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DELTA PAC ATTITUDE DETERMINATION AND ERROR PREDICTION

INTRODUCTION

The Delta Packaged control spacecraft (Delta PAC) was an earth satellite de-
signed, built, and tested in house by the Technology Directorate under the leader-
ship of the System Division. The Delta PAC attitude determination and error
prediction project was assigned to the author in Jan. 1969, and was completed in
s1x months. It consists of both an analysis and a FORTRAN IV program,. The
computer program was utilized to evaluate the spacecraft attitude control system

after it was launched infto a circular orbit.

The Delta PAC control system contamms one gimballed fly-wheel scanner with
electronic damping that actively controls one axis and passively controls the
other two axes. The spacecraft i1s therefore stabilized about all three axes. The
mission objectives of this spacecraft 1s to fest the earth stabilized control sys-
tem for future spacecraft applications. The evaluation of the behavior of this
spacecraft and the flight pexrformance of its control system depends upon a
knowledge of the PAC attitude. Therefore, the problem of attitude determination

is of great importance.

This report presents the analysis of that project with the FORTRAN IV as its

appendix. The analysis includes:



(1) Formulation of-attitude determination equations: An approach is developed
1 which the complete sensor data are used to determine two independent
vectors, such as the local vertical and the sun line. These vectors are
then applied to obtain the attitude of the spacecraft.

(2) Presentation of special cases: Various cases arising from incomplete
sensor output have been considered.

(3) Examination of error propagation: Since measurement errors could exist
in the sensor data, each calculation is subjected to errors. The effect of
the errors on the defermimation of orieniation of Delia PAC caused by

errors of the measurement quantities 15 also explored.

Coordinate Axes Definitions

For convenience, it is necessary to make the following definitions.

(1) First Reference Axes.-The first coordinate system X_,Y , Z_ has center

at the spacecraft's noon position where
X, axis is along the spacecraift's velocity vector.
Z_ axis is along the negative sun line vector,

Y axis is determined by

P ]

¥ =Z x

-1 s 3

(2) Second Reference Axes.—The second coordmate system X, 1:} » Z, has the

same center as the first coordinate system with



—

Y, = normal to the orbit plane

2'0 = the vector pointing downward toward the local vertical.

(3) Orbital Reference Axes.-The third coordinate system X, Y, Z has iis center

at the instantanecus location of the spacecraft with

>
i

spacecrait's velocity vector

¥,

]

¥
Z = the downward local vertical

(4¢) The Spacecraft Body Axes.-The spacecrait body coordinate system x, y, 2

is a set of right handed mutually orthogonal axes fixed in the Spacecraft
with their origin at the center of mass. It 1s required that the attitude con-
trol system maintain the alignment of the spacecraft body axes with the
orbital axes system. That is, the yaw axis (z) is pointed toward the down-
ward vertical and the pitch axis (y) 1s aligned with the normal to the orbit
plane, thus causing the roll axis (x) to align with the spacecraft's velocity
vector, Any atfitude error is detected by a control subsystem which con-
s15ts of an earth sensor and three sun sensors.

(5) The Sun Sensor Axes System.~There are three sun sensors mounted at 120

degree intervals on the top surface of the Delta PAC. Each sun sensor
head i has its own right handed system e _, £ g which is oriented such
that

(a) The axis g is in the x-y plane

(b} The angle between g andyis90° + £



(c) The angle between g and X 15 180°+ £,
(d) The angle between e, and z is 90’ n,

The nominal constant £, and n are:

£,=0, £ = 120° £, = 240°

Figure 1 Sun Sensor Zenith Axes ey &g €3

The Reference Axes Transformation Equations

If

o =the angle hetween _Z'o and Z

B = the angle between orbit plane and the earth~sun line with positive
si1gn when the sun 1s above the io - :7:0 plane (see Figure 2), the relationship

between the first three reference axes can be expressed as
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Figure 2. The orbital Reference Axes
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Let § be the sun line vector, the components of § m each of three reference

coordmate systems can therefore be determined. It 1¢ obvious that

1!
<
>l
+
<o
o]
t

(g 14

s
inthe X, Y, 7 system, and
§=sin,6?o - COS ,8_220

in the X, Y,, Z, system.

Since the umt sun line vector has the coordinate (0,0,-1) inthe X , Y ., Z_ sys-

tem, by using equation (T1) the components of sun line in the X, ¥, Z, system

are:
B 1— | -~ sin a cos B
[S]0 =|8,] = sin 8 (T2)
_S:i_ | - cos a cos [
Therefore
S=-sina cosﬁ-i+sin,8-?_(.-cosa cosﬁ-i (T3)
and
§-Z=-cosa cos B=3; (T4)

I there is no attitude error, the body axes x, y, z should be coincident with the
orbital axes X, Y, Z respectively and equation (T2) are the ‘direction cosines of

sun line in both axes systems. However, this is no longer true 1if a



misorientation takes place. For that case, the components of sun line in the

body axes need to be determined and the sun sensors are used for this purpose.

The Sun Sensor Equations

Tet S, Sy, B, be the components of the sun line vector S inthe body axes sys-

tem. Then
S=85,X+85¥+85,% (S1)

The method of determining the values of 8, Sy »and S, is described as follows.

The body axes X, y, z can be aligned with the sun sensor axes e,L,g, bythe
sequence of three rotations: a first rotation R, (90° + &, ) about axis z through
an angle 90° + £ , a second rotation R, (n,) about displaced y axis through an

angle 7, and a third rotation R, (-90°) about displaced x axis through an angle

~90° (See Figure 3). The transformation may be written in the following matrix

form.
3] E
Bl = R (-900R ()R, (90° +&)| ¥ (82)
L.é_l. L2
1 0 0 [cosm 0 -sinq)| [-sing  cosg 0] [F]
=10 0 -1 0 i 0 -cos & -sing O v
£ 1 0} {sinm 0 cosqm| | O 0 1 {Z




Figure 3 Sensor Frame System eq, f, g4

~cos 7, sin g cos 7, cos & - siny X
= sin7, siné -sin7 cos§ -cosT, y (53)
|- cos < ~sin ¢, 0 | ;‘i_
In simple notation, that is
EA H
fi =M |¥ (S4)
EA K

Where

[DI =R, (-90) R, (m,) R, (90° +£))



Since [D] is an orthogonal transformation matrix, therefore

[~ cos 7, sin t_ffl sin® sin g, - cos qf?
(D}J71=[D]T = cosm cos £ -sinq cos £ ~sing (S5)
= sin 7, ~ COs 7, 0 |
and
] E
D171 }¥| = (D)t (D] |¥
€] 7]
or
%] —E: - cos 7, sin §1 sin , sin §1 - CcOS §:_ 81
¥l=[D]% ?1 = cosm cos §, -siny cos§ -~sing, ?1 (56)
:z’“ _hg'lj - sinm - cos 7, 0 J El

The sensor telemetry yields i (i = 1, 2, or 3) which indicates that the i th sensor
receives the greatest sun intensity and is selected to produce the output, The
output of the selected sensor is two angles a and 131 which define two planes,
each containing the sun (Figure 4), The intersection of these two planes de-

termines the sun-hine,

Let 8;,, 8,, and S, be the direction cosines of sun-line OS with respect fo the

1 th sun sensor system (see Figure 4). Then:

§=s € +8S,. T +8 (87)
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Figure 4 Sun lineine, f, g system
Since:
Tan o = S:,'L/S11
Tan ,61 = SZL/SIL
and
S%l +ng. + Sgl =1
giving
§,, = 1/ Y1 4 Tan? a + Tan? B, A
S,, =Tan 8 / Y 1 + Tan? a_ + Tan? B, >

_ ) 7
Ssl_Tan a / Y1 +Tan® a4 Tan® f5 )

10

gi

(68)

(59)



Using equation (S7) and equation (83) or equation (88) and equation (S7), the

components of the sun vector S in the body axes system can be found. That is

S,:] ~cos 7 sin ¢, sin7 sin ¢ - cos g?l “51:
Sy = cos7, cos £, =-sinm cosé, -~sing} |8, (S10)
S, | ~sing, - cos 7, 0 | {84]

In terms of known quantities, equation (S10) becomes

S, - cos 7, sin & sinm siné, ~-sin¢ 1
1
[S]b = Sy = cos 7 cos £, ~sinm cosé, ~-siné||tanf
h/_I_ + tan? &+ tan? B
_Sz_ | - sinm, - COs 7, 0 3 | tan a

(S11)
This final form and equation (T2) are used to obtam the attitude determination

equations,

The Earth Sensor Equations

Since the loeal vertical 7 in the orbital axes system has components

[Z]: =10 (E1)

the same vector Z i the body axes sysiem can be written as

2=a13§+a23§+a332 (E2)

i1



Here the components

[Z], = | a,, (E3)

are to be determined by the measured quantities obtained from the earth:sensor.

For Delta PAC there is one earth sensor, which ig a horizon scamer, The
scanner is mounted on a gimbaled platform which rotates about the spacecraft
roll axes (x). Eddy currents induced by the motion of the gimbal with respect to
the spacecraft provide the means for damping the spacecraft roll-yaw motion.
The scanner cone axis (Y, ) coincides with body pitch axis (y) when the gimbal

angle ¥ is zero (see Figure 5). The range of ¥ is: -30° < < 30°.

In general, the scan pattern of a single scanner is a cone. As the scan cone cuts
the earth, a voltage earth pulse of width 2, 1s emitted by a sensing element called
a bolometer. The width of this pulse represents the angular portion of the cone

which interesects the earth (see Figure 6).

Let an intermediate parameter C,,; be calculated first, where
C,; = the scalar product of two unit vectors which represent the scan cone

axis ?w and the local vertical Z .

The equation expressing the relationship between the variable C,, and the earth

pulse half width p are presented as follows:

12



rRoLL fX

EDDY CURRENT DAMPER

PiTCH AXIS (¥)

YAW AXIS (2)

Figure 5 The Herizon Scanner

cosa -C,. coso
cos p = - 23 {E4)

Vl-—C§3 sin o

with
o = the apex half-angle of the cone

a, = one-half the angle subtended by the earth.

The valve of o, is calculated from:

Re
R, +h

Sina =
e

13



Figure 8. The Scanner Geometry

where
Re = the earth's radius

h = the orbital alhitude

The earth pulse half width o is in the range (0, 180). If the scanner does not
see the earth, p is then zero and the variable C,, is less than cos ( a, + o) H
the scan cone is complelely on the eaxth, o s 180° and C,, is larger than cos
(a_ = o). The variable C,, is computed from equation (£4) only when p hes

between 0° and 180°. In this case, the result of derivation gives:

cos a, cos o tcos P sin o ¥s1n2 a, - sin? o sin? p
C,.= (E5)
23 2 9
o smn‘ p

1 ~smn

14



Based on the fact that C,, and cos p vary inversely, it can be shown that the

positive sigh in the numerator should be discarded, i.e.,

cos & Cos & - cOos psin o Vsin? a, - sin? o swn? p
Cyq = - (E6)
1 - sin? o sin? p

for 0 <p <180

The unit vector representing the scan cone axis can be written as

—

Y,=cos y¥+smyZ

where ¥ is the gimbal angle. Therefore

—

Cog=Z - Yy =a,; cosy +a,,siny (ET)

or

a3, sy =C,5 —a,, cosy (E8)

Suppose that a unit vector Ew is defined such that in conjunction with "X",', =X
{spacecraft roll axis) and the scanner cone axis ?w , a right handed orthogonal

coordinate sysiem 1s foxmed, Then

sz;:)wa:—-Sin‘ygr'-[-COS’yE

gwving
Z - Z'W:a33 COS ¥ = 8,, 8in ¥
and
7R =7 %=-a,



Define the pitch computed angle §  measured about the scanner axis Y as

follows
-Z-X -a
tan 6, = ———" = 2 (E9)
Z-Z 8,5, COS ¥ = 8,, Sin ¥
This implies
sinf = ~a;, "V
and
cos O_ = (855 €OS ¥ - Ay, s y) * V
The variable V, after use of:
sin2 8 t+cos?d =1
g s
and equation (ET) gives:
Vai1/VI - C‘;’S
Hence,
a,, =+V1 —Cgs sin @
and
8y, COS ¥ —8,, smy=+V1-C2 cos 6, (E10)

18



Solving equation (E7) and equation (E10), gives:

8,5 =Cyz cos Y £ ¥1 -Cga sm 7y cos &,
(E11)
a5 =Coysiny 171 —C‘g3 cos y cos 8,

In addition to providing a measure of the angle p, the earth pulse is used to ob~
tain 5‘5 through the use of signal processing which is described in the following

paragraph:

When the scanner passes a reference mark in the yaw-pitch plane of the space~
craft, a reference pulse is generated by a magnetic wedge attached to the pitch
wheel. By comparing the reference pulise with the center of the earth pulse, a
measure of the angle 95 is obtamned. For 180° of rotation after the reference
pulse, the signal processor causes any portion of the earth pulse to contribute
to e in a positive sense. For the remaining 180°, of rotation, the earth pulse
contributes in a negative sense. If the earth pulse contains the reference mark
but not the 180 mark, then it does indeed measure 8, .1f these conditions are
not met, the exact relation is summarized mathematically by the following

equation:
e =(sign & ) Min {l@s b, [180° ~ e, l, o, 180° - p, E} (E12)

where
E =45 is the electronic saturation angle

e = telementered scanner pitch signal.

17



The plot of e vs. &_ is shown in Figure 7.

T L]
€s
-180 {

_85 e = t "395
-90 0 90 180 x

~-g

Figure 7 The Error Signal e
For convenience, a new variable, e_, is defined and equal to:
e, =Min (p, 180°- p, E) (E13)

Accordingly, the case:

le| Le

5

el =e,

are to be discussed.

(1) When the absolute value of e is less than e_, there are possibilities that:

8 =e

s
or

6, = (180° - |e]) (E14)

18



Care must be taken to consider all these possible cases, Four sets of equations

are thus obiained to represent [Z]b . They are

A3

53

v1-Ci,sine

P4

C,ycosy + V1 -C§3 sin 7y cos

C,ysiny -v1 -Cgs cos ¥ cos

o~

~-V1 —(333 sine
C,3 cosy +¥1 - CZ, sin 7y cos

Cyy siny -v1 -Cga COs ¥ COS

vl —-Cgs sin e
C,ycosy-v1 -C%s sin 7y cos

C,3s1ny + Y1 —C2_ cos 7y cos

-v/1 -2 sine
C,ycosy-Vv1 .-Cgs sin 7y cos

C,;siny +v1 —Cg3 COS ¥ COS

]

Py

(E15)

In order to determine which of these four sets is the correct local vertical,

note that

[§’2]0=-—Cosacosﬁ

Since the scalar product of two vectors has the same value regardless of what

coordinaie axis system is used, therefore

(8- 71

19

b:Sxala+Sy:=123-1-Sz a,, =—Cos acos §

(E16)



The representation in equation (E15) which best satisfies this criterion is the

proper expression.

