The one used here (Figure

1~f_ 5 )  is one of their designs.  The other has detector pattern rotatod

22½
o abDut the line of s ight  f rom the  one shown hero.

o The output  update frequency for  GPS is not certain. The one

used he re is the one proposed by Barnes for DSCS III.

o Earth image distortion and Focus are not modeled . Excluding rad i ance ,

the ear th image is assumed to be a per fec t circl e on the fo cal sur~ a c .

o The detector output approximation using 10 x 10 square s causes

very l i t t le  error near nu ll (n ormal operation) and up to 0.150

maximum detector error at extreme attitudes (during acquisition) .

The extent of the e rr ors near null an d the sensor ou tpu t errors
( during acquisition has not been analyzed . The approximation

errors of f  nul l  are on the order the , ors due to earth radiance

v a r i a t i o n  and ear th  Image q u a l i t y . Si Her  squares may hc used t c

improve accuracy but  computer  cost w i l  I ~‘o up.
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I
STATE 1

STATE 3 & 4 STATE 3 & 4 1
- - -F-- 

_ _ _ _ __ _ _ _ _  

- - ---

I
STATE 2 STAT E 2

STATE 3 & 4 = = — — 
STATE 3 & 4 1

STATE 1 1
NUMBERING OF A ELEMENT S

1-iguT e ~l— 5 . 
ti, ,t (eon -t r y — - ‘- I ~i r I  ~on c ot  i i  lit -

I
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STATE -
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o Sun and moon interference are not include d in this model

description.

FLOW DIAGRAM

The cothined earth sensor mode l f low diagram is show n in Fi gure M—6 . The

l e f t  arrow (-i- ) wi thin boxes indicates rep lacement , i . e . ,  the exp ression on

the right  rep laces the vari ab le on the left . Mathematical subscripts are

used. Symbols used in the flow diagram are de fine d in the sections be low.

Comments appe ar outside the boxes to describe the operations wi thin the

boxes .

INITIALIZATION DATA

Tab le M—2 lists the ini t ia l izat ion parameters , nominal values , tolerance,

and source of data. This data is to be input at the s tar t  of each r u n .

INPIJT DATA

Table M—3 lists the inp ut data the earth sensor mode l expects from the

calling program each time the subroutine is executed in the normal mode .

OUTPUT DATA

Table M—4 lists the output ddta from the earth sensor model subroutine .

Other subroutine vari ab les may be outputs if the user desires .

INTERNPIL VARIABLE S

Inte rnal va riables used in t o  f l ow diagram are~ lefined in Table M—5 .
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ENTER
SUBROU TINE

T I-i (M

time counters TYMUP 0 
~~
j

~~~~~~~~~~~ ODE
2 

~~~~~Ini tiali ze [ TYM 0 _______ 2-axis mode)

