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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 

six 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 into a circular orbit. 

The Delta PAC control system contains one gimballed fly-wheel scanner with 

electronic damping that actively controls one axis and passively controls the 

other two axes. The spacecraft is therefore stabilized about all three axes. The 

mission objectives of this spacecraft is to test the earth stabilized control sys­

tem for future spacecraft applications. The evaluation of the behavior of this 

spacecraft and the flight performance 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: 
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(1) 	 Formulation of-attitude determination equations: An approach is developed 

in 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 determination of orientation of Delta PAC caused by 

errors of the measurement quantities is also explored. 

Coordinate Axes Definitions
 

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

(1) 	 First Reference Axes.-The first coordinate system X. , , Z has center 

at the spacecraft's noon position where 

X. 	axis is along the spacecraft's velocity vector. 

Z. axis is along the negative sun line vector.
 

Y axis is determined by
 

Y =ZS X 

(2) 	 Second Reference Axes.-The second coordinate system X0 , Yo ' Zo has the 

same center as the first coordinate system with 

=
Xo s
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=Y0 	 normal to the orbit plane 

z° 	 = the vector pointing downward toward the local vertical. 

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

at the instantaneous location of the spacecraft with
 

R = spacecraft's velocity vector
 

v=yo 

= the downward local vertical 

(4) 	 The Spacecraft Body Axes.-The spacecraft body coordinate system x, y, z 

is a set of right handed mutually orthogonal axes fixed in the spacecraft 

with their origin at the center of mass. It is 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) is aligned with the normal to the orbit 

plane, thus causing the roll axis (x) to align with the spacecraft's velocity 

vector. Any attitude error is detected by a control subsystem which con­

sists 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. andyis900 + 
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(c) The angle between g. and x is IW+ i 
C 

(d) The angle between e, and z is 90+ 7
 

The nominal constant e. and 1) are:
 

l =0, e = 120' , 3 :240' 

= 1)3 = 26'711 

e3 X 

2)? 

/ 

Figure 1 Sun Sensor Zenith Axes el, e2, e3 

The Reference Axes Transformation Equations 

If 

= the angle between 2o and Z 

6= the angle between orbit plane and the earth-sun line with positive 

sign when the sun is above the X0 - Z0 plane (see Figure 2), the relationship 

between the first three reference axes can be expressed as 
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x 

Figure 2. The orbital Reference Axes 
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Let S be the sun line vector, the components of S in each of three reference 

coordinate systems can therefore be determined. It is obvious that 

-=o - + -4 

S =0 )CxS+ 0 - S . z 

in the X8 , Y8, Z, system, and 

s= in ,V0 - cos 8 

in the X0 , YO, Z0 system. 

Since the unit sun line vector has the coordinate (0,0,-1) in the X, Y , Z Sys­

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

are: 

S1 -sin a cos6 

IS] o $2I sin8.(T2) 

S --cos a cos 8 

Therefore 

S sina cos 8-X + sinf'Y- cos atcos 8%Z (T3) 

and
 

S.Z=-cos a cos /=S 3 (T4) 

If 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 if a 
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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 

Let S., Sy, S. be the components of the sun line vector S in the body axes sys­

tem. Then 

S=S ,+S +S i (Si) 

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

The body axes x, y, z can be aligned with the sun sensor axes e, 1 , g, by the 

sequence of three rotations: a first rotation R, (900 + { ) about axis z through 

an angle 90' + 6 , a second rotation R (-q) about displaced y axis through an 

angle , and a third rotation R. (-900) about displaced x axis through an angle 

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

form. 

e, 

f0 RX(-90 ) R (-7,) R (90 + (S2) 

S0 COS 1 0 - - sins COS 

0 1 0tsin 0 COSc0 0 

7 

1 



ei 

y 

g, 

z 

Figure 3 Sensor Frame System e, 

- CoS 7. sin Cos 71 CoS 
ILsn7; sin i - sin 7, cos 

- Cos C1 - sin !f, 

In simple notation, that is 

flg1 

- sin 7, 

-cos 

0 

-

, 

(S3) 
(53) 

i =[D] V] (S4) 

Where 

[D] =R (-90) R (7.) R. (90' + 
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Since [DI is an orthogonal transformation matrix, therefore 

- COs 97 sin sin , sin - cos 

- c71 (S5) 

--sin -oCOS 71 0 _ 

ED] ' = [D] = cos Cos - sin 71 cos -sin 

and 

[D]-' T [D - ' ED] 

or 

x el - cos 71 sin sin 77 s in 6. - cos e 

y=[D]T = Cos Cos -sin7c oss4 - sin (S6) 

2 _g1 - sin 71 -Co s 17 0 gi 

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 3 which define two planes, 

each containing the sun (Figure 4). The intersection of these two planes de­

termines the sun-line. 