(2) When the absolute value of e is equal to e, e is saturated. The telemétered
error signal e fails {o have a definite value and equation (E14) is no longer use-
ful in determining 6, . However it is still possible to find [Z ], by makingtuse
of p and [ 8 ]b. The parameter C,, defermined from p in equation (E6) is the
cosine of the angle: between the sensor cone axis '-S-{'W and the local vefbical Z.
Thus the local ver_tical must be on a cone with axis Y,. The cosine of the angle

between Z and S is -cos a cos B and thus Z must lie on a corie with axis S, The

determination of the intersection of these two cones is accomplished by solving

equation (E18) with equation (E7) to obtain a,, and a_, intermsofa . This
gives
‘!\
~-smny (cosacos S+S5 a,)-~C,, S,
a =
23 S,siny~S, cosvy
> (ELT)
cos ¥ (cos acos 8 +8, a,,) +C,q S,
a =
33 S, smy -85 cosy J

Assuming, of course, that:
S,siny -85 cosy#0
If both equations in (E17) are squared and are substituted in the following:

a2, +al; =1-al, (E18)

20



a quadratic equation of a,; is obtained. That is,

EaZ, +Fa;, +tG=0 (E19)
where
~ Q2 5 2
E = 8 -|-(Sy siny - 8_ cos )
F=28 (cosacosfB+C,, (S, siny +‘Sy cos ¥))
and

G::-.(SY sm 7y ~ 5, cos ¥)? +2C,, cos acosﬁ(Sz sin'y-;-Sy cos )
2 2 2 2 2
+cos® acos® B8 +C5, (Sy +82)

Solutions of the resulting equation for a,, are then substituted in equation (E17)

to obtain a,; and aj;.

In case when
v Z0
Sy smy-S cosy=0
that is, when the sun is in the ¥, ?w plane, then the above expression (E17) can
not be used. Since

3, S, S,a, 48, a5,

cos ¥ s;:.n'yma23 COSs ¥ 4 agy Sin Y
or
) —cosacosﬁ-—Sx a4

y = E20
cos ¥ C ( )

23

27



Consequenily the fo‘]lowi_ng equations apply

- cos a cos Bcos y—Sy Cosg

a3z =

S, cosy

.z ~
3,4 = G, cos yttany )/(1 —C%rs) Si cos?y-(cos acos‘ﬁcosy+sy Cz'::-,)Q/Sx (E21)

a3 =Cysmy ¥ J(_l _ C%s) S}zc cos?y - (cos a cos [)’ cos ¥ + Sy CZE)Z/S;{’!
-

which apply except where S_ = 0 that is when the sun lies on the sensor cone
axis. Note thatif & can not be determined, then in general two solutions are
obtained, from which.selection of the correct solution can not he made without

additional information,

The Attitude Determination Edquations

At this point the direction cosines of the local vertical and the sun iine with
respect to the body axes system are known. They can be utilized to determine

the spacecraft’s attitude.

Suppose that the transformation matrix taking the orbital axes system into the

body axes system is:

X=A11X+A12Y+A132
V=hy X+ h,¥Vih, Z (A1)
z=A3 X485 Y + A5, Z

22



The coefficient A | (i, j=1, 2, 3) in equation (A1) defines a matrix

[~ -
By Ay By
A} =1 A, Ay, A, (A2)
L_A31 Az Asa_

Eguation (Al) implies that any vector V in the X, ¥, Z system, written in column

form, may be transformed info %, y, z system by the application of the matrix

[A]. Thatis

vx Vl

v, | = [A) |V, (A3)
where

- "

Vx Vl

[V]bl' v and [V][]: v,

¥ L3
are the components of V in the body axes system and in the orbital axes system

respectively.

In order io determine the direction cosine matrix [A] it is assumed that [ S] o

and [Z}, are known and that [8], and {Z], have been determined. By defining

F=Zx§ (A4)

23



the column matrix [Fl, and [FIl ecan be obtained

F, | -S,
(Flo={F, | =| 8| (A5)
F. S, 8,3 -8, ag,;
(AB)
[F]b = Fy =] S, 833 -5, a3
_Fz__ _Sy ay3 ~ S, aas_J

If equation (A3) is applied to the vectors Z R S and F respectively, it produces

a4 0
a,, | = [A1] 0 (A7)
433 | _1__
S, | S, |
S, | = (Al {58, {A8)
_Sz _Ss
and - -
[, | F, |
F, | = (Al |F, (A%)
F, Fy

Combining ﬁhe’se three column matrix equations into a single square matrix

equation', yields

24



—_ ——

313 Sx F! —6 SI Fl
3,3 'S, F |=1[a}10 s, F,
j33 Sz Fz_J __1 Ss FS-'J
It may be written in this simple notation
[B] = {A] [0Q]
Where
0 S, F, 0 S1 -5,
Rl ={0 s, F,{={0 8, 8§
boson) s of
and
443 Sx Fx d33 Sx Sz 8p3 = Sy 33]
[B] = a; S, F |=ta,; § 8§,a,-8 a;

7]
)
s
w
v
1o}

L_aas z Ty 9z S, 5, 8,,~5,9,,

The determinant of [Q] is

det [Q) = |{Q| =82 + 52
=182

¥ 83 # +1, then

lol #0

The matrix {Q] is non-singular and possesses an inverse [Q] ~! where

25
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(A11)

(A12)

(A13)

(Al14)



%

;Q] —rl‘lz 71
= o 1 _ Sg

By multiplying the inatrix equation (A12) with [Q]~%, gives

Therefore

All A12

A, A

21 22

A31 A32

A13

A23

A33

[B] [QI7* = [Al [Q] [Q1!

_Sl (S,-a

This directly indicates:

il

12

13

21

22

23

1

= (S, (8, -

2
1-8?
1

2
1- 82

=a

23

33 S3

(S, (5,

s, 6,

[A] = [B] [Q]%

- a3, 8) +8, (8, 2,5 - 8, a33))

- 2,3 8;) +8; (8, 25, -5, 2,3))

26

)-8,F, S,(S,-a

(5; (54 - 213 53) - 5, (8, 2,5

ol 1
Sy (B, ~2,,8,) -5,F, 8, (5, ~a435)+5,F, a,(1 -89
Sl (Sy—:—il23 SS) —52 Fy 32 (Sy -2,. S3) +81 Fy 8, (I—Sg)

3373

8,5 89) - 5, (8, 353 -5, a;3))

2
S48, F, a3, (1-83)
(A1)

- Sy 333))

(A15)

(Al6)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)



1
A31 = (s, (8, - a,0 85) - 8, (Sy a4 - S, a23)) (A24)

1-¢2 .
i
Ay = = (5, (8, ~ 853 53) + 5, (5 a,, - 5, a,,)) (A25)
1-8?
Agy = ag, (A26)

Euler Angle Transformations

Any attitude errors of the body axes relative to the desired orientation (that is,
any deviation of the %, y, z, axes from the X, Y, Z axes) can be represented by
Euler angle rotations: yaw angle s around the Z axis, roll angle ¢ about the
displaced X axis, and pitch angle ¢ about the doubly displaced Y axis (see Figure
8). The notation to be used for the matrix which performs each of these three

Euler rotations is

R W)=} -siny cosy O

R ($)=10 cos ¢ sin ¢

L..(.) -sin¢g cos gbm

_Zos g 0 -sin 9__
R, (@)=1] 0 1 0

_siné 0 cos 9_

a7



Given any vector V with components V, , V, , V, , in the Orbital-axes system, its

components v, , v, ’,.’:Yz in the body axes éystem are
N

gy

e e ¢ ¥ ~

-

K

=R, ()R ($) R ()| ¥,
¥ <

| <] s u __Vs..
[ cos 8 0 -sin;_l- 0 On_cosgb s_i:n-,b'O'VI—.-
= O 1 0 0 cos ¢ sin ¢|l - siny cos gbi 011 v,
sing 0 cos 7||0 -sing cosd 0 0 : 1)V,

—_—

cosfcosy-s5infsingsiny cosfsinyg+sinfsingdcosy - sinbcose|iV

cosqbsint[;' . cos ¢pcos sing¢ v

sinfcosy-cos@singsinyg sinfsing-cosfsingcosy -<cosfcosd||V
U 3 W

Comparing this equation with mairix equation (A3) gives

cosfcosy~-sinfsingsiny cosfsinyi+sinfsingcosy -sinfcosg¢.

»

[A] =| - cospsiny cos pcos 5 sing

The

sinfcosy~cosfsingsinyg sinfsiny-cosfsingcosy cosfcosed

e el

roll angle ¢, pitch angle &, and yaw angle ¢ can thus be derived:
8,4 = ~sin 0 cos ¢
8, = sing

cos & cos &

a
I
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A21 =-sinycos ¢

Thus

= .I‘,l _-.
¢ = sin (25y)

a
6 tan-1 (_. 13
Qa3

If the angle of ¢ is limited to -90'< ¢ <90, then cos ¥ is always positive and

Siﬂ\b: - A21 = - A21
cos ¢ (‘——""“‘1 ~ A§3
Therefore
A
L'b = si.n"l -— 21

'fl"'Ags

Figure 8. Athitude Error Representation Roll ¢ Pitch 8, Yaw
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Presentation of Special, Cases

Several cases are.presented in this report to illustrate the conditions in which 2
the earth sensor or theé sun sensor or both fails to provide the sufficient informa-
tion. If any of these cases does occur, it is convenient to use a graphical repre-,

sentation of the ciirves_related a a,, and a 33 O unity sphere which is de- .

13?

a__ space of unit radius and fixed to the '‘spacecraft

" fa .
fined as a spherein 25 8,05 8,

axis system with center at the origin. Since

a}; +a3; +af; =1
or
al;=1-a}, - a2, (B1)
the local vertical certainly lies on the surface of this sphere at any moment and
provides a convenient means for visualizing the motion of the local \;ertical with
respect to body axes. It is useful to indicate the geometric region for displaying

the local vertical on such a umty sphere and project it on the a,,, a,, plane for

positive and negative a,, .

(A) Casel

First, a worst case is considered if the spacecraff is in the earth's shadow and
if the earth sensor doesn't cut the earth. Evidently, the local vertical and the
sun-line cammot be determined. Since the earth sensor does not see the earth, it
can be concluded that the local vertical must lie within one of two possible

regions in which body axes vary as the gimbal angle ¥ changes. If the equation (E8)
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and the equation (D1) are combined to eliminate a_,» after some algebraic re-

arrangement, the result gives:

a. -C _ cos Y\ a 2
23 23 Y + i3 =1 (DZ)
1!1 —Cgs sin vy }/1 —(‘gs
for
Y#0

Equation (D2) represents an ellipse within the a,, versus a,, plane unity
circles with center at E(C,;, cos v, 0), with major axis 1/2 /1 -¢2, and
minor axis 1/2 1/1 -2 , Siny. There are ftwo passible sets of curves:

(A,) When the scan cone does not cut earth, p = 0 and 023 < cos (a_+o)

then

- 2 2
8,, - C,, cos ¥ . 2y, <1 03)
sin (a, + 0} sin vy sin (a, +0)
(A) When the entire scan cone intersects the earth, i.e.,, o = 180 and

C,; > o8 (a, - o), then:

23
a,, ~C . cosy a 2
: 23 23 i + i 13 > 1 (D4)
sin (a, - 0) siny sin (a, - o)

The shaded areas in Figure 9 and 10 represent respectively the required pro-

jections of region onthe a,, - a,, plane indicated by equation (D3) and equation

(D4).
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Ry
/

Figure 9. Projection of Error Region in a,q5 ~ 913

plane! when o= 0, ¥ 2 0

-

93

B

Figure 10. Projection of Error Region in a5, —a5,
plane when ©0=180, ¥y # 0



If v = 0, equalion (E8) becomes:
253 = €3 (D3)

Therefore, the ellipse represented by equation (D2) degenerates into a straight

line, the location of the line depends on the value of p = 0, or p = 180, when

p=0
then
a,, <cos (a, +0) (D6)
when
p =180
then
8,4 > cOs (G ~ ) (D7)
o

N

Q

923

S~

Figure 11 Error Region in a,, —a,, plane when p=0, 7y =0

33



G23

RS>
i

N

Figure 12. Error Region in d,q =044 plane when 0=180, ¥ =0

The above two cases are illustrated in Figure 11 and Figure 12, respectively.

{B) Case 2.

Second, consider the case when the sun sensors do receive the sunlight, but the
half earth pulse provided by the earth sensor shows its value of 0 or 180 de-
grees, In addition to the knowledge that the local vertical lies within specified
regions as noted previously, it is also known that it must lie somewhere on a
specified curve. ¥From the information given by the sun sensor, equation (D1) and
equation (E16) are useful for specifying this curve. Rewrite equation (E16)

gives:
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-8 a (D7)

H S, =0, equation (D7) represents a straight line ina,, -a, 3 plane.

IS, # 0, combining equation (D1) and equation (D7) to remove the 2, term,

yields:
(D8)

(87 +8D af, +28, S, a8, +(S2+8D) a2, ~28,(S, a,, +8S, a,)=82-82

v a23
This is the general form of an ellipse with the center at C (S3 Sy . 83 5 ) If the
origin is translated to the center of ellipse, the two first degree terms of equa-
tion (D8) can be removed. Then rotate the axes through an angle A () < 90) where
28, S,

g2 . g2
v x

tan 2 A =

Edquation (D8) is thus transformed into a standard equation of an ellipse having

the foci on the new a,,

axis with semi-axes ?Il - Sg, and 8_.f1 - Sg .

When either S, or S, is zero, it is obvious that no rotation of the axes is

necessaxry.

When both 3_ and Sy are zero, Equation (D8) represents a circle of radius

l—Sg,apoim:,ifS3 = x]1.

Within the 8y ~ 2y, plane, the projection of the curves defined by equation (D7)
and (D1) to represent the direction cosines of the body axes with respect to the

local vertical also must satisfy the condifion mentioned in section (A) Case 1,
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Hence the portion o‘ft the, projection presented graphically on the a,, "2, plane
within the region described in the previous section (A) accordmgto p =0 or

£ =180 is all that can be obtained to meet the ‘requlred conditions.,

It is helpful to generate another view of the sphere and plot the Tocus of the

orbital Y axis (A

12 A22, A3 2 ). Obviously, it 1s a eurve which lies on .the ‘gur-

face of the A , (i =1, 2, 3) direction unity sphere since

Afz + A, 4 Agz =1 (D9)

The projection of this curve on the A;, - A,, plane is given for both A,, > 0

and A,, < 0.
Using equation (T3) to form the scalar product S ¥ , yields:
S-¥Y=sing (D10)
For convenience, the above equation is thevefore written as:
Sy A, +S A, +S, A, =sinp (D11)
f Sy = 0, then equation {D11) defines a straight line on the A32 - Am plane

assuming S!‘r # 0 and solving the equation (D11) for A22 , g1ves:

- sin f3 ~ Sx A12 = Sz A32 (D12)
22 = g

¥

A

From equation (D9) and equation (D12) we have

(57 + S A3, +28,S, A, A, + (S2+8D) A2, -2, san BA,, o1,

~28, sinBA, =82 -sin? B
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It can be seen easily that the above equation represents a circle of Sy =1, How-
ever, if Sy is neither equal to 0 nor equal to 1, (D13) 1s the general eguation of
an ellipse of which the axes of symmetry are:

8,, =5, sin 8

a,, =95, sin
and the center of symmefry is (S, sin g, Sx sin g)s Like equation (D8) by a
proper translation of the axes to remove the a, , term and the a , term and
then by a rotation of the axes with 2 chosen angle X for the removal of the a,,

a,, term where

28 8§
tan 2 A' = *z

2 _ w2
8; -82
The equation (D13) is reduced to a standard form with the foci on the new a., .

axis and with semi axes cosf and 8 , cos B.