p.224

~( Sp i
Clear detector 1 ode )For i = 1 th ru  24

sa ved detector DSA V~ 0 1 ØP.225outputs and Vi 0

area coveraqes

I n p u t va lues  f or X 1 thru  X20
V 1 th ru  V 20
L0S~~, LOS 2

B , T 2
TsB , i~~t , SI G 1 thru  S 1 G 10
SF 1 and SF~

f CON 2 i_ e
_
~~

2S ul’T 2 I Detector  dynami c

response increments
CON3 1 e

_ 0 .1 25 / T
2J

RA 0 , R 1A 0 , R2A 0
RT 0 , R 1T 0 , R2T 0

Clear outputs of 2-axis sensor
PA 0, P1A 0, P2A 0

PT 0 , P 1T 0 , P2T 0

STATE 1 Set initial state
of 2-axis sensor

~~~~~ p .225

Figure N—I . Ear th  Sensor Flow Char t
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___________________ 
9 From p. ~4

[ANG1 AT AN2 ( 3440 - SQRT (Rx
2 

+ R~
2 3440.2))

1 i i I 
Q

~~rom p.226

LOS 1 TIB L0S~
SANG SQRT ((R~ * L04 - Rz * LOS~ )

2

I 1 2
* LOS - R * LOS

+(R x * L0S~ - RV * LOS x
CANG Rx * LOs x

’ - RV * LOS T - R2 * LOsz

ANG 2 ATAN 2 (SANG , CAN G)

ANG3 ANG 2 AN G 1

ANG3 > 0
AND TRUE

AN GSAV > 0

ANG 3 *FALSE 1 TPIP ANG3+ANGSAV 
+SIG .~ 8

*~~N D

AN G3 ~ 0 
TRUE

AND
AN G SAV

TP IP -~ t

B p.226

Figure M—6. i-ar th Sensor Flow (hart (continued)
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B From p.225

Save ang le  betw een
earth tangent and ANGSAV ~ — PJ’1G3

LOS .

Loop for two hori zon I i + l
crossing indi cators

< 2

1 C p.225

> 2

MODE 0 (normal operation)

= 0
PETURM End of sp in

- mode i t e ra t ion
l i ze )

Set hori zon crossin g TP IP 1 -At
indica tors to no T PI P 2 -At
crossin g

RETURN End of in i t ia l ization t

1

Figure M—6 . I arth Sensor Flow i l i r t  (continued)
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From p .224

+ R,1, 
TVMUP

4 R Comp u te pos i tion and

RS S T58 TIB T R diame ter of earth
image on detector

B RS x /RM surface . Superscripts
B AT AN (B/SQRT (1 - B2)) indicate reference

frame :
C RS~ /RM I Inertial
C ATAN (C/SQRT (1 - C2) )  B Body
RE 344O/RM S Sensor
RE AlAN (REJSQRT (1 - RE 2 )) SQ RT i s square root

func ti on

~

_ _ _
~~~~~~~~~~~~~~~TA T E 2  arc tan gen t func tion

a Theck for sta te of 2 axis

A 1 AREA (—V 1 . x 1) 

= 

AlAN is single argumen t

operati
F o r i = l t h r u lO

G p.229

A 14 10 AREA (V 1, -x .)  Compute are8 of ear th coverage on1 each 10 x 1 square on # 3 and i7
A.~ 20 AREA (Y

~ 
x 1 ) detectors

A.~ 30 AREA (_ Y
~ 
, _ X

~ ) See p .234

4
Dl 

A 1
+ A

2
+ A 21 ÷ A 22

03 A9 + A 10 + A 29 + A Compute area of earth coverage on
30 A and S detectors

04 A 11 + A 12 + A 31 + A 32
06 A 19 + A 20 

+ A 3(~ + A 40

Figure M— 6 . i .i rt h Sensor Flow ( l a r t  ( con t inued)

I
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From p.227

02 0
05 0 Compute area of earth
For i = 3 thru 8 coverage on B detectors

o o +A 1+A1420
D~ D~+A~~10 + A . 430

For i = 1 thru 6 Compute de tector output
V V + ( D 1_ osAv i)*C 0N2 voltage and save detector

coverage .D~AV 1’ Di

RIT SF 1*(V 4
_ V

5
_V

1+V 3+BS 1+SIG 1*RAND(l) + REXP 11 Compute ro ll 1 att itude~ .
RIA SF 2* (V 4+V 5

_ V
1

_ V
2+BS 2+SIG 2*RAN D(2)+REXP 2 ) RAND is random number

gene ra to r , normal
distr ibution , u n i t

PT P2T Output pitch varian ce
2 r e s u l tPA P2A

PIT-P2T > 0 .5  

PT P1 T 
~ 

Jf p i tch 2 track
is invalid , useand

T R2T > 0.5 pi tch 1 track

FALSE

P1A-P2A > 0.125 TRUE 1 I f  p i t c h  2 acq .

PA P1A is i n v a l i d , use
pitch 1 acq .A— R2A 0.1 1

FALSE

IF p .234

I
Figure M—6. arth Sensor Flow lo r t (continued)

I
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From p.22

For i = 1 t h r u  10
AREA ( X 1 , Compute area of ea r th  coverage

on eac h 10 x 10 square  on # 1 andA 1~ 10 AREA ( - X 1,-V 1 ) #5 detectors .
A 1420 AREA (X 1 , -Y

~
)

A 1~ 30 ARE A ( — x 1 ,V 1)

01 A 1+A 2+A 21 +A 22 Compute area of earth coverage03 A9+A 10 +A 29
-f- A 30 on A and S detectors

D4 A 11 +A 12+A 31+A 32
D~ A 19+A~0+A 39+A40

02 0

05 0 Compute area of earth coverage
For I = 3 t h r u  8 on B de tectors

D D 4-A . +A.2 i i+70
D~ Ds+A

~+io-fA
~+3o

Fo r i lt h ru 6
Compute detector outputi i + 6 vol tage and save detector

V~ V~ + (D
~~

DSAV .)  coverage.
3 CON 2

DSAV J Di

IPIT SF 1 *(V10
_V

12
_ V
7+V9+BS3+SI G 3*RAND 13)+REXP 3) Compute pi tch 1 attitudes .