Let Sh , S21 and S3 . be the direction cosines of sun-line OS with respect to the 

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

S=Sl +S2i f +s 31 91 (S7) 
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s~i
V/ 

gi 

f / 

Figure 4 Sun line in e, f g, system 

Since: 

Tanct =S 3/1 I (S8) 

Tan8 =$/ 

and
 

S2 +S S 2 

giving 

S1, =1/ Y1 +Tan2 a + Tan2/6 

$2. = Tan P3.! 7 1 + Tan2 a + Tan 2 /3 (89) 

S3 1=Tana / 1+Tan
2 ± Tan2 /3 
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Using equation (7) and equation (83) or equation (S6) and equation (S7), the 

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

S - cos 7, sin 6, sin 77, sin -cos St
 

SY COS cos - m cs i (S10)
O 7, C - sin 77. cos { sin e, S21 SO 

_S_ - sin 77, -Cos -q, 0 -si 

In terms of own quantities, equation ($10) becomes 

Sx] - cos 7,sin sin 7,sin sin I 
= ,~ = COS 71, COS in n7, cos {,-sin itan 6 

,flC + tan2 a + tan2 6,_S _- sin 7, -Cos 77, 0 tan a 

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

equations. 

The Earth Sensor Equations 

Since the local vertical Z in the orbital axes system has components 

[Z] 0 = (El) 

the same vector Z in the body axes system can be written as 

Z= a13 + 23 Y + 33 
I I (E2) 
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Here the components 

[Z]b = a2] (E3) 

a j3 
are to be determined by the measured quantities obtained from the earthsensor. 

For Delta PAC there is one earth sensor, which is a horizon scanner. The 

scanner is mounted on a gnnbaled platform which rotates about the spacecraft 

roll axes (x). Eddy currents induced by the motion of the gimbal wiih respect to 

the spacecraft provide the means for damping the spacecraft roll-yaw motion. 

The scanner cone axis (Yw) coincides with body pitch axis (y) when the gimbal 

angle y is zero (see Figure 5). The range of V' is: -30o - < 300. 

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 2p is 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 para-meter C23 be calculated first, where 

C23 =the scalar product of two unit vectors which represent the scan cone 

axis YW and the local vertical 7. 

The equation expressing the relationship between the variable C23 and the earth 

pulse half width p are presented as follows: 
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ROLL fXAXISV.V. 
AX )A EDDY CURRENT DAMPER 

MOMENTUM WHEEL--

PITCH AXIS (Y) 

GIMBAL MOUNT 

Figure 5 The Horizon Scanner 

with 

o-

m 

Csp=Cos m~e - C23 COS 0_co coa C2=cs 
/-- C23s_ -

2sin a 

= the apex half-angle of the cone 

= one-half the angle subtended by the earth. 

E4(E4) 

The valve of a is calculated from: 

Sm a R 
R +h 
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NJ 

Cx 

I 
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eR 

Figure 6. The Scanner Geometry 

where 

R = the earthts radius 

h = the orbital altitude 

The earth pulse half width p is in the range (0, 180). If the scanner does not 

see the earth, p is then zero and the variable C23 is less than cos (a. + o-). If 

the scan cone is completely on the earth, p is 1800 and C23 is larger than cos 

(a e - cy). The variable C23 is computed from equation (E4) only when p lies 

between 0* and 1800. In this case, the result of derivation gives: 

cos a cos o- ±cos p sino- sin 2 a - sin2 a-sin2 

I - s- 2 o' sm 2 p 
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Based on the fact that C23 and cos p vary inversely, it can be shown that the 

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

2 2cos a cos a - cos p s in c- sin a, - sin 2 cr s( p) 
21 - sin2 o-sn p 

for 0 <p < 180 

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

YW = cos y- + sm -Y 

where -/ is the gimbal angle. Therefore 

Ca 23 cos y+ a33 sin Y (E7) 

or 

a 3 sin y=C 2 3 - a 2 3 cos" (ES) 

Suppose that a unit vector Z is defined such that in conjunction with = 

(spacecraft roll axis) and the scanner cone axis Yw, a right handed orthogonal 

coordinate system is formed. Then 

2W x V. si Y + cos 7/2­

giving 

Z =a~3 3 cosy-a 23 siny 

and 

- Z -. xa,ZX =Zx"=Z 1 3 

15
 



Define the pitch computed angle O. measured about the scanner axis Yw as 

follows 

tan z x - a1 3  (E9) 
S a33 cos -a 2 3 siny 

w 

This implies 

sin s - a 13 * V 

and 

cos 6 s = (a 3 3 cos- a 23 sm -y) •V 

The variable V, after use of: 

2sin2 0 +cos 5 =1 

and equation (E7) gives: 