From the above discussion, it is believed that the graphical fechniques are use~
ful to solve the algebraic sysftem of relationships. This approach certainly
limits the region from which the error of the atiitudes of Delta PAC can be
pictured. Such graphical representation can be plotted easily if a compuier is
used. A FORTRAN program subroutine plot 18 written for this purpose (see

Appendix).
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(C) Case 3
Third, for the case when-the earth sensor does intersect the earth but the space-
craft enters info *the earth's shadow, the informations from the earth sensor
will indicate one of the following possibilities

(A) 0 < p < 180° and e is not saturated
This case appears as if there were no sun sensors aboard in the spacecraft at
that moment. The given informations can only mndicate the possible locations
of the local vertical which are represented by four sets of equations as shown
m equations (E15). No selection can be made from these four sets of equations
to represent the true local vertical because the mformation about the sun line
is lacking. However if the locations of the local vertical determined at previous
sequences of time during the same orbit are examined, it is always possible to
make the proper selection.

(B) 0 < p < 180° and e is saturated
This one is similar to cage 1 discussed previously. As before the information
given hy the earth sensor can only be used to obtain equation (D2) for v # 0 and
equation (D5) for ¥ = 0. The only difference is that the variable C,s inthis case
hag a definite value instead of having lumited range. Therefore if the curve which
relates a,, 8,5 and a,, on the surface of the unit sphere is projected on the
A,y — 8y, plane, the projection expresses exactly the relationship between 2.,

and a,,. Clearly the projection is either an ellipse represented by equation (D2)

for v # 0 or a straight line given by equation (D5) for = 0.
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Error Propagation

It is a known fact that measurements are always accompanied by errvors. How-
ever small errors are more frequent than large ones since the goal of the sensor
design is to keep errors as small as possible. Therefore it is reasonable to as-
sume that the measured quantities which indirecily determine the PAC aititude
contain errors but small ones., Because of these errors, the predicted attifudes
might not be the true values but the difference between them is expected to be

small also.

For Delta PAC there are five quantities being measured by using the sun sensors
and the earth sensor, namely: the angles o and 8, which determine the direction
cosines of the sun line with respect to the i th sensor system, the gimbal angle
v, the half earth pulse p, and the telemetered pitch error e. The corresponding
errors are defined by the symbols Aa s A ,81 »Ay, Ap and Ae which are assumed
to have the standard deviation T, 2 g s oy, 0p ando, respectively, All
measurement errors due fo unknown cause are of random type, and are inde-
pendent to each other. They are assumed to follow the laws of probability as

given by the normal distribution,

It should be noted that the two angles o and B defined in the sun sensor section
are not measured quantities, At any time their values will be determined by

orbit caleulation and are assumed to contain no errors.
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In this report the methods of probability are applied to analyze the effect of
measurement errors.. It would be of mterest to present the results in terms of .
error ellipses for a given attitude, the error ellipses are ellipses of equal
probability which are similarly placed and are centered at the predicted position

(h, k). They are determined by the formula

1 {( _h)2—2r(u_h) ( _k)+( _k)z}:L:const (R1)
2 (]_ - rz) O"u O’u O'w O’w

for 0 <r <1 where g ,o, and r are respectively standard deviation of two var-

iables u and w and their correlation coefficients. ¥ u and w are not correlated

variables then the value of r is equal to 0 and equation (R1) becomes

( - h)” . (“’ - k)zz 2L (R2)
G-U UW

For each ellipse there is a definite probability that a true position (u, w) will lie

within the ellipse. The probability for (u, w) to belong to the ellipse L given by

either equation (R1) or (R2) is
P=1-e¢e7L (R3)

and with L = 1/2, 4/2, and 9/2 the probabilities are 0.4, 0.8, and 0.99 respec-
tively. Of course, formula (R3) can be inverted to find the value of L correspond-

ing to a given value of P.
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It is essential that the determination of error ellipses for fwo variables u and
w depend upon their predicted values of h and k and their standard deviations of
o, ando if r = 0. Therefore in considering the error ellipses of a,, anda .

and alsoof 2., and a , for delta PAC, the former can be defined either at 0<p<

2 2

180 and le | <e, without sun sensor information, or at 0 < p <180 and le| = e

in conjunction with the sun's direction; the later can only be presented when the
local vertical and the sun line are known but notf pavallel. The calculation of

prediction errors for PAC attitude is thus limited to the case when 0 < p < 180.

If the attitude control system of Delta PAC works well, the values of variables

a,, and a,, are expected to be much less than 1. That 1s, the projection of the

true local vertical in 2, —2., plane should stay well within 2, ~ 2., unity circle.
For this reason, the correlation coefficient of a,, and a, can be assumed to

have the value of 0, and equation (R2) is used to obtain error ellipse for a 23 and

243+

Similarly, eguation (R2) can be applied to obtain the error ellipse for a,, and
a,,. For Delta PAC each of these ellipses are centered at the prediction point
with the probability of 0.99 that a true point falls withmn it. The lengths of the

semi-axes are equal to 3(¢ ala)’ i=2, 1 for the a,, =2, ellipse and 3(c a, Yy

(j =8, 1) for the a,,- - a,, ellipse where va,,,oa , and oca, are the

2 1329 833 » T3, 12

and a,_ , respeciively.

standard deviations of a4 2 19

23 %3
If equations (S9) are differentiated with respect to o, and B, the followmng equa-

tions are obtamed:
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Bsh ) )
da =-S5 S‘31 sect a
1
98
1.1._ 2 2
8,8 = - S, S21 sec fg:.
1
9 s,, 2
=_-8, E§, S, sec’a
Ja 11 721 73
1
Is > (R4)
2: 2 2
-_5?);—-— Cl - 521) s,, sec ﬁl
1
2)531 . )
5. - (1-s3)s,, sect a
2 Ss, 2
Y = = Sy, Sgy S, S€€ ‘31
' J

By differentiating equations (S10) with respect fo 5, , 5,, and s, respectively,

yield
oS )
3 ™ = -cos 7, sin g
(a SX - » g
= sin7, sin
o S21 !
95,
3 S,, = - cos £
BSY
3 s, = cOs 7, €Os §1
1
58 (R5)
y:~-sj_n7;.\]_r:os.f1 r
S21
o8
3 L = .sin £
531
BSZ -
= .~ sin7y
CEn '
98,
= -cos 7,
521
935,
= 0
P 8.,
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Since S s Sy and S, are functions of variables 8 8, and ss where each
1 1 3

variable ig a function of the independent variables o, and B, therefore:

\

‘an BS‘{ aSh 'an Bsz1 an 3831

+ +
0o ds,, Oa, s, dea, '8531 da

- 2
{8, s,, +cos £} s, sec?a

28 98, 9s,, 23S, 3Bs,, 398, 3331

X
3B, = Js,, oB, ' as, OB '3s, 9B,

=~{8,s, -siny sing} s, sec? B )

A similar method is applied to calculate the derivatives of

985 9SS 9S 38
!I, Y’ z d z
aal 3}81 30&1 an 28

1

with the aid of equations (R4) and equations of (R5) the results are:

BSy ) R

5= - {Sy sg, +8in £} s,, sec? o

Os, 5

g—;é-: - {Sy s,, +sinn cos &} s, sec® [
1

98, )

v = - Sz Sy; S5, Sect o
1

38, ) R

57 =-{8,s,, +cosn} s, sec? B

(R6)

(RT)

(R8}

(R9)

(R10)

Consider the equation (E6) where C,, is a function of p only. The error of C,,

can be expressed in terms of measurement error of half earth pulse as

dC
_ 23
/_\C23_ ip Ap

43

(R11)



The standard deviation of C,, is given by

dC,,
dp

O’Czsz

T p (R12)

where o p is the standard deviation of p and

d C23 . (1 - Cgs) sinosin p (R13)

dp C23 sin o cos p - COo§ cr]fl - C§3

For Delta PAC, o = 45°, thus, it can be shown that C,, cos pis less than

y1 - C2, whenever 0 < p <180. The differentiation of equation (E6) with

respect to o in order fo obtain equation (R12) is always possible.

As mentioned before, there are two different cases which satisfy the condition

0 < p <180, but require separaie approaches. They are:

(A) 0<p<180 and |e| <e,

In this case, the local vertical is determined by the earth sensor equation and is

not affected by the measurement errors from the sun sensors. Therefore,

-~

da, _ da, =0
da, 98,
da P
23 "% g . (R14)
da, °pB
°a,, ) Baas o
do, 8

-~
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Evidently, the components of the local vertical depend only on the values of v,

P, and e as shown in equation (E15), The standard deviation of a,,, a,,, and a_,

23 °?

can be expressed in terms of o, 0, and ¢ as follows
2 2 2
o? = 92, o? da, o2 4 9y, o2
213 Qy k4 dp £ de ¢
da, \? da, \2 9a,_\
2 23 23 23
%23-(5;:—-) K *(ap) % (a) O
da da, \ da, \?
o? =( 33) o2 + 33 2 +( 33) &2
833 EhY% dp P oe e

As noted at the end of the earth sensor equation section, there are four sets of

~=

./

equations, (see equation E13), representing the position of the local vertical. Only
one set of these equations give the correct components of the local vertical and
it 18 selected. The technique applied for the selection was mentioned before.

The partial derivatives

da 3 'c)als Bais
=L , and —=, (1 =1, 2, 3)
Qy S p de

which appear in this case should be calculated from the equations of that selected

set,

Since the components of the sun line are mdependent from the errors of the

earth sensor, this implies
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38, 98 3s,

dy Bp: aezo
98 98 9S8

Y. Y- _F-0 (R16)
3y ©Bp De r

28, 98, 98,

3y 3dp Bezo

Y,
Moreover, since 8,, S,, and S, depend only on the value of o and S whith ave

asgumed fo contain no errors. I is obvious

-~
98, 382 883 o
aal‘aal"aal"
BS1 382 BS3
= = =0
Bﬁl Bﬁl 3,81
08 Pl 98
1 2 3
= = = R17
oy 9y By 0> ( )
98, 382 883 0
9p <Yp  vdp
BSI BSZ BSs
Be_Be=3e=0

By the use of above equations the partial derivatives of Al2 and A32 with respect

to a ,B, , 7, p and e ave:
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°ha_ 1 [o [3s < 3, 38,
da, 1.§2) *\3aq )PT1\"8 T TS
94, 1 95, 98, 98
Y- S, +8 423 3 433 3
Ao 1-s2 | T\0A A CA
oA da da ?a
2. 1 g 13 23 33} (m1s
35 3 (S,) (Ss)( ay){- S (Sz 5 Sy By)}>( )
1-82 4
oA da 9a 2a
a12___ 1 ‘(Sz) (Ss)( 13)+ 51 (57 23 33)
P12 3 p 3p ¥ 9p
DA da da da
12 _ 1 13 23 33
oe 2{"(82) (83)(8e>+ 51 (Sz de —Sy ae)}
1--S3
and J
SA el 0985
R 32( z)+sl (313 y asx)
a 1—S§ da 90 283 q
By 1 RS [ 28 asx>
3‘31 1-—-S§ 2 ‘aﬁl 1 13 aﬁ; 23 3161
S A da da da
- 32 _ 1 - (8,) (33 33 +S, (S,, 13 . 23)} (R19)
Y 1—S§ oy 3y Y
A Za Ya 9 a
? 2. 2 {‘(Sz) (Ss 3 =)+ s, (Sy 3 =5, 323)}
P 1..3% P P
Tl 1 Lsyls aa&3)+s (S $h3_g 3823>
de 1—-S§ 278 Je L\NY De *Je

In terms of known partial derivatives the standard deviation of A,, and A,, can

be ohtained from the foHowing

b2 L 9A LY 2. A,V o2 4 9AN 2
Ayg da %y a8 B, oy 4
2 2 A2
2 _ A, y SALN dAys .2
A2~ |\ 38 %, ¥ LY %8, * 3y Y
1 * 1 *
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(B) 0<p<180 and |e| = e,

As stated in the earth sensor equation section the components of the local verti-

cal are determined by employing the following three equations for case in which

0<p<180and le| =e,

S, 813 +S, 8,5 + S, 855 = - cos acos B8 h

COS ¥ a,, +sanya,, =C, (R21)

3 >

2
23

2 2 _
aj; +a +333—1

In view of the ahove equations, it is apparent that the variables a ,, a,,, and

a,, are now dependent on the values of S, Sy ,end 8 as well as y and p .

3

Differentiating the equations (R21) with respectto S_, SY s S sy, and p respec-

tively and making use of the equations (R16) in addition to

a’}’ - a'y _ ‘a,y o ™~
05 1383’r a8,
e (R22)
3C,; 080y, 9G, 0
38, 38, 23S,
y o
give the following five sets of equations
Bala s 8a23+saa33_._a w
* 8§, voos, ~ ras = 18
oa ¢ a
cosy —2B i siny —32 -9 ; (R23)
35
X
9 a oa 9a
13 23 33
ala-g“s'—‘—i-azsﬁ-[-asa—_a?-:o J
x x b4
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S 23 33=_
* 98 y 'asy z 38 23
da da
23 . 33
cos Yy +sinvy =0 >
o BSY
Ba13+ 3a23+ 3333_0
13 38 23 BSy 33 HSY )
S da, 8323+ aass__a )
* 88 ¥ 98, z 38 33
da Da
cos Y 3323+sin'y _aS?’:’z s
Ba + Ba23+ Baas
13 3S 23 BS 33 38 )
3a13+ Ba23+s Ba33._0 R
* oy Y 9y ? Qy
%a da
cos y +siny Cya 8, SINY = 833 COS Y
3313 D a Bass_o
13 a.y + 853 3 St 833 a,}, -
and
“\
Saa13 Saazs SBa33 0
x 35 7%y 5o T2 3p
P P P
3&23 3333 dC23
cos 7y Bp-:—sin'y Y :._ET
Da da da

a 13, 23, 3B_ g
13 3,5 23 3p 33 3 5 )

where dC,,;/d p is given in equation (R13).