RAND is random number generator ,
INA SF2*(V10+V 11~ V 7~V8+BS4+SIG4*RAND~~4)+REXP 4) normal distribution , unit var iance .

RT R 1T O u tpu t  ro ll

RA R1A 1 results

p .230

Figure p1— 6 . orth Sensor Flow (hart (cont inued)
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H From p.229

P1T-P2T < 0.
and 

— RUE RT R2T If rol l 1 track is
in v ali d , use ro ll 2 t rackR1T-.R2T > 0.5

FALSE

P1A—P2A .c 0. TRUE If roll 1 acq . is
and RA R2A inval id , use ro ll 2 acq .R1A R2A 0.1

FALSE

F p.234

From p.227

For 1 1 thru 10
j i + ~~o I

A. AREA ( x . , Y . )
1 3 3

A1÷10 AREA (_ Y~~X~) Compute area of earth coverage Ion each 10 x 10 squa re  on ~2 , #4 , #6 ,AREA ( —X 1 ~—V ~ ) and #8 detectors
AREA (V~~ -xi) See p .234  1AREA (Y~~ X~)

AREA (_x ~ ~Y~ )
A 1~ 60 AREA (_ Y ~ 3 _ x

~) I
AREA ( X ~~

_V
~)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I
p .231 1

Figure M—6 . Ear th  Sensor Flow ( h a r t  (cont inued)  I
230 1

-



Froni .230

D1 A 1 ÷ A2 + A 41 + A42

— 

D3 A9 + A 10 +~~ . ~- A
‘+~, 50

04 A 11 + A 12 + A 51 ÷ A 52
06 A 19 + A 20 + A59 + A60 Co mpute are a of eart h

coverage on A and S
D7 A 21 + A22 + A61 + A62 de tectors

D9 A 29 
-
+ A 30 + A69 + A 70

010 A 31 + A 32 + A 71 + A 72

012 A 39 + A 40 + A 79 + A
80

02 0

05 0

08 
0

Dli 0 Compute area of earth
For i = 3 t h r u  8 cover~ige nn B detectors

02 D2 
+ A 1 +

05 05 + A 1~ 10 + A
~+5o

08 08 + A 14 20 + A1~ 60
D11 D~ + A~+30 +

1~ For i = 1 th r u 12

I- Compute det~ctor output
j I + 12 voltage and save detector

coverage .I. V~ V~ + ( D 1_ DSAV J ) *CON3

~~AV D1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ F I gu o M—6 .  Ear th  Sensor Flow
Cha r t  (continued)
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From p 2

f
SF 1R2T —

2 
V 22-V 24 -V 16 +V 184-V 19 -V 21-V 13+V 15 +SF 1 BS 5+S I G 5*RAF1D(5) + REXP5 

I
SF 2R2A — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -I-S F2 BS 6~I~SI G 6*RAND(6) I~REXP6

2

J PT P iT 1 Ou tput pitch
1 resultsPA P lI \

P1T — P2T > o .s  
RUE J If pitch 1 track

PT P21 is i n v a l i d , use
lT~R2rd < 0.5 ____________  pi t c h  2 t r a c k

FALSE I I
1A— P2A > 0.1 UE J I f  pitch 1 acq . Iand PA P2A is inval id , useR 1A-R2A ~ 0.12 pi tch 2 acq .

_ _ _ _  

I
FALSE

F p. 1L~ 
I
I

Fi gure ~!—e . Irth Sensor F1o~-.’ Irt (continued)
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çrom p.232

SF
P2T —i- V 19 -V 21-V 13+V 15+V 16 -V 18-V 22 +V 24 +SF 1 BS 7+SIG 7* RAN D(7) +REXP7

2
SF

P2A ~ V 19 +V 20 -V 13 -v 14 +v 16+V 17 -v 22 -V 23 +5F 2 BS 8+SIG 8*RAND(8) *RExP8
2 

_______________________________________

RI R2T Output rol l
2 resul tsPA R2A

P1T— P2T - 0.5 If roll 2 track
U is invalid , useand RT R1TR1T-R2T > 0.5 rol l 1 track .