Hence, 

a1 3 =±A - C sin 6
23 

and 

C2 
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Solving equation (E7) and equation (El0), gives: 

a23 -C cos + -2 sm -/Cos 02 3 

a33 C23 sin y?' - Ct cos -7cos s 

In addition to providing a measure of the angle p, the earth pulse is used to ob­

tain 6 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 pulse with the center of the earth pulse, a 

measure of the angle &S is obtamedo For 1800 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 0'. If these conditions are 

not met, the exact relation is summarized mathematically by the following 

equation: 

e = (sign 0.) Mm {IO o1, 11800 - 1, p, 1800 - p, E} (E12) 

where 

E = 45 is the electronic saturation angle 

e = telementered scanner pitch signal. 
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The plot of e vs. 0s is shown in Figure 7. 

e 

Figure 7 The Error Signal e 

For convenience, a new variable, e., is defined and equal to: 

e, = Min (p, 180- p, E) (El3) 

Accordingly, the case: 

Eel Ze. 

and 

lelI =e. 

are to be discussed. 

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

=e 

or 

° = ± (18o - eI) (E14) 
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Care must be taken to consider all these possible cases. Four sets of equations 

are thus obtained to represent [ZI b . They are 

ai] V EC sin e 

a = C 2 3 cosy/+v1-C 3 sinycos e 

a13 -C32 ne 
Lan sin y -/-c3 cog 7 cog e 

a23 = C23 cos + / - C2- sin y cos e 

a., C2. sin- y-/1-C? 3 cos "ycos e 

13 233
Fal's v/-C2 a sin e 

1 1a23 = C23 cosy9 -/1q- C2 3sn o 
223 

C2 3 siny+ -C723cos-y cose 

13sy 21 si e ~ sncs 

C 2a23 - sn 

a3 :3 slfl + A - C 3 cos 7 Cos e 

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

note that 

IS -Z10 osa cos/8 

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

coordinate axis system is used, therefore 

IS" 21b = S. a13 +Sy a 23 +-S. a3 3 =-cos CLcos/1 (El6) 
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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 tplexdtered 

error signal e fails to have a definite value and equation (E14) is no lqnger use­

ful m determining 6. . However it is still possible to find [Z ]b by maki' use 

of p and [ S The parameter C23 determined from p in equation (E6) is the 

cosine of the angle between the sensor cone axis Yw and the local vertical Z. 

Thus the local vertical must be on a cone with axis Yw. The cosine of the angle 

between Z and S is -cos a cos /3 and thus Z must lie on a cone with axis S. The 

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

equation (El6) withequation (E7) to obtain a23 and a3 in terms of a13 This 

gives 

-sin y (cos a cos 83 + S a13) - C2 3 Sz 

SY sin 7S cos" 

.(El?) 
cos -/ (cos a cos /3 + Sx a1 3) + C23 S 

a33 = Sy sin y- S Cos y/ 
y z 

Assuming, of course, that: 

Sy sin -S cosy O 

If both equations in (E17) are squared and are substituted in the following: 

2 - 2 (ElS)
2+ a33  13 
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a quadratic equation of a13 is obtained. That is, 

Ea3 +Fa 1 3 G=0 (El9) 

where 

E = S2 + (S sin y - S cos )2 

F= 2S. (cos acos 3+C 2 3 (S sin-y+-Sy cos 0) 

and 

G=-( sin y - Sz COS y) 2 + 2 C23 cos acos /3 (S z siny+S cosy) 

+cos aco 2 (SC23+C2 +S2 ) 

Solutions of the resulting equation for a13 are then substituted in equation (E17) 

to obtain a2 3 and a3 . 

Incase when 

y//0 

Sy sim -S z cos "y=0 

that is, when the sun is in the X, V, plane, then the above expression (E17) can 

not be used. Since 

S SSy a3 + S. a., 

cos 7 sin a 23 cos + a 3 3 siny 

or
 

Sy =-COS a cos f- X al (130
 
Cos y C23(E20)
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Consequently the following equations apply 

-cos a cos )6 cos rY- Sy C23 a13 S . Cos "7 

a23 =C 23 cos y±tan,Y (E21) 

23 in-y (jC 23)52 cos 2 y (COS aCO c ,8osy+SYC-)/Sa33 =c 23 s ¢1 ,3) - os o.,i( 2 xoo o/ y 2Sfc>' 

which apply except where S = 0 that is when the sun lies on the sensor cone 

axis. Note thatif 6 can not be determined, then in general two solutions are 

obtained, from whch selection of the correct solution can not be made without 

additional information. 

The Attitude Determination Equations 

At this point the direction cosines of the local vertical and the sun line 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: 

= All X + A1 2 Y + A13 Z
 

=-A21 X+ 22 Y + A23 Z (Al