49

(R24)

(R25)

(R26)

(R27)



Sx Sy Sz
A= 0 cosy siny|#0 (R28)
S C T 433

then each set of equations (R23), (R24), (R25), (R26), and (R27) can be sblved to

obtain the derivatives

Bals Bals 8&13 aam 9a

3x ' 3y ¥z vy

Let
P=a,, siny- 8y, COS Y
Then
da,, Ay P M
3s, T A
A
9a a2, sin vy
23 _ T F3
" ( ®29)
X
da,, _ 3%3 cos vy
G A J
n N
024, _a P
BSy A
3 a,, - a5 8,; siny ? (R30)
38 A
y
0 a,, _ 813 83 COSY

Y]
w2

'
L
(-
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13 33
BSZ A
a - .
35;23 ) a,, z-az‘3 siny ? (R31)
Oa33 @y ay cosy
38, A )
2 a4 h
3y = (a3 8, —2a,, 8)) P/A
3 a,,
52 = (S, a;, ~S, a, ) P/ 0 (R32)
0,
5y - (S, a,, - S _2a,,) F/A )

and
~

da C

13 23
d p = (8, 23-Sya33) dp &
da dC

23 23
9 p = (5 833 S, 313) W/A ( (R33)
da dC

33 _ 23
3o (5, 213 ~ 5, a53) _"d_;/&

With the use of the equations (R29) to (R33) and the equations (R6) to (R10), the

following partial derivatives can be evaluated,

Bals 3a13 33x+331338y+3a13382

Bal B BSx % a BSy 3(11 BSZ 'Bal

(R34)

=~ (8, s;, +a,,cos € +a,, sin ) (s, sec? a)P/D
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331323213 BSX,+B§13 GRS +3313 08,
9B, S, 3B, 3S, 3B, 3, 3B

(R35)

o : : _ ; _ 2
=(-S;s,, ta;;sinn sing -a,;sinyn cosg -a, cosq) (s, sec? B P)/A

Ba23_3a23 B_Si+332335y+8323382
Ba.l - BSx BaL Bgy da BSZ Ba.l

(R36)
=(8; 85, +8,; 008 £ +a,,sing) (s, sec?a) a, sin ¥/A
'aazs_'c:)a23 BS‘t +3a23 BSY +aaQSBSz
3B O3S, 3B 35, 3p.  °%, 35,
Y (R37)

_ . . * ] -
=(S;s,, ~a,,sinn siné +a,,sing cosg, +8,, COS n,)(s,, sec B, a,,sin VLA

Hence

213 da, A 9y .
R38
0 a,\2 3 a,.,\? da,.\2 9 a,\? (R38)
o = ( 23) o2 1 ( 23) o2 23) o2 4+ 23 o2
923 da @, 38 B, 3y 2 pl P

Also the partial derivatives of A , and A,, with respecttoa ,”, ,v, and o can

be derived from the equations (A19) and (A25) and then are simplified as follows
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dA o8, 3323 'c)S da,,
Sz S, S; (223 +S 833 -5
Ba 1 S Ba da, ?3a Ba ¥ Ba.l
dA 98 Jda 28 Ja
(Sz( )+S (a —I:s —23_a — _8 33))
33 1 S 33‘3 1 233/31 23161 33331 yBﬁ;
aA 'Ba Ja da
12_ 1 ( S, 8, =2y s (Sz 23_g 33\)
37 1-m By 3y Y 3y/
QA da da da
12__ 1 (__st 15,5 (S 23 _g 33))
o p I—Sg 3 %p ?9p '3 fe)
and > (R39)
2A 3S da as da o8 da
2, 1 (sz( S )+s ( g tes = a E g 23\)
da, 1 _g2 da, 370a 33a yoa da, Balj
3
3A 3S,  3a 3S,  2a 38,  da
321 (%% o 33)+S B, =2 48 13 _a,, _S, 23))
o8, 1_s2\??3B, * 03B CEEA AN YA A
3
JA Ba
(s e o0 1)
37 I—Sg 273 a ¥ B‘)/ 37
1 552552
32 1
= -5 8, {8
3p y.g? 2833 +1 Y’ap "'ap
3 v
In terms of the above partial derivatives, the standard deviation of a, and 2,,
can thus be calculated. They are
2 2
o2 :(B A”) o2 +(—-—a An)z o2 +(B A12)2 o2 +(a Am) o2
12 da %3 3B, B, 3y ¥ 3p )
5 (R40)
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:Conclusion

This report contains the formulation and the derivation of the attitude determina-
tion equations, the calculation of the reguired elements.of error ellipses, and the
discussion of various possible special cases for the spacecraft Delta PAC. Based
on the analysis developed in this report, A FORTRAN IV program was 1;avrif:ten to
compute the snacecraft attitude with a subroutine to output the plots of the+error
ellipses and to indicate the region of possible attitude solution for incomplete
sensor data. The program was written for the SDS-9300 digital computer and
was utilized with actual flight data obtained from the Delta PAC which was
launched on Aug. 9, 1969, In the course of examining the flight attitude data,

the program was exercised for all modes of data processing including no sun
information, with sun information, etc. The resulis yielded by the use of this
analysis have determined the attitude behavior of Delta PAC and evaluated the

spacecraft attitude control system. - The program is essential to prove that the

flight performance of Delta PAC has successfully met its mission objectives.
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APPENDIX A

INSTRUCTION FOR DIGITAL PROGRAM

The first input card for the digital program contains ten input values in which
the first one, ISUN, indicates the sun sensor information., All mitial conditions
for the earth sensor equations are specified on this card. If ISUN is zero, the
spacecraft is in the earth shadow and a run 1s initiated immediately. IF ISUN is
not zero, a second input card is needed to read in the values of s B, s a,and
A. The value of ISUN determines whether one or two input cards is required
for each run, The run 18 terminated when a blank card is read in. A summary

of the total runs is then listed in the output.
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APPENDIX B

Cunwhwarhhohrnrkrrnerrennewx [STING OF FURTRAN PRUGRAM¥ ke dthna ki k ko h ki rhkhkrhx

C ATTITUDE DETERMINATIGN FOR DELTA PAC
C BY A. C. FANG
C

DIMENSTON ETA(3I) HS8eTA(3) HCETA(I) »SEL3) *25SELS) +C5E{ 3}

DIMENSIGN AAL1(2) AA21(2) »AAJL(2) »AAL2(2) 2AA22{2) ,AA32(2)

HIMENSTON AAL3(4) »AA23(4) »AAG33(4) sTH(A) 2TEL4) sPH{G}

DIMENSION RT(2) 20VS(4) S»DAAL2(Z)asDAA32(2) ,

DIMENSION HAEL3(2)sDAG13(2)-DARLI(2}sDAC23(2)»0A62312),UAR23{2)

DIMENSIUON BAE33(2)sDAG33(2).DAR3II2)>0AA13(4)DAA23(4),0AA33(4)

DIMENSIOGN DALL3(2)-0A123(21sD0A1331(2)s0B113(2)20LBI23(2)d68L33(2)

DIMENSION Awi{13)

DIMENSIGEN 1A{9us53).IB{UU.55)
~

CHEMMON C23slAsI8-ROMD, IDAYSITIM
>
Cexax+BEFINE THE VARTABLES
c
Cademikhhdeh bk khx kI Rk ko wk kA ko Rk A kbt A bk kX kR ks x F A A AR AT ARRRR TR Tk Rk X
c VAR VAR 2 Unil
Otk kR Ak R ARREERR T AR KA AR AR R R TR IR AR AR AN XA A AR A AN AR AT I A LA I XA A AF TR TNRE T RN
C JRADIUS OF EARTH GR3ITAL ATIITUNE Mol
c RE H
C*t****x***********ﬁ*******t****x*****i*i*******************k**************n****
C Glitgal. ANGLE S5CAN CONE fALF ANoLE UEGReE
C LAME SIGMAL
C**i******i**r*‘k****t*‘k****‘k******t*****i****t*x*w**tx**t***r#******i’***********
Cc HALF EARTH PULSE FLLLERBNLIL SATURATION DEGREL
c rReMn Ll
ke ar Ak Ak A AN E A AR I AR AT R AR A KA AR AR AR R ARk A A ARk AN A XA I T AR T IR TR TR Kk kk
c TELEMETERED PITCH ERROR  wEGMETRIGAL PLITCH COMPUTED wRROK DEGREL
C ETD THE1AS
AT I N s sy e Y R R T A LT R R R R R R R R EE L E R A A SRR R L EERE SRS
c CREITAL PUSITIOGN aNGLE EARTH SUBIENUEYD ANelL (HALF) Le&GRee
C DALFA ALF AL
Ctt********t*********n“!x******t******x**w***‘k#t*****#****a!*********************
C ANGLe BETwWEEN BRBIT PLAND ANY EARTH SUNn LINE UcwRLE
c PBuefa
C**+*******t*************************************************§****t*****k*******
C AZ1IMUTH CLEVATION Uobkie
C ALo BTID
Chkdehh ko kot kAT IR I LH AR I I TR T AR AR AR AR AR R AR RS AT XAk Ak kxR wehkh bk kb kb brhhkxrkk
c
c COUNTINUE
C

Cxrwt*********t*************************i***************!*********wt*****k***!**
ok Ak Rk R AR AR I AT R R AR KT R RNk R N AN AR IR AT KX TR RE AR R A F A A h I Fd I A R AT XA IR XA TX AT RIEK
C S00Y ALEo *

C X ¥ z
Cw**x*************xxiw*********w****w***r******************x******x**xw*********
" RIGH] naNDey SYSTEM FOR SUN SENSOR REAL ls 1=1s2+3s

C EI Fi wl
c

e P R R A 2 A EEE R RIS R R R RS RS ARE R ES Rt d il S il
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c ANGLE BETWEEN Y~Z PLANE AND PLanc CONTAINLING £1 AND £

c SEx Scz7 SE3 DEtRrEE
C******************************************t*****************w************r*****
c ANBLE BEITWEEN E1 ANY X=Y PLANE

C ETAD}: ETADZ ETAD3 . DeGRE:s

CAk ok ke ki drk ko kot ko kA kg ks kA WA K AN R R KA A AR KA H AR R AT LA AR Rk A R R A IR R AR RN AR R T kN K N K
c CISINE BF ANGLE BETWEEN SCANNER CONE AXIS AND LUCAL VETICAL -
c C23

[ R R R R R R g e R X R L AR LR T R R R R R R R R R 3 R R R L R g
C DIRECTIBON CEGSINES OF THRE LOGCAL VEVICAL w.R.T. THL BODY AXIS:

C AALGJ AAZ3 AAZ3 '
C**********************t**************************************************t*****

C DIRECTIGN COSINES OF SUN=LINE W.N.T, [ TH SUN SeNSOR 5YSTEM.
C sT Su 5V

M R T R Ry A T R T E R TR R EEE R LR R T Y
1

c DIRECTION CGSINES OF SUN-LINE W.rn.T. THE LOCAL VERTICAL HYSTEM

[ Si 32 53 .
C*****************************************************************************2*
C DIRECTIUHR CUSINES BF sumN-LINc hWaR.T. BBUY AXEDS

C SX Sy 5£
Ct********************t*************i***************************w***************
C DNIRECTIGN COSINES OF URBI[ NOKMAL w.R.T, THE d0DBY AXcS

C A2 A22 A3Z
C**********************w***********************t**w***********************t*****
C NIRECTIOBN CUHSINES 8F VebLoCliY VELTOR AN.R.T. THL BUOY AXES

C Al AZi A3l
C**********************r*********1************************r********************k
C RILL  ARLLE PLTCH ANGLE YAW  ANGLLE

C TH T Fn
C************t**r**t*******w**********w*******************w****t*****s***ﬁ******
C ERKOR E51IMATe IN ETD,LAMADMROMDsALIUET I AKLE

C DET UGA ykM

C DALY befl]

C************w*w***!*****?*************************************x**************’*

C
CxxxxxBERIVATIVES

C

[ A R R R R R R R s T LR R R T TP
C VAR VAR 2 VAR 3 NOTE

[ S R R R Ry T Y T R P T R LR S X
c PARTIAL BENEVATIVZ OF SXsdY AwD 3£ w,Rel. aALID .

C USXA dSYA HoLA

Cokkdevede ek e ke e AT XAk ok Rk TN kK e kRN AR Kk b N b ko A I A AN AR A A TR N e Nk kX xn
c PARTIAL UJeRIVATIVE BF S5X.5Y anp 57 w.H,1. &Tl4

C D&Xy DYy udLy

[ T EEE R R R R T T e N e TP T AR E R TR LSRR R
C PARTIAL woRiVAILLve OF A13(115A28(112A83(1) AR, Te 3X ARE

C AXT131L AXZ2s1 AX331

Chokekdrshndhdkddhdd bk d b bh ks d bk hkw ke k aw kA h b x ok ko kR Ak kg wdrkkkhor ok +hwkkhkdkdkkor
c PARTIAL ODERLIVATIVE 8F ALJ(2)1-,A23(2)5A33(2) W, K. T. B5X ARE

c AX1a2 AX232 TAXS32Z

[ R R R R A R L Rk R R T T R L T E L XN
C PARTIal DERIVAIEVE OF ALZ(J)«AR23(0114A3801) W, Role 5Y ARE

C AY131 AY231 AYS31
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R R R R A I I I T T T I T T T I I I ™ IT™

c PARTLIAL UERIVATIVE OF ALSI2)1,A23(2),A33(2) w.R.T. 5Y ARE

C AY132 aAY232 AYS32
C*********************&*****************************w*********************t*****
C PARTIAL JERIVATIVE 5F AL1301)»A23(1)sA33¢1) worR.T. SZ AKE

C AZ131 AZZ3] AL331

Cdsk ek ded ek d s ek AR w Rt wkr ko de ok kA n kR Wk ok Xk R RN ok ok ko desk ook ek s ok kv Wk ot ok ok ok ke kW
c PAaRTIAL DoRIVATIVE OF AL13(2)-A23(2)1sA33(2) W R, T. S£ ARE

c AZI32 AZZ232 ALOZ2
Ct*f*t***************i***********k******r****#******t**********w*x**#****x****#*
c PARTIAL DERIVATIVE OF ALotl)sA23([)+A330(1) WwW.R,T. aLip

c DALLSLL) BAI23L11} DuAal3301)
C**tt**************************w*******#*k***************r**********************
C PARTIAL DEKIVATIVE OF Adi3(1).A230(1).A3311) w.R.T. 311D

C Duli3l) prlz3cid pBli3cid

C**i************:***************************************************************
c PARTIAL DERIVATIVE 0F ALl2 W.R.Te ALICBTiD.ETU»baMAL,RUMDs ARES

C Date Lhiz gLz

Cc BG12 Wil
C******************************t*x******t****t*k******xa*t*****#**x******x***f**
C FAPTIAL DERIVATIVE O6F A32 WeR.l. ALILsBTID.ETU.0AMAL«REMDS. ARE:

c DA32 D332 UE32

c D632 DR32
Cﬁ*1**********w****tt**!**i**w********ﬁ*****k******************!****************
C FARTIAL DERIVATLVE 8F A13(1),R23(1),A3311) w.R.T, £1D

c BAEL3(1) DAE23 (1) DACI3Z(I)
CW******R**********‘k:#**#***************l’***ﬂ**********ﬂ*‘i*t*****t*******!******
C PARTIAL DERIVATIVE OF AL3(I)2A2301)sA331]) neRoT. GAMAL

C DAG13KL) batz23(1) VAL3I(I)

c PARTIAL UERIVATIVE §F A13(1),A23(1)}2A33(1) W.R,T. RoMD

C BARE3LL) DARZ23: 1) DAR33(1})

C********************w#*****************r*********t****************ﬁ****i*******
Cawsxth
Cxx«xxxSTORE INPUT LUsTA JAND SIART IHp CALCULATION,
Chukwenrwn

NATA RE/3448.0/

DATA RAULPI/L.J1745329,3.1419292065/

NaATA SEeMADLED/45,u,45.0/

DATA CTAD1I-ETAGZETAUS/26.Ud226.u6220.25/

DATA SE1s502s8E3/0.072120.0U62239.87/7

GATA BEI20CA-JRM.DALISDETI/ 0174534008734 40174535 0174535017453/

MRUN=O

FThIF=g.yuyl

E=ED=«RAD

SIGMA=S1GMAL*RAD

SE{311=SEL1*RAD

SE(2)=8E2~rAb

SE(31=5c3=KAD

ETA(I )=t 1ALUL=RAD

e TA{2)=ETAlZ*RAD

ETA(Z)=cTAUZ=RLD

S¥5 = S5IN (SIsMA)

CS5=Cus(51lGHMA)

Dy 10 I=1,3
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1.