FALSE

P1A-P2A > 0.1 TRUE If roll 2 acq .
and is i n v a l i d , useRA R 1AR1A— R2A ~

- 0.12 roll 1 acq .

FALSE

Return toSTAT E 1 s ta te  1

P p.234

Figure M —6.  E a r t h  Sensor Flow Char t  (con t inued)
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From pp.228, 230, md 232

f STAT E ST/~TE + I J Advan to the next s tate .

From
p.2 33 c::::~r__iiii;~

,

[
TYMUP TYMUP + 0.125

J 
Increment time of next update

®-
~

From
p.227

[ TTh TYM + ~t ] Increment time 
$

4
RETURN End of 2-axis iteration

U N CT I ON~~~\ 
Called on pp .22 7 , 229 , and 2J((.
B , C, RE are comon to ca l l i n g

GEA (XA , Y~~~ program . RD = 0 .00872 66 eq u i v . radian.

4
AREA ( RE+RD-SQRT (B-XA) 2 

+ (VA-C) 2 
* I~~P~ 

Compute approx . area
rr of earth covering ]0 x 10

square .

____________ 
Limi t AREA to be

INSERT (a) ARE A 

~~~~~A 
1

A REA 1 F
_____________ 

-: 1 and -> 0
AREA 0 

—

THRU (e) AREA *VHER E FO R 3
RADI ANCE Other -VARIAT IONS RETURNwise

_ _  __ 

- —  H
RETURN ID I

Figure M— 6 .  E a r t h  Sensor Flow ( har t  (concluded)
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Where
SIC

1 
0.0020 (deg., 1)  I = 1, ..., 8

BS
1 

= Bias error  wi th  wors t case value 0.0285 (deg., 3- -) I = 1, ..., 8.

REXP
1 Exp onentially corre la ted  noise wi  th s tandard  deviation

0.00283° and corre la t ion  time 3.485 sec.

The fuj ic tion REXP J to be used to generate the exponen t i a l ly  correlated noise

is gi ven in the fo l lowing :

FUN CrI0N RE XP 1

REX PI O = RE XPI

BET A = 1./ TNCNST

DRE XP =

+SQRT (2 . *B ET\ ) *RSI G I *RANDL

REXP I = RE XP IO + DREX I ’

RE T URN

END

Wh e re

TMCNST = Correlation Ti me

RSIGI = Stan dard Devi at ion

R.ANDI = Random n uither generator with unit varian ce

RE XP I to be assigned an ini tial value .

235

-
-
— 

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



TABLE M—2 .  IN IT IALI ZA T ION DATA FOR EARTH SENSOP MODEL

I
- K M  I N I  I ~~~~~ SO~~CE ~T(~ R\ :- . ~~t S I

- ~*- con st an t - f
two  ~~x i O e . r t  Secon ds - - ~-,t ,- I N / A  Non-

s ensor  f t - t n  C - r ~ -
L i n e  ot  s i g h t  of -

spin n or t h  s o e r  $
f i e l d  -

WS
1
. I. Ic

~ 
- ~~,M - .

(I — .
2 0

I (15 7 . I) _

i t n - I -  no t i o n  r - - I

I S

1 2 2 (I

3 II

2 11 I
2 5 1 5  —

2 3 (I

I -
~

3 3 -
~

I o I I f r -

iocr , -~~ -o t  - t Se onds I( I)IIi - L ~ t i -  -
15 I v l s I  ~- -  -

C e n t e r  p s  I i n  
I

of I n c r e n rn t f l

I - - n  in - I :

S 1 i v  0 .2510 - ~ - C -  1

2 r i - l i  v 0 2 5  10727 - , 
I -s I

_3 0.2111 _ I - I I i~_

t
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• TABLE M — 2 .  INITIALIZATION DATA FOR EARTh SENSOR MODEL (continued)

PARAMPTER SUBSCRIPT USIT ~~~~~~ SOURCE TOLER.AIICI1 SOU RC E

4 0 2 7 0 5 2 6 0 3 6 1

5 0 ,2 8 7979 3266

6 0 .2879793 26 6
7 0.3054326 19 1

0.305432619 1

9 0.32288 59 116 
-

1(1 0.3228859 116
I i  O .1 727 787 8u8 I