SE(1y=5w(nL (1)
sEtlI=Ccosi(5cl1))
SLTA(IJ=DIN(LTP(1))
CETALL)=CuolETes L))
CaNT INuUL

T

Crdxrxx
]‘)EAU R IDUN,G;‘! ‘]AL]’E]EJRGMU,]»]JHYJ lHﬂJNlNJlSE‘_L:IU:H
Gk kv
FURMATIL1 2P Lt el 1d4cnsFae.8214018014s14,10sF0643)

o

1.

4~

-

0

IF (1fterdact vt T Soy
JFIMRUN L) Ly [d 4y

IF (I%H Ac.ild) vu 6 Gvu
ITIM={H*f ugu+Htlnxtg+iscC
PRINT 6.

PRINT SustDAYs [ARkMINS [ScCs1b
ForMAT(LX. ¥ DAY = f.1258, Hh=$s [ 428
1 4, SRsI[=8.14,1%.8s r= §,F10.457)
AALLY=TILAY

AWLZ)=1HR

AW(3)I=MIN

ani{g)=15CC

AniS)=l0

AREE)=6GaviAL

An(7)=RdML

Asi8)=_c.

AW(9)=L.U

Adltul=wy.g

AW i1l )=u.0

Ax(12)=53.9

ARTI3I=u.0

ALFAE = ASIN {(R=/(RE+H))
ALFAL=ALFAc/RAY
SNA=SIN{ALFAE)

CSA = Cus (ALFAD)
CarsS=Cls{ALFArE+S WA}
CAMS=Cos{ALFaz-51cMA)

PRINI &i
FORMATEI X, ewxwaxrxtxxnfal/)
PRINT 7C

Mile=8s 149+ %

SRUATILASBEARTH ScNSIR 1nFouxmal[dn bivesz§as)

PRINT BRisbAMAULCT gz ROMD
FORMATILX .S Srb(In vebREE)=4.F1i.628
Filo-6s8s REMOIo BebREEISE.FLl.0./)
GAMA=GAMAU*RALD

ET=ETD*RrAU

Ram=Rerd*RAL

(SE = Cob (LA 4A7

SNG=SIN{GAMA)

SNR=SIN{KOM]}

CSR=CES{REM]

TNG=SNG/CSE

ngd oy I=1s2

DAE13([)=0.0

BATzZ3t1)=0.0

—_—
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DAEJI (I
DAGL3{(I
DAGZ3 (1
JAG3IZ (]
NARLZ (]
DARZ23{
NARZ3(1
DAIL3LI
DAIZ23A(I
DAI33(1
neIraf(l
8I123(1
neIZ3I
DAAL3(]
DAA23(1
pasizt(l
DAA321{1]
35, CAONTINYE
CTi=C.u
CT2=J.2
FabL=d.2
FAL=0.G
EBT=0.0
F8T=y-u
LE=0
Ct************************t*********************************************
CH*PART laesssenaeseAPPLICATION GF EARIH ScihNSOr
C***********t******t******i*'&'k**********\E***********r*******w*x*****w***
AE1=ABSFLEL)
IF(REGMO.Z6.160.u) G& T6 160
IF ([RBMD.EB.uU.1) ot 18 170
100 CB=CS5*0L3SA
CI=SHS+SNS*SNR*SNMNR
CA=1.0-CD
GCC=SNS*CSR*SORTE(SNA=SNA~CL)
C23={CE~-CC)/CA
RRC23=1-C23*C2:
SRC23=SuRTF{(RRC23)
ONE23==RRC23*SN3*oNR«ORM
DUC23=CoR=ONS*L23=CS0%SRT23

o » -

- B 4

LI I
[l I o B A o B o T e B gl v i B B ol o B o

L N {1 A [ { A O | I

* +

S e e e ar e e e e e teer e e e e

COCGQOACOQOLOQ IO

LE=Q

IFIDTC23 NE. .45 ¥ 16 1Llu
LE=]

36 T 12y

11y DC23=0NL23/0DE23
120 ES=AMIN (ROMaP[~=RUMsuL)
IF(AST.LI.ES) Y 16 130
CrmawrsrhxwwrwHEN ABSF(LBS(RUM) )< BUT AEI=ES PUT LP=C
LP=u
MLP=Q
8 TE 18y
CrimnsierxrwrenHEN AISF(CISIREMYI<L ANLU &b I1<ES PUT LP=3
130 LP=3
MLP=3
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http:IF(AZ-T.Lf.Lb

CxxxxxCALCULATION OF A13»A232A33 wrHoh (ET) 1o NBT cwUAL TU U
THETAS=ET

C THETAS=GESMETRICAL PITCH CoMPUTEDl ERREBR{~180<THETAS<igU}
SNT=8IN(THETAS)
CNT=CBS(THETAS)
AALI{1)=onT23RC23
AALIL2)=~AAR13101)
AAZ3{11=C24*CSG+SRC23*SNG=CN
ARZ3I2)=C23%C5G-5RC23*SNG* LN
AASI (1 1=C23*5NL=SRC23xC oG *Ci]
AASIU2 ) =005 *SNL+SRERL*CSGE=CNT
ApL3IL3)=RrA13(1)
AALI(A)=AALT(2)
Ap231{3)=AAZS5(2)
ARZ23{4)=Ap231(1}
AAZ3(3)=AA33(2)
AAZ34)Y=AA33101)
N8 140 1=41s4
TH(II=4a5ENLAA23 11 /RAD
TE{T)I=AlAN (=AALI(L)AAS3(I)}/RAD

4L CIINTINUE

IF{LE .Cw. 1} LU G 180

Cxx»x+«CALCULATE STANDARD DEVIATIUON GF A13.A23s,A33

OAEI3{1)=5RC23»CNT*D T
DARI3{(2)=-DAE13(1)
GAG13(1)1=0.7

MAGI3Z(2)1=0.0
NARIZ(t)==C23*SNTxJC23/SKRC2S
BARIZ{2)==-UARL3(1)
DAT23( 1 1==5KC 23 %SG+ SNT*DET
BAR23(2)==D0Ar23(1}1)
NAGZz3 (1 )=={AA33(1))x0cA
NaGR3(21=={AASZ(2]))}20GA
FARZ23(1)=(LOG=C23*SNGACNT/SRCZ23=ul2d
NARZ23(2)=({LC3u+C23*SNEG*CNT/3RCzyI*BC23
DAE 33 (1 1=5KC23+C86L#3nNT=E]
NAEII(2)==VAL33( 1)
DAGII (1 1=(AA23{ L} )*[lLA
HAG3II(2)1={AA23(2) ) *=DLA
NDARZZ(1)1=(oN+L23*CSL*CNT/SRLZ3I*0L23
NARSI{ )= (ONL=C23*Los*xCNT/SRLZ23)*xUC23
13 153 1=1»2
Basl3{l)=SuRTFIDAEIZIL ¥ #2+UARI3 (I ) %224 JAt 3L ) xa)
BAA 23 (L )=0URTF(DAE23 (L) * =2+ AR23 ([ ) %22+ 0au231 )1 %x%2)
DAAZSL I =oRTFIDAE 33 (L) % #2456 R33 (11 % *2+AL33LL ) *%2)
BAl1S(I ) =0,.3
12311301)1=y.J
paiz2dti)=J.u
n3l23tli=0.u
NAL33(1I=td
neli33tli=ye.u
153 CanTINUE
TAaAZ23(3)=LAARZE(2)
NaAr23(4)=pAa2001)
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BAA33(3)=DAA33(2)
DAA3S(2)=LAA3I(]L)
6% TO 180
(Ve 2
CHreexxmrar xxx ol COSIROMI==1, PUT LP=2 [0 PLOT idtL REGLEN
180 LP=2
MLP=2
C23=CAMS
38 13 18,
Caxrxnwrs =xwx aHLN CES(ROMI=L PUT LP=3 (& PLUT TH: REGION
I7¢ LP=}
MLP=1
C23=CAP3
g T8 18L
o R R R R R R R S e 222 X R E SRR LR AR ES RS RS R Lt al
C*PART Zuoueaaensees3UN SVS3R APPLILATISN
C******rﬁ****wﬂ***x***i‘x***w*********txr*********i**********i***********
18, IF (ISUNLES.J) Su Tu 599
Code s ke
READ 19UALIG,uTIU20ALFALDBETA
Crxwanx
190 FORMAT(6FL4.8)
ALT=ALIL#*RAD
RTI=BTIiU=RAD
TAI=(SIN(ALYI)}/CBSCALT)
Tel=(SIN(BTI))/CBS(BTL)
TAGSSURTFL LU+ (TAL**2)+(T3l**2))
S1=1.0/lAg
SUSTBI/ 1 AB
SY=TAI/TAZ
PRINT 60
PRINT 2uuslSuw
200 FORMAT(1X, $15un=#,12.%, Sun SCcNSUR INFURNMATLION GIVES:H./)
PRINT  21G-ALILLBFID
21u FORMATI(3X+$AZINUTH=HsF1U.5-% Ucbs - ELEVATIUN=§sF10.5,§ vEG.$=/)
PRINT 220s5T»S5UsSVaDALFALDBETA
200 FERMAT(3X.4S11=8.F9.6-84, S21=4.F9.6-%. 53i=§,F%.0>
18, ALFAULN DEGREE)=@sF11.60f> SelAlIN DELREE)I=G.F11.6./)
ALFA=DALFA*RAU
RETA=DBETA*RAD
Cr+*x*CALCULAIC 1HE LIR:CTION CISINES 8F SUN LINE wWeR.T. wBbY AXIS
J=1SLN
SX==ST*LETA(J) x3S(J)+SUXSETALII*SSE (S} =SV*CSE(J)
SY=8T2CETA(J)#CSE(J)=SU*SETALJS I #CSE (J)=8Vx35E(J)
§2==-ST*SETA{J)=SU+CETALY)
PRINT 23us5Xs5YsSZ
230 FORMAT{(2X-»4 THE DIRECTION CUSINES 6F SUN LInt W.R.T. SPACECRAFT
1AXES ARE §-F12.8.8,  $sFLl2.8.8, §sF12.857)
Crxxx*xCALCULATE PARTIAL WERIVATIVE UF 5X»SYsAND SZ #,R.ToALLD ANY 11D
SEAI=1.04TAI*TAL
SEBI=1.J+TBI*1EI
SToAal=81+3ScALl*xLALI
STSBI=ST+Sksl+D37TI
NISXA={=SX*SV=CSE(J) ) *STSAl
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c

(ISX3=(=SXA*SU+SETA(JI*55E(J) ) *5TSul
DSYA=(=5Y*SV=8SSE(y})I1*513al
NSYB=({=5Y*SU=SETA(J)=CSE(Jd) )#dTHBI
ISZA==8L%5V*58T5Al
N$Z3=(~5Z*5U~CETA{J} }*518B1
*ukxkxCALCULAFE FTHE DIRECTION COSINCS G6F SUN LINE wWakol, GLICENIRIC AXIS
S1=~CBSIpETAI*x(SINCALFA)}
52=SIN(BETA}
53==COSIBETAI* (CEo(ALFAL)
PRINT 2425125253
PRINT oo
24y FORMAT(3X.$THE DIRSCTION CUSINGS §F SUN LINE n.R.T.GEUCENTKIC AXxls
1:8sF12. 05 8o aF 120, GoBaF12.657)
IF(LP.Ew.g)6OG T2 250
GO TU (olus6ius4531,LP
*xkxxCALCULATE THZ LICsb VERTICAL WhHERN EE=£S,
230 SYSG6=SY=3ME
SYCG=SY#CSG
SZISG=SZ*5nl
SICG=8$Z#CSG
FCC=5Y36-54C6
IF (FCC.EW.0.0)G8 T6 280
FCR=FCCx*2
FA=SX*SX+FCR
FBE=5X*(~53+C23» (5486+5YCuL 1)
FCoFULR+Z.0*CL23*38* (SZSG+5YCG) =5 3%5I-C23%C23% (L. 0=5Xx5X)
ROT=FE*Fu+FA*FC -
IF(ROT L1+ Q.u) <8 T8 zeu
AAL3 (1 )={-FRB+SURTFU(RI[)}/Fa
AAL3(2)=(-FB=SGRTF(RCT)I/FA
AAR23(1)1=(SNG*(S3-SX*AALI3(1))~C23%5Z}/FCC
AA23{2)=(SNG*{S3=0X*AALI(2))=Cu8*SL)/FCT
AA33411=(CSG*(-S3+5X*AA1311))+C2328Y1/FCC
AA3Z(2)=(CO6* (~S3+SX*AALI(2)}+L23xSYI/FLL
68 T& 320
2640 PRINT 274
270 FORMAT(3X»$A13-A23,A33 ARE NUI REAL NUMBER. THEREFUREH)
Go T 42y
280 PRINT 293
299 FORMAT(3X-$STY*SINIGANA) =Sz %COS(saMAL=0H. /)
IF (SX.EQ.u.ulGd 8 420
TRY 16 USE UTHER METHOD FOR SEckinG THz SOLUTION 8F A13.423,A33
AAL3(1)=(S3*CSG~5Y*C23) /Sx*CSb
AAL3(2)=AA13(1)
REGT=1.U~AAL3(1}*AA1T (L) ~C23*L23
IF(REBT.LT.U.D)s8 18 260
SORR=SURTF(REIT)
AA23(11)1=C23*CSL+SNE*SORR
AA23(2)1=C23*%CSbL~SNG*5URR
AA33(1)=C23*SNG-CSG*SORR
AA3IL2)=CZ3*3NE+CS5*SURR
PRINT 3uus AAL3(1),AA23(11.AA33(1)
3nC FERMAT(3X-$A1301)=8F (1.8.8s A23(1)=¢sF11.828s AIS(1)=¢sF11.8./)
PRINT J1lusAAL3(2)4AA2312)5AR33(2)
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315 FORMATIIXSBAL3(2)=GsF11.828> A23(2)=8sFileBsYr A33(2)1=82F11484+7)