12 0.1 b04 3 7-7 39 3
i

I f  0.185I 2 1I1277 I

1 .  0 .1 727787 91 : 7

¶ 
o. 19 7 4 617n I I I

I.- 0. I K 5 I 2 0 I 2 2 2 ~
17 0 .7 1 :98 715- ,  - - -

,0 .19 - I c  I7~

1 ’ - I l l 0, 7 :

2(1 1)~ ~1I9 91170 7. 2

9 , Eq O . 0 0 8 7 2 f : n  7 N / A  N -::

2 - r ,tdi :nt j 0 .0213799 19:1
3 : 1 ,15197.  0 - -

-- 11 .5 2 1 1 7 9 9  In,

1 II . :09728 1 ( 1  3 
I

o (I , Ills I 79 938 7

7 II.IIIIK7Ic .((-

9 0 .026 1 199 7 9 7 !

9 5 ,01107:6’- ~ I
10 0 . 0 2 6 17 9 9 187 I
I I  0. I B S I I ° !

12 0. I 9 7 7 h 7  ‘ I
I i  11 . 1 9 7 0 - I . , -

11 11 .2:198: 7 0  - I
lI ,2 1199l , . - -

- 0 .22114 ’ I
- 0.2 2211 

II .. 371 0

• 0 . 2 3 4 4 8 ’ .

j 
______ ________ _____________________
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TABLE M —2 .  INITIALI’ I o N  DATA FOR EAR’J I ’NSOR MODEL (concluded)

PARgIETER SUHSIII(I(’T UNIT ~~~~~ SOL’RCE TOLERA N CE SI Ci ’R CL

Noise Standard

Dev i at i o n

SIC on: Bit I Volts 0.167 N -- t o 4 N/A

RL A 2 Volts 0.0417

P11 3 Volts (3.167

P E A - . Volts 0.0417 I
R2T 5 Volts (3.167

R2A Volts 0.0417 I
P21 7 Volta 0.167

P2A 8 Volts 0,111 ,17

TPIP 9 Sec. 0 ‘1:-C - N ’ C
1 Spc vi: - ~P” fl-

ied i n - I

r’ii’, 10 Sen . 0 oS
— Spe v i t — Spo i l—

~~o a~~s 1-utput 

ted ted

scale factor -
Track . SF 1 V ::It ‘‘- ‘i ’ 1.25 ‘1010 0 - 8 : 7  7i: ’t n  3

dcg

Acq . , 2 Volt/ sq. 0.3125 1 .1115

deg.

NOTES TO TA Bl E M— 2

1. Barnes p rc-sentatlon t :  H oneyw e l l  In S t .  P e t e r - h - : r g  on 3—1 3— 7 1.

2. Rockwell Spec II 432—02 (4, Rev. B. • 12—11 —7 - ’. -

3. Computed from data Sn Ro :-kwell Spec M(4 3.i—ILI , , Rev. Ii , 12—11—74.

Track scale factor

1 degree att it ude — 4 sq. deg. coverage — 2 ± 0.255,

deg. — 1.25 7 0.0625 volt/sq. deg.

Acqui sition ‘- - ole factor

4 degree attitude • 16 eq. deg. coverage I
1

~

2

~q~ 
~~~~ — 0.3125 — 0.025 volt/sq. deg.

4. Conputed Iron data in Rockwell Spec tIC 432— 1121 4 , Rev. B , 12—11—74

Track mode

c17. (~~ , 3 aigma
0.1 it 5 volt/deg x 1/3 — 0.167 vnlI , 1 s igma

Acqui sition m d c

r 
.1 0. 3 sigma

0.1 x 1.25 volt/deg a 1/3 • 0.0417 - ‘It , 1 sigma

I
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TABLE M—3. INPUT DATA FOR EARTH SENSOR MODEL

FLOWDE FINITION DIMENSION TYPE UNITS
DIAGRAM SYMBOL

Mode con t rol flag MODE Integer 0 = initialize

1 on spin opera-

tion
2 on 2 axis

operation

Satellite position R ,R ,R ; R 3 Real N Mizvec tor

T rans formation

f r om b ody to TIB 9 Real

inert ial  f ran~

I
1

I
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TABLE M—4. - ‘PUT DATA FOR EAR SELSOR MODEL

FLOW
DEFINITION DIMENSION TYPE UNITS

DIAGRAM SYMBOL

Spin ear th sensor TPIP 2 Real Seconds I
3

output

Pitch attitude PT Real Volts
in track mode

Pitch attitude

in acq uisition PA Real Volts 
-

mode

Roll a t t i tude  in RT Real - - Volts
t rack mode

Roll a t t i tude in R A Real Volts
acquisition mode -

I.