Cowxooexw

C
c
c

TEST IF A}3 SATISFY 1mk CONRITION FOR THE REQUIRLD REGIdN
FL>THM ARE THE LIWER LIMITS FBR THE TWO PUSSLownt ReGIUNS
TU-TN ARE ThE UPPcR LIMITS FOR ThHe TAG POSSIBLE REGIUNS
320 TL=SRC23+SIN{ES)
TU=SkC23
TH==Tl
TN==TL
g 340 1=1.2
CE=AAL3{])
IF{{CK.GE.TL ANDL.CKLLE.TU) oBRW (LKLGEL TM.AND.CRLLELTN) 18 1o 330
NT(])=0
G8 TO 34,
330 NT(1)=1
340 CBNT INUE
MNT=AMIN (NTCLILNTL2))
MAI=AMAX (NT{1),NT(2))
PRINT 30us AALS(1)»AAR3(115AA33(1)
PRINT 31usAAL13(215AA23(2)sAA3812)
PRINT &0
PRINT 35UsTLaTUTM, 1N
350 FORNAT(3IXLFNETE 2 AL3 HAS TU SATISFY [Hzo KeWulREU CInUITIGN FOR
1THE LIMITED REGIUN$sF8.5:% < ald < $-Fs.5-8%, OR.FoF8.5s
2% < AL3 < §oFB8.327)
IFIMMAT . NELPFNT IS 10 370
PRINT 35
360 FORMAT(3XLBTHE Tw8 SuLUTIGNS OF al3 D8 nBT SATISFY THb CORUITION
1F8Rk THE RELUIRLEY REWIBN §./7)
GG Tb 4249
376 THLLI=ASENLAALZE (L) /RAD
TH(2 ) =astNLAADS (21} /RAD
TECLI=ATAN (~AA13(1}AA33EL))/RAD
TE(21=ATAN (=AA13(2)sAA33{21}}/RAL
PRINT 38us Thig)s1E01)
384 FURMAT(sX-§ROLL ANGLE TH{1)=8sF10.5.4§ UEG.» PLITCH AnSLE Tr(1l=f
1F12.9:%0EL.Bs /)
PRINI 3032t H(2),.TE{(2)
390 FIRMATIIX,GROLL AWGLE Thi2)1=HsFi1.9-% OcG..PITCH ANGLE TE(Z)=§.
1IFlu.S:BUbic.8.7)
IF(LE .E@. 1) GY 18 45u

CkxuxxCALCULATE PARTIAL DIFFERENTIALIE 8F A13+4232A33 woR.[.5X25Y,54,E10
CrwrnveAND CALCULATE STANDARY DEVIATION OF A13.A23,A43

SAL31=AAL3(1)*aA3(1)
SAL32=ARL13(2)%AAL34(2)
CPRE=SNL*AAZI (1 )-C3G*AA3N(L)
CFR2=5NL*AR23(2)-C56xAA33(2)
CONI=Sx#(=CFRiV+FCCAAL3( 1)
COM2=8 X% (=~CFR2)+FLC*xAALT(2)
IF(Chn1 EU._. ) GB TO 400
AX131=CFRI1*AALZX())/CEUN]
AXZ231==50NL*5A131/C0ON1

AX331= Cob*SA13i/CDN]
AYE3E=CFRI*AA23(1L)/CUnNL

66


http:V,.R.f.bX.SY.SZ.1L
http:IFIJ.5.tUEb.fl
http:REGIN.$.FS

AY231==5SNGo*AR13(1)xA223(1)/CDN])
AY331= CSL*AALI{1Y*AAZI(L)/CDNY
AZL31=CFRL*AAZ3(1}/CONL
AZ231=-SNBE*AAITZ{LI*AAZIIL1)/CON]
AZ331= CSG+AAL3(1)*xAA33(1)/CONY
RG131=(S4%AA23(1)=SY*AAI3(L))/CDNY
RB231=(SX*AA3I3(L)~57Z%AA13(1L})/Cunt
NAGLII( 1 )=CFRi*xkLiJL*DGA
NAG23(1)=CFRi1*Ru231*xDGA

DARS 31 )=RK{31*=0C23

DAR23(1)=Re231~0C2J$
DAIER(1)= AAXL3L*«ubXA+AYL131~DSYA+ALI31*0544A

DAalz3i1)= AX231*DSNA+AYZ31*USYA+AL231%D57A

NAIZILS )= AXoZi«~DSAA+AYIZI=USYA+AZ331 %0524

NRl13{(1}= AX131+LoXg+AY131*ubYE+AaZ131*bUb7Zu

NRIz23{11= AXR31*03A3+AY231*LSYH+AL231*USEE
NEI3311Y= AXA3:«DSXB+AYI31*#05YR+AL331*06/4H
DAATI{E)=SURTF(JAalI3ti}»*2+up i3 (1)*%*2+4ua0b)3 (1) **x2+LARIZ (L) *x*x2)
DAAZIII)=5URTF{IAL23( 1) *=2+uBI23{ L) **2+0AL23 1)L} *#=2+0AR23 L) *x*x2)
DAELI3(1)=0.9
DAS23(1)=u.0
DAE3I3(ti=y.u
GG TE 4iu

I EETE:

400 LE=2
a1y IF(CONZ JEWeavad) &9 TU 440

RGIZZ2=(SE=AA23{2)=SY*AAZS(2))/0UN2
REZ232=(SX*AA35(2)=57=«aA}3{L) )}/ CuN2
DAGL3(21=LFRA=Pup132*HEA
DAGZ3(2)=CrR2*Rd232*%BbA
NAR13(2)=RL132%x5C23
DARZZI(21=KH6232+%0C+3
AX132= CFRZ*xLA1312)/0DN2
AX232==5NG*3a) 32/ /CDn2
AX332= %Du*SALEZICUNd
AYI32=CFhe*AA2302) /CUNZ
AY232=mbNL*AAL3(2)RAZ3(2)/CUNZ
AY332= LSe*AALL(Z2)*AA23(2)/C8N2
AZ132=CFR2*AAJ3(2)1/COnZ
ARE232==0ONL* ARL B2V *AR3S (2} /CEN2
AZ332= LoL*naAls{2)%AA33(2)/CLik2
TAI13(2)r= AXI32=UoXA+AY132«USYA+AL132%xU572A
PALZ23{2)= AAZ3#xUSXA+A(23-,rUSYAR+ALLZS2* U0 LA
DAL33(213 AXSS2*DoXs+AY332%USTA+LL3IZ2*DSZA
N8113(2)= AX132%xDoX3+AY132%UuSYas+aZ2)32*%DS52y
NHIzZ312)= ARZ3Z*UOSAXSHAYR232*%USYE+AZ232#%058
NRI33(2l= AXI32#USX3+AYS32*05YR+AZ332% b
PAAISI2)=5URIFIJATIL3(2 #2401 13(2) % %2+ 0Aul3(2) 2«2+ 0ARIS(2)*xx2)
DAAZ3{21=0URTEFIJAIZ23 (2 =w2+un 28 2) **2+0A0L23{ ) %% 2+0ANFL23(2)2x,)
DAEL3(2)=0.C
HaZ23(2)1=2.0
DAEZ3(2)=0a-U
PRINT asgsbrAI3Z(1I30AAL312)
PRUAUNT  493s DAAZSUL)aDAAZ3(2)

66


http:DAE33(t)=u.tj

Gtk
CxrerxxCHECKINGL nHICH

C

a2,

PRINT fuU
G& Tu 451
PRINT 433

43, FORMATIIX.BNO 53LUTION FOR A13,A23,A33, TRY To uSc PLOTH./)

447

4A5%

480

47 4d

MLP=1
GG T8 H1u
LE=LE+3

ONE 8F JHE Lulal VERITLCAL SHuULD Bt StLeCTEDR

K=1 8R 2 MEANS UNp AMSWoR FuR LOLAL VERVICAL. K=3 MeaiS Twd.

1D8=24(LP+1)/2
BG 260 l1=i.1D0

CHECK1={AAL3 (1)) %x24+ (AA230I) ) *¥2+(AAS3(1) ) »=2=]1.0

CHECK2=(AAZ23( 1) )*CoG+(AATTLI) ) edNG=-L23
CHECKI=SX*#AARI LI ) +3YxAA23{I ) +DZ2+An53L1 =53

BVS{TI=AMARTABER (LHECKYL) » ABSEICHECK2) s ABSFILHECK3))

CONT INUE

PRINT 59

ASU=AMIN (IVS{1}s0V5(2)}
IF(LP.EW.LJ) GB T8 S1u

ASW=AMIN (OVS(3).uV5(4))
IF(ASV.LE.ASW) 66 TE 470
AA23(11=AA23(3)

AAR23(2)=AA23(4)

AA33(1ISAAII(3)

AA33(2)=An33(4)

THULI=THI3)

THI2)=TH(4)

TE(L)=TE(3)

TE(2)=TE (4}

ASV=ASH

nVS{1)=pvS (3]}

nV5{2)=Dv3{4)

PRINT 30us AAL3(1)sAA23(1)-AA33(1)
PRINT S1urAALS{2),AA23(2)5AA33(L2)
PRINT 3849, THULISTE(L)

PRINT 39u.TH(2),.TE(2}

PRINT 60

JF(LE.EW.L) GO T8 519

FRINT 54

PRINT 480-DAA13(1)2DAAL3(2)
FORMAT(3IX=8DEVIATISN IN A13, UAL3(1)=8aF8.5+8s
PRINT 490s DAA23(1).DAA23(2}
FORMAT{3X.BOSVIATIEN IN A23. DA23(L)=8.F8.5:8,
PRINT 500.UAA3S(L)>DAA33(2)
FORMAT(3X-$DEVIATION IN A33» DAS3 (L) =§.FB.5:§>
PRINT &y

NIF=ABSF(LVS(1)=DVSi2))
IF(DIFLLE.TDIF) 68 T8 550
IF(ASY,.EQ.DYS(L)} GO TO 520

K=2

Gg T8 530

K=1

IF(LP.EU. 316G Tb 570
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IFINT{K) . EG.K} 368 16 570
AN{8)=THI(1)
An{9}=TE(S)
ANCLLII=TH2)
AW(12)=TE(2)
PRINT 54y
AD FORMAT(3X,BTHE PESITIUN OF a1d 00cS NBT SATISFY THE Ke@UIReD oCipmif
1REGIGNSs / }
-8 TO 42y
59 K=3
IF(LP LEQ. 3) Gy 16 vbU
IF{MNT.NE.OJ}LB TU By
IFINT(1},E6.9) 68 18 56u
K=1
63 T4 57y
A0 K=2
170 AL13=AAL3(K)
A23=AA23(K)
A33=AAIT(N)
VAC13=DAc13 (K}
VAE23=DAL23 (K}
VAE33=DAE3I (K}
VAG13=DAGL3(K)
VAREZ=DARI I (K)
VAG23=DAG23(K)
VAR23=DAR23(K)
VAG3Z=DAw3I (K}
VAR33=DAR3IZ(K)
VAF13=DA113(K)
VAIZ3I=DAI23(K)
VAIZ3I=DAIZI(K)
V8I$3=DBL1S(K]
vBI23=Dplz3 (K]
VBI33I=D31s3(K)
VAAL3=DAALI LK)
VAAZ3=DAAZI(K)
PRINT 60
PRINT 58usAi3sA23,A33
58U FORMATI(3X-$OIRECTION COSINES UF LOCAL VERTICAL ARE:#,F12.3sF12.58»
1F12.8)
FFELP .EQ. O) o8 16 610
G8 TH 664
592 PRINT 69us ISUN
€630 FORMAT(LX,HISUN=8,12.8., THE SPACECRAFT IS IN £ARIH SHADBW. IdE
IDIRECTION CUSINES OF SUN LINE CAN NUT Br DEIERMINEDS /!
IF(LP LEQ.u) &8 TY 650
GE 10 {6302640.86U),5LP
610 PRINT 62¢
6720 FORMAT(LdAL)
WHEN LP IS5 LESS THAN 3, CTls CT2, EAL,EBT, » ARE INPUT DATA T8
SUBROUTINE FBR PRINTING PUKPOSE.
CTLi=DALFA
CT2=DBETA
EAL=ALID
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EBT=BTip

IF (LPLEQ.Y) GB T8 650

GG TO(B3u,642)aLP

CALL PLOT(LP-GAMA,ISUNSSKsS8Ys57552253sCT1a0I2sCA0LEBT)
63 T8 97¢

CALL PLBT (LP’ GA-‘GA: 1SUN.’SXDSY’SIF.JSZ.-S3’CT1’CIEJEAL:E-BT)
GG T8 973

CALL PLOT(LP.GAMA,ISUNSSR»sSYaS5722524535CT1.CI2sEALLEBTY)
IF{ISUN .EQ. ) G& TG 970

IF{MLP .EQ. 1) GO T8 970

[ R L R R R R A e Y s 2 P R R R A SRR RS TR T R T S

C*PART 3...vaew.--DE1ERMINATLGN OF BOUY AXES

R r kA AR T A RN AR A A AR R N AR AR AN AR AR AL AR RN A AR AT R A AR AR AT EAANRA R AR N

66C

670

702
71

IF(K .EG. 3) G& 18 670

1=K

G& 76 680

e 830 i=i.2

A13=AA13(1)

AZ3I=AAZ3(1})

AZ3=AA33(I

VAEL13=DAELI3(1)

VAE23=DAE23(])

VAEJII=DAEI3I (1)

VAGI3=DAGLS(]}

VAR13=DARLISI(])

VAG23=DAG23(1)

YAR23=DARZ3I (1)

VAG3I3ZI=DAG3I3I(I}

VARII=DARI3I (1)

vAT13=DAT13(I]}

VALI23=DAl23(1)

VAIJ3I=DAI3S(1])

VBIL3=DBIL3()

VvBI23=Dglz3(1)

va3I33=038133(1)

VAALIZ=DAAL3(])

VAA23=DAAZ3(])

Q=53

N=0#Q~1 ot

IF(ABSF(D) LT (.GO1x*x2 )) GO T8 840
ALL1=(S1*(AL3»u=SX)I+S2%(SZ*xa23=5Y2AZ3)) /D
AZ1=(81 % {A23*Q=5Y ) +32=(SX*AI3F=SZ*A13)0) /1)
A3L=(51#{A33*Q=SZ}+352*#(SY*A13~-Sa*a23))}/0
A12=(52%x{Al34Q~5X)=S{*x(S5Z%xA23=5Y%A233)) /1
A22=(82x{A23%q=3Y ) =51 (SX*AJ3~5Z%A13)1) /]
AJ2=(82*x{A3I*Q~3Z) =81 *(SY*AL3=SX*A24))/])
THI=ASIN(A23)}/RAD

THE=ATAN { ~A13sA33)/RAD
IFLABSFA23) GELL Q) G& T8 700
QS3A23=SURTFLL.Y~A23%xA23)
PRE=ASIN(~AZ2L/G8A23)/RAD

L8 TO 724

PRINT 714

FBRMAT(ax,gYAw ANGLZ CAN NOBT BE DETERMINEDLSET 11 T8 50 DEG,ﬁ./)
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PHE=20.0
720 TH(I)=TH]
TE(I)=THE
PH({I)=PHE
LU=1g+{1~1)*3
AW(LU}=PHE
LV=0+{I=1)%3
Anw(LV)=THE
LW=8+(]=1)1%*3
AN{LW)I=THI
AALI{IY=A11
AAZ1(]1)}=A21
AA31(1)=A31
AALZ2{T)=A12
AAZ2{IY=A22
AA32(1)=A32
AAL3LT)I=A13
AA23(T)=A23
AAI3I{T)=A33
IF(LE LEQ, Q) &GO 16 730
IF{(LE.Ed.i)s GRLILELEQLS)) G TE 870
IF(({LE=]1)2Ew.2) O0RL({LE=]).EW.0O)) 6O T8 730
GG T6 aru
£tk e koo
c FLOT THE ERRSR ELLIPSE 8F A23sA13
730 LP=3
CTi=~A23
CT2==-A13
FEAL=3.uxVAAZS
EBT=3.U%VAALS
CALL PLBT(LP,.GAMAL,ISUNSSX, SY:SE:S2:S3’CT1.0CT2’L'.AL,EBT]
Coxwnx
CxxxxxCALCULATE THE PARTIAL DERIVATIVES O6F 4 W,R.T.ALID.BETID,SAMA-ETC.
Crxns*CALCULATE THE STANDARD DEVIATION OF AL2,A4225A32
IFI(MLP.EQ.UIGE TO 740
DAL2=(S2+ (=DSXA)=S1*(A23*=0S5Z2A-A33*0SYA)) /D
Del12=152*{~DSXB)=S1*x (A23%x[0524-A33*05Y3))/D
NE12=(52*U*VAE 1 -0l * (SZ*VAL23=-5Y*VALZ33)) /D
BG12=(S2*U*VAGL3=-S1* -SZ*VALZ23~5Y*VAST3})/D
IR12={52%xW*VAR13-S1»{SZ4#VARZ23-5Y*xVAR33}} /D
DDA12=S0RTHOAI2* %+ UB12* %24+ DE1 2% %24+ D01 2% ¥ 24 UR12%*2)
DA32=(S2*(=0SZA) =i« {AL3=«D3YA-A23=USXA)Y/D
N832=(52*(-0SZB)-S1*(A13*SYB—~A23*DSX8})) /0
NE3IZ2=(82*A*VAE33~51~#(SY*VAE13~0X*VAE23)) /Y
NEI2= (2% d*xVAGEI =01 x (SYXVALIZ~5XxVALZ3)}) /1
DRS2= (S2wU*VARI =S 2 (SY* VAR I=5X=VAR23))/D
BOAZ2=SURTF{UA32**2+Du32% %2+ DE32% %2403 2% %2+ D32 %% 2 )
GG T& 79y
74y DK12= S2x{(Q*VAI13-DSXA)}=Si*(S2xVAI23+A23*xDSLA-SY*VAI33-A33»DSYA)
DK32= S2* (WxVAL33=-DSZA)I=S1*(SY*#VA[13+A13~USYA=SX*VAIZ3~A23*D5XA)
DLi2= SZ2*{QxV3]15=-DSX3) =51+ (SZxVHIZ3+AL3xUSLB=SY*Vuil33=A433*DoYH)
GL32= S52+{uxV3] 33-USZB)-S1%x{SY=vB]i3+A13*DS5YB=SX%xVB]123-423*DsYR)
NA12=DK12/0
DAJ2=0K32/D
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n3i1z2=0DL12/D
D832=DL32/D
DEI2={82*3*VAG13-S1#(S5Z*VAG23~5YxVAGTI3)}
DE32={52#02VAGII-S1*x{SY*VAG13-SX=»VAG23) /D
NRI12=(S52+0*VARI3«51i* (SZ*VAR23~LY*VARI3))
IR32=(52#3*VAG3I3=S1*(SY#VAG|I=SX*Vva523))/D
DDAL2=SGRTF(DA12++2+[B124*2+DR12%x#240L12%%2)
DNA32=SORTF(DBA32##2+ B3 2% 2+Db32%a2+40R32%=2)

750 DAAL1Z{1)=DDA12
DAAZ2(1)=DDA32
PRINT 6u
PRINT 764sLsAA1311)215AA23(1)s15AA3311)

760 FORMATI(ZXBA13( 8118 =BoF11.0s2%XsBA23(H,11s01=8aF 11,8,
12X BA33 (-1 1-8)=8.F11.8+/2
PRINT 773:I:AA11(I)s[:AAZl(I):l:AA31‘l)

770 FORMAT(ZXBALL (B [1.8)=8,F11.8-2XsFA21(Hr11sB)=FsF11.8>
1?XJ$A3I{5#«[1’a)=$JF11l8’/’
PRINT 781,LlaApa12(1)s00AA2201)21sAA32(1)

780 FORMAT(IXsBA12(Bs 1231 =8-F11.6822X>0A22(8s1128)=8sF11.8,
I?X:ﬁASZ(Qa11:3)=§;F11.8:/)
PRINT 79U»1aTH I} ,IsTE(E)a]sPH{1)

790 FORMAT(3Xs$ROLL ANGLE TH{R«1l1sP)=§sF10.5+s4 DEG.»PITCH ANGLE TE(g.
1114158710528 DEG.» YAW ANGLE PR(Bsi1§)=8sF10.5:% DEG.Ho/)
PRINT 53
PRINT &0
PRINT B82usl-DAALZ(1)s1.DAA32(1)

820 FORMAT(IX.BSTANDARD DEVIATION OF A12+A32 ARc,UALIZ2(H.11.
}3):$’F8.5:$’ DA32($311:$)=$,F9.61,)

Cxvdsw v

LP=4
PDT1==-A32
Ni2==A12

FAL=3.0*D0A32
FBT=3.3%xDDAL2
CALL PLOT(LP,GAMALISUN,SXa5Y+57:s52,53s0T1,DT2>FALSFET)
830 CONTINUE
G& T8 97
Chkakerikx
840 PRINT 850
859 FORMAT(LIX.BSUNLINE AND LBCAL VERTICAL ARE IN THME SAME LINE.NG
tFURTHER CALCULATIBN FBR AL2.AZ22-A32.ETC.Es/}
IF{LE.NE.Q}GE T8 870
IF(K LEQ. 3) G& T8 940
KAl=K
KA2=K
G8 T8 95y
860 PRINT 3J0us AAL3(1)sAA23(1)-AA331(1)}
PRINT 310,AA13(2).AA23(2)sAA33(2)
PRINT 38y, TH{i1)>TE{L)
PRINT 320,TH(2}.TE{2}
PRINT 60
AWN(8)Y=TH(1)
AW(QI=TE(}1)
Awli1)=TH(2)
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870
330
690

900
21¢

929
a3u¢

49

950

950

C*****************************************************t****i************

AW(12)1=TE(2)
IF{LE.EW. O) G& T8 940

68 10 (48029)0,920-920-920)aLE

PRINT a90

FORMAT(3X-RDEVIATION 8F C23 Id T6U LARGE,HENCE THERE IS NO ERROUK
tCALCULATION FOR A13sA4235A338s7)

8 T8 974

PRINT 9iu

FORMAT(3x»H8DAGI3(1).DAG23(1) CAN N&1 BE DETERMINED. N8 FURTHER
$tCALCULATION FBR ERRGR ELLIPSE B,/)

68 T8 97y

PRINT 93y

FORMAT(3Xs8DAG23(1)-0AC23(2) CAN N8T HE DETLRMINED. NO FURTHER
1CALCULATIGN FOR ERRGR ELLIPSE £./)

G8 TU 97

PRINT 48U-DAA13(1)s-DAAL3(2)

PRINT 490, DAA23(1),DAA23{2)

PRINT 60

KAi=1

KA2=2

Be 960 I=KAl1.KAZ

QT1==AA23(1}

CT2=~AA13LI)

EAL=3.u*DAA23(1)

FRY=3.0%x0AALI3(1)

CALL PLOBTILPsGAMA, ISUN>SX,S8Y.52,52.535CT15CT2sLALSEHT)
CONT INUE

C*PART dacaevresese SUMMARY BF RUNS

Crexx

97g0

989

990

i00u

igi1o0

1020

1030

***********************************************i****************t**

MRUN=MEUN+ ]

WRITE BUTPUT TAPE 2, 980,1AW(I)s1=1,13)

FORMAT (1XsI3213(1XaF8.2)./)

I9R=1I86

Ge TO 20

D6 LU0 J=1s MRUN

BACKSPACE 2

PRINT 1010-10R

FSRMAT (4 Xs@ae s+« SUMMARY B8F RUNS FOR ORBIT NO.§aF8.2:2Xs8e0e0.8)
PRINT &0

PRINT 1020

FORMAT(2XsBNO .8, 3XsBDATER 7 X8R . Hs 5XBMINEs 7 X 4SECH,
1aX-BORBITHSX - BSANAY AXBREMD B 7 X R THIB-SX-BTHETASS

25X *PHI? 55X ?THI? 45X * THETA® 46X, ?PHI?. /)

ne 103u JI=1s MRUN

READ INPUT TAPL 2, 980,(AW{1}s1=1s13)
PRINT 980s JIso(AW(L)s1=1,13)

CONTINUE

PRINT 60

MRUN=0

I18R=16

PRINT 629

IF{IB.NE.Q) Gg TO 40

END
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http:JI,(AW(L).I=1.13
http:980.(AW(i).1=1.13
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http:8d0.9Jo.920,920,920).LL
http:IF(LE.EU

OO0 aOan

20

30

40

SUBRBUTINE PLBT (LP, GAs ISUNs SXs SYs S7Zs 52sS3,CTisCT2,LALLEBT)
COMMON C2321A(90255)21B{90s55)»ROMD»1DAY-ITINM

TH1S PROGRAM [S USING POLAR COGRDINATES FGR PLOT

AE AND BE ARE THE MAJOR AND MINGR AXIS 68F ELLIPSE

[A REPRESENTS THE PLUT FOR A13 AND A23.

IB REPRESENTS THE PLOT FOR af2 AND AJ2.

WHEN LP=0, CC=C23.WHERE C23 IS CALCULATE FR8M MAIN PROUGRAM
WHEN LF=1., C23 IS LESS THAN =0.3733(PUT CC=-0.3733

WHEN LP=2, C23 IS GREATER THAN 0.9277(PUT CC=0.0277)

SNG=SIN(GA}
CNG=CBS(GA)
GAD=GA/v.01745329
CC=C23
RC=1.0~CC=CC
CN=CC+*CNG
SRC=SARTF{(RC)
AE=SRC*SNG
BE=SRC

CE==CCN
IXC={CE+1)*42+1.5
IYM=SRCx25+26.5
86 10 I=1.99Q

Dg 10 J=1555
IA(Is-JY=1H
IB(IsJ}Y=1H
CENTINUE

PLET Y AXIS

B8 20 J=1.53
TA(43,J)=1H*
I8(43sJ)=1H=
CONTINUE

PLOT X~-AXIS

ne 30 J=1287s2
1A(J,26)=1H%
IB(Js26)=1k=
CONTINUE

LASEL FOGR A23 AXIS
TA{93,26)=1HA
IA(8G,26)=1H2
IA(88,261=LH3
TIA(B7»26)=1H+
LABEL FOGR A32 AXIS
I1B{90s261=1HA
IB{8G:s261=1H3
IB(B&.26)=1H2
IB{87.261=1H+
Neg 43 J=1,85,21
IA(J.286)=1H1
IB{J.26)=1H1
CGNTINUL

Coawmdeskn

c

LABEL F8R THE CENTER 8 8F CELESTIAL SPHERE
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IA(43:26)=1H0
18(43,261=1H3

c AL REPRESENTS P3LAR ANGLE
AL=0
RP=140 _
CALL POINI(AL.RP-X1sY1s1X151Y1)
c DAL I8 THE INCREMENT BF ANGLE FOR PBLAR CBURDINATES METHSD

DAL=5.0*U.J1745329
IFILP.LTL3)GE T8 100

[ 2 T X% X

Cc PLOT ERRGR ELLIPSE WHEN LP IS GREATER THAN 3
SNU=(.0
csU=1.9

50 CALL ELIPS(SNU.CSU,ALLEALLEBT-CT1sCT2sXER, YERs1XRs LYR)
1TACIX1sIYL)=1Hw
I8(1X1-1Y)1}=1H=
TF(AESFUIXER}.GT.1,.0)68 T4 60
YEMSSORIF(1,3~XER*XER)
IF{YER.GT.YEMIGE T@ 60
IF({IXR.LTe0e G8RaIXRAGT.85).R.{IYR.LT,0. ORLIYR.GT.22)168 T8 60
IA{IXRs1YR}=1HK
IBLIXR,IYR}=1hR
60 AL=AL+DAL
CALL PHINT(ALSRPeX1aYlalX1slY1)
IF(AL.LE«D+3) GO TS S50
CTi==CT1{
CT2=-CT2
IXER=(CTL+1)*42+1,5
IYER=CT2=25+26.5
TACIXERLIYER )=1FR
IBIIXERsIYER 1=1HR
PRINT 510
IF(LP.EU. 4)B8 T€ an
PRINT 70-,Cl1-CT124EALSEBT
70 FORMATU{LXLBERROR ELLIPSE 8F AZ3,a13% CENTER AT a23=8,F8.3,%, Al3
126:78.5,%s AXIS PARALLEL T8O A23=#,F8.5.%, AXl> PARACLEL T8 ALl3=g.
2F8.5)
68 T8 664
80 PRINT GUsCTI.CI2sEALLEST
90 FIRMAT(LXSHERRUR ELLIPSE 8F A32.,A12: CENTER AT AJ2=#lsF8.5,%. Al2
1=6.F8.5,%> AX1S PARALLEL T8 A32=8#.F8.5.8. AXIb PARALLEL T0 Alo=§,
2F8.5)
Gy Ty 330
Cohswdw ko
100 PRINT 11y
11u FORMAT(2UX-$SUN SENSER INFORMATIONS, 25X.$EARTH SENSGR INFUKMAIL tONG

1.7}
L ISUN=(0 MEANS No INFOMATION GF SUN LINE OIRECTIGN
c ISUN=14s2+3s 1ICANS INFORMATION OF SunN LINE I AVAILABLE
IF{ISUNLEW.U) B9 T& 360
c INFORMATIUN FRGM SUN SENSOGR AVAILAsL.PLBT THE REGION

IXA=(83+1)*42+1.5
IXB=(52+11%x42+5 .5
SR=SURTF(ABSF(1.0~52%52})
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http:IF(LP.EU

ST=SORTF(ABSF{].0~583%83))
C AP AND B8P ARE THE MAJBR AND MINOR AX1S 6F ELLIPSt IN A13sA23sPLOT .,
AP=ALSF(SZ*5T)
BP=8T
C AG AND 84 ARE THE ®MaAJGR AND MINOR AXIS OF ELLIPSE IN A12,A32 PLOI.
AQ=ABSF(SY*SR)
BA=8R
C (EX,EY)-(FXsFY) ARE CENTER OF EACH ELLLIPSE.
EX==53%5Y
EY==83+5X
FX=~S52%*52
FY==3X*52
RYXY=SARTFI{SX*SX+5Y%5Y)
RXZ=SURTF{SX*5X+5¢%87)
Crkkonesk
IF{SY .EQ. D.0) LG TO L2U
SM==SY/5X
Sn==5Z2/75X
SK=53/8X
SL=32/8X
125 CALL TEST{9XsS5YsS5Z-1%)
CALL TESTUS5X.8Z+5Y.L5)
IF{LS JNE. 1) GO 18 130
SNF=SX/RXZL
CSF=SZ/RXL
FL=ASIN(SNF}
130 G5 T€ (16021802140U215010215
Ok de b
1ag IY=I¥t
IX=1XA
x3=53
Y3=Y1
Ge T 190
Ok ok
150 Y3=SM=X1+SK
IY =Y3*25+426.5
iX=iXt
x3=X1
GO T8 19y
Chxxkxx
180 SNE=SX/RXY
CSE=SY/RXY
EL=ASIN(SN:)
170 ANGLE=AL+EL
CALL ELIPS{SNE.LCSES ANGLE > APsHP-EXSsEYsX3sY3a1Xa1Y)
G& TId toy
Chwvedn
C CALCULATE THE COGRDINATES OF CIRCLE
18C CALL PBINT(ALSST2X3.Y321Xs1Y)
190 IF{(EXLTads BR.IXeBT.85) 8R.UIY. LTV BR.IY.BLT.52)) & TO 250
IA(IXs1Y)=1iH=
G8 T0 {(2U0=280s230.23012195
2003 AZ=(53=X3I*SY=Y3x8X )/SEZ
PRINT 21U0:X3-Y3.AZ
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210