I
I
I
I
I
I
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TABLE M—5 . INTERNAL VARIABLES FOR EART E SENSOR MODEL

4 DEF IN 7 11:25 
71 IACRAII SYII BOL 

: : l . , o N S  I - IN TYPE 1~N 1 1::

Iwo xis rlso/decay 7012 Real 5, - I r s  per  sq. dc-8.

In. r- I ’ o r: r Or 11 .25 00 -

79.- . x x i x  r i se , d ec . iv  1715 3 Real Vo lts per sq. deg.

increment f r  0 . 12 5  sev

Area of incremental A 80 Real Square degree

d e t - o t o r  - ‘ove rc- d by

earth

inn sisce start of ran TYM D,: 1A Se on ds

pr oc

TEAm ol  ne st 2-axi s 07-IN’ S Snob ‘1o~ .:xds

tqtdate proc

Satel lite d i s t an c e  c: 979 Real 1 .

e a r t h  c e n t e r

Satellite position ii • RE , ES ; 3 Real N . Mi
x y z

v e ’ t f l r  ill Sc fl s :’r P

frante

Radi us of Carth irsogc RE Real Equ iv .  r adi an

not focal s u r f a c e

Position -i earth B Real I.quiv . radian

image (in local

s 0 r f a c o  • 7. - 71. 

Posi t ion  of ea r th  C R e a l  E q u i v .  radian

( 003Cc on I: it

su r f a c e  • V (5- - f l o M

T Stat e -f - o - 7 : o t r t M 1  STATE integ e r

proces s ing  w i t h i n

sensor

J 
Are a of dt tector D 12 Real Square degree

- - - - p r o d  by e a r t l ,

Area of deC C - c  0590 2!. Real Square degree

coverage from

I’ previous c - -ol e

Dyn ami c D e t e c t o r  V 24 Real Square Degree

nutp  at

I
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TABLE M—5. INTERNAL VAR IABLES FOP EARTH SENSOR NODEL (concluded )

t l f F I N l t I l : ’ 1  
DIA INRAII SYMBOl. 

I1lMl7 ,7111 ’1 I T YPE l’NI T S

(‘itoh 1 tr.c:-i, PiT - IS-al Volts

at titude

Pitch 2 tro-f 521 Real Vo lt S

at tiC ode

5.-Il 1 tt -of 511 Real Volts

atti Code

8:-l I 2 track 571 Real Volts

atti tude

Fitch 1 ,:, ‘i o i s i —  PEA Real Volts

tinn att it :-S-

Plt~ h 2 ~.:qxixi— 52,4 Real Volts

tion attit xde

Roll I ac-luisi— RIA Real Volts

ti ,’o attitude

R:rl I 2 a c q u i x i —  529 Real V Volts

t ion  a t t i t u d e  P

Index I lote cti r

inde x I 
1 r r c cer

Line of sigh t of spin LOS 1 3 Real

sensor field in

Nerntali zed -~ r -- sc  ~ 1.5V Real

c m l -  t ~,,~~~jCu de of

B and LOS

N. t° .aii cn ,f dot product CAN S Rea l

of R and 1. 115

Angle between -R and ANSI Real Radian

tan gent to earth -

Angle I, e rs-o-co —R ,c2 95(2 Real Radian

LOS

( n c - I t -  between LOS .7503 R e a l  Radi an

mtd e a r t h  .c~~r -  t -
S ave d ang le  between AN CSAV 2 R e a l  R ad ia m

earth tangeot -and LOS -
Hal f dineosion  of so I Rea l  E q u i v  r a d i a n .

10 a 10 sq :,are 
(a conat ant p r e s e t

Are a  of e a r t h  cover— AltER - Real  Square  Degree

l a g  10 a 1° nquar c Ptatction

t
I i
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