224

233
240
250

FIRMATU L XsBA2S=84sF 0. 65 10X HA13=H-F0.0» LUX>HAII=taF 9. 0)

IF( A L. Daul) LB T8 227

IA(TIX,1Y)=LHP

8 T8 25y

IA({IXs1Y)=1HN

8 TG 25,

FIRMAT (11X 8A23=8.F0.6s Brs8AL3=H.FO46, B8X.PSLGN BF AI3 UNKNTANE)
GO T8 (2002702802490 )5L5

CrwxxxCALCULATE Af2sA32 REwION BY SUN SENSUR INFORMATION

260

27

283y

204

30U

ANGLF=AL+FL

CALL ELIPS{SNFs+CSFs ANGLLFs AGsBUFAsFYsX2sY251X517)
G3 T 300

CALL PBINT(ALSS5HsX2,Y25s1Xx51Y!}

G& 16 30

IX=Ix8B

I1Y=1Y}i

Y2=7Y1

x2=%52

GO T6 30U

Y2=Sh«X1+5L

IYSY2*25+426.5

X2=X1

IX=1IX1

JEC{IXalTaue BROIXeGI485) B8R UIXJLTa0. ORLIYLGTLS52)) 6 13 360
Ig(IX,1IY)=1H=

Cododewwx

310

329

330

349
350

IR T X

C
360

G TO(310a31U»340s3401)5L5

A2=(S2-X2*9i-Y2x8X)/SY

PRINT 32uUsX2sY2sA2

FORMATLX-BA32=8:F 0.6 BXaBAI2=8.F0.6,8XaBA22=8.F9,.64/)
IFC A2 LL1e Jeul LG 18 330

IB{EXs1Y)=1nP

Ga T8 36u

IBOIX, EY)=1HN

G§ To 36u

PRINT 353,X2,Y2
FARMAT(1X,BA32=.§2F 0.6, 1UXBALZ=H,F 0.6, 9XASILN BF A22 UNKNOwNE)

INFBRMATION FROM cARTH SENSOR GNLY
1F(GA NE. 0.0} Gb TH 379

NS=1

8 T4 380

No=2

PLUT THE CLclLESTIAL SFHERE.
TACLXLDYL)=EH*

I(IX 1Y )=1H+

68 TO ( 3GJsd410})sNS

IF GAMA IS ZERJs IHE REGION I3 A SITRAIGHT LINcs A23=CC
PLBT THIS LINE

1X=1X%C

IFUIY1.6T.1YMIud T6 470

FY=1Y1

X=CC
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Y=Y1
PRINT a4ygQsXsY
40y FORMATI(SUX»BA23=HsF9.6s BXsBAL3=HsFTe626XsPS16N UF A33 UNKNGWNE)

GG T8 430
Cohdowxkx
c IF IT IS5 ANOTHER ELLIPSE (8Y EARTH SENSOR INFURMATION)
c CALCULATE THE CBORDINATES 8F ThHIS eLLIPSE

412 CALL ELIPS(G.0-1.02ALs AE+BEsCE (. 0sXe Yo IXa1Y)
AZ3=(CC=X=CNIG} /SNG
PRINT 42us XsYaAZ3
42y FORMAT(6S5XsPA23=8>F 0.6+ BXsBALI=BsF0.6-6XsBA3S=85F9.6)
430 IFU{IXelTae GR,IXeGTa85)atiRa 1Y LTaUs IRLEY BT 521060 TG 470
TALIXs[Y)=1HI
IF(GALEYL.R.0} Lo T8 470
TF{LP.EY,Q) GO TEB 45y
IF(AZ3. B8 .0) 68 To 440
GG T8 472
44y TALIXsIY)I=inH,
GG TO 474
JACIXsIY)=1H=
8 T8 479
AR TALIXsIY)=1H+
Ckow xR
474 AlL=AL+{AL
RP=1
CALL POINTIALRPaX1aYlolX1alY1)
IF(AL.GT o6+3) G8 T8 480
IF(ISUNL.EW.O } w8 T8 389
G8 v (170-,180.140»150)-15
485 IF(ISUN.Ew.U) GO T8 370
JE{IS_Ne.i) so T 49y
IX={=EX+1)%42+1.5
I¥==EY*25+26.5
TA(IXsIY)I=1He
49 IF(LS.NE.1) B8 T8 590
IA=2{~FX+3)1*%42+1.9
IY==FY%295426.5
JBliXalY)=siHF
503 PRINT ®iy
S0 FE8RMAT(31HL)
PRINT S2U:13UN.CF1:CJ.2:EAL.-F_E:I
50U FORMAT(LX.BISUN=H, 12,8, ALFA=S.F8.3.4 DEG, BelA=H,Fb.3-% uct, AL=8
1aFB.3afUELs CL=8-F3.3-8 UEG. P FURHAZ2{OR+ASS)IsN FOR=-A22I0K~AS3 )
530 DY 550 J=is52
PRINT S4s (IB{IsJS)sl=93ais=1)
45 FORMAT{Z2U00r2130A1L)
5875 CONTINUE
PRINT 56J.1DAY-111IM
5562 FSRMﬁTloaX:ﬂ;Alz-}#.BS){,I4,$. ﬁ:[ﬁsﬁ')
iF{LP .LE. 3) G3 T8 a9y
68 T8 5y,
8573 PRINT 51y
PRINT 580
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http:170180.14
http:IF(LP.Eu.0J

OOoOCcoOoOo0n

COOCO0O0

58u FBRMAT(lX,ﬁNﬁ SUN SENSUR INFERMATUBN.ND PLGT FOR A12,A32$J
5945 PRINT $1iQ
IF(LP.eT.8) O IO A1V
PRINT 6uyusGADsCCsREML
604 FORMAT{1X-B8CANASYsF 0.2, 8 UEGs C23=8sF7.4-% ROM=$sF723s8 LEGS 1IF
1GAMA NBT gs» + FIR +A33a~ FUR =A3Y5 IF GaMA=J,1 FOR B3THY)
G3 T8 6564a
cld G TG (o2Q0s040).LP
&2y PRIN] 65u,t=AU.CC
630 FORMAT(LX-B6AMA=gd-Fn.2,8 0B
11 FBR -~ A33 IF wAmMA NOT pi Wk
G8 TO e6u
659 FBRMAT(1XJ$GA|"'A=$,F602J€ DE‘:’ Rﬁ”=180 DEL’9023>9‘,F6-33$, - FUI{ +A3S
11 FBR <A33 IF GAMA NUT 2 WHEN GAMA=(, I FUR ciTHERE)
660 N6 670 J=1s52
PRINT B4Ga(18(14J)2158usla=1)
670 CONTINUE
PRINT 68gs10AY,ITIHN
580 FORMATIG4XFALI+H535%X21408s Holbar)
695 RETURN
END
SUBRBUTINE TEST(TXsaTYs>TZsJ5)

s RUM=Uuas C23<HaFo.3-8- . 5 FOR +a3%
N BAMA=0, 1 lo FBR EIThErS®)

CBNDITION FBR ELLIPSts CIRCLEs O8R STRAIGHT LINE 1IN PEUT
(1) WHEN JS =1. IT 1S AN cLLIPSE
(2) WHEnN Jdb=2, IT I$ A CIRCLE
(31 wREN JS =34 IT IS & STRALuHT LINE PARaALLEL U Y AXL>
{4} WHEN Jb=ays IT 185 A STRALGHY LINC WiIH SLHBPE =~ TY/[X.

A1Z=A85 (IZ)
IF(ATZ.NC.ULS) 30 TB 29
JEF(TRaNE.J.u) =} T8 o
J§=3
g fo¢ 4G

1o J5=4
L8 T8 4g

20 IF (ATZ.EW.])Y G3 TG 30
Js=1
G2 16 4du

I Js5=2

41, RETURN
FEND
SUSRBUTINE ELIPS(oNUCSU»ANGULsAsBsCXaCYs Xt Yo IXa LY

CALCULATE Thi CI8RDINATED 8F ELLIPSE.

A AND B ARE TA£ HALF LENGIn OF MAJOR ANp MINGR AXIs

ANGL REZPRESENTS CURRENT PRLAK ANGLLE

{CXsCY) REPRESENTS THE CLemTER 8F ELLIPSE

(XEs»YE)AKE CURREMN] PUOINT RePRESENTED AS {IXsIY) FUR PLUT

SAN=SINIANGL)

Can=COBS{ANGL)
XEX=AxCAN
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o000

YEY=B*5AN

AP=XEX*CSU=YEY=SNU
YP=XEX®*SNU+YEY*CSU

XE=XP~=CX

YE=YP=CY

IX={XE+11*42+1.3

IYSYE*25+42€5

RETURN

END

SUBROUTINE PUINT(AL>RP>XsYs1XaiY)

al REPRESENTS POLAR ANGLE
{XsY) REPRESENIS CLURRENI PulInT 8F & CLRCLE.
RR REPRESENTS RALIUS

SNL=SIN({AL)
CSL=Ca3 (AL}
X=KP*C5L
Y=EP*SAL
IX=(X+1)xd2+1 .5
IY=¥=25+26.5
RETURN

END
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| APPENDIX C  SaMPLE OF OUTTUT

P

DAY = 257, HRe 234 HiN= 51, SEC= 48, NRBI1T= K% 4 Hx 2671008

[JESERNT Y T Y

EARTH SENSOR INFORMATION GIVES! :

GAMALIN DEGREF)Y=-23,570000, ET(EN DFGREE)=x =5,050000, ROM{IN DEGHREE)= 56,000000

*ep OGN NLO g

+ ]

[SUN=_ 2, SUN SENSOR_INFORDATION GIVESS

AZINMUTHE =43,00000_ . DEG, ELEVAYION® =~39,90000.. DEGa.

S1l= +623941,

SRln wab21la%b,  S3In web818234, ALFA(UIN REGREF)a 95,080000, PETALIN DEGREE)= 1185000

JHE DIRFCTION COSINES OF SUN LINE WoRaTe SPACECRAFT AXpS. ARE S 27AZE6T s 1 080153 0. 219458232

—THE DIRECTION COSINES.OF _SUN LINE WR T GEQCENTRIC AXIS)  =.99585902,  »N20680&67, £ 08852740

LI X AL E XL LN -

BHOON SR ERT S

——Al3tl)= ~s0R797AN,  A23UL1)e = H2T74B0%,  AZ3(1)m =,8995,448

— AL3(2)m 408797894, A23(2)= 236844860, A33L2)=_ 22542572

ROLL ANGLE JHil)z «2B,325600 DEG,, PITCH ANGLE TE{])u 174 _414370EG.

—ROLL ANGLE TH(2)m 21061997 DEG.»PIYCH ANGLE TEL2)3 =5,430420EG

Ao ROOMOD g

AL LL XA R LAY

e DEVIATION 1IN A33,  _DALALI)= __WD1738, DALI(2)= _.01738
DEVIATION IN A23, DA23t1)m 01506, DAR23({2}a 01549

DEVIATION IN A33, DA33{i)z 00729, DA33(Z)n 004832
I I LY

SEPRBeRBOey

DIRECTION COSINES OF LOCAL VERTICAL ARE: +0B7978%94 v ABHEBA0 +92547572 '
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Al3(2)s  «NB797894 _ _A23(2)a _+348488610 A33{21=

AlLlI2)m 4986956566 A21(2)n =.0R451465 A3l(2)=~

292547522

el 2072749

Al212)m 00790463 A22(2)=. 92438405 A32(2)=

3677395 |

ROLL ANGLE TH(Z2)= 21461997 DEG+,PITCH ANGLE TE(2)w

~5,43042 DEGe,

YAW ANGLE PH(2)~=

e iB8524 DEGo

2 A AL L L)

[ E IS I L ALY

STANDARD DEVIATION OF A12,432 ARE,DAl2(2)a

01936,

DAS2;2)n

0915313
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—  ERROR ELLIPSE OF A23,A13: GUNTER AT A23w ,15R%%, Atde DB798s AXLIS PARALLEL FO0 A2i= 404647, AXFS PARALLEL TQ Alde 06213
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—e— ERROR ELLIPSE OF A32,A12% CENTER AY AdZx =, 34778, Al2x 00790y AXIS_ PARALLEL TO A320 o0HL9%, AXIS PARALLEL JO AiZm  »Uufn?
4 L *

. -
. ] » e
- - & L [ ]
» L »
[
. L L
- & -
8 . — - o
- .
[ [ (]
Py T
. o [
+ ]
@ L]
- - | ]
>
* [ []
13
A [
. ] L]
[
L © a
[
. “ .
¢ RRHR
AJZ+ + & 4 ¢ o & & 0 0 0 B0 ¢ & ¢ &8 @ 4, & ¢ ¢ 0 ¢ 0 8 0 0 ¢ HR6Ro o0 o ¢ ¢ © & ¢ @& ¢ & o
— . R KR
° “ RR ©
-
L) o °
]
L} * L]
[}
L]
[ e - )
- " ad
- . ¢
° ®
h - . . )
L °» &
o s
) [} 0
*
. * © [
b - [) [ [
[ ] L}
T : 3
@ L] [
- F) » [] [} °
& L} L)
Tm—— " . ¢ . s« o
-7 [
AL2é 257, 236148

]
} B3




LA L LR LR

NG,

1

DATE
257 .00
257 =00
257 .00
257.00

257 .00

LA R L AR RS X X4

HR .
23.40
2300
23.00
23.00

23.00

4990
5100
54.00
56.00

S58.00

84

SEC
1000
48.00

6.00
17 .u0

12.u0

esvee SUMMARY OF RUNS FOR BRBIT NO.

oRBIT
556400
556400

586.00

556,00

556.0U

GAMA
~22.82
=23.57
-22,82
~20.59

—18.36

REGMD

Sded(
56.00
57.60
56.00

57«60

THI
«00
«00
.00
-22.29

“18.72

556 .00 ..

THETA
=00
-0U
-00

174.54

175.53

PHI
=00
=00
<00
«00

=00

THI
=25,96
21.62
22.114
18.73

17«90

THETA
~$76.34
5,43
722
-5.33

-4, 45

FH1
~2:37
2.4/
J.32
«00

«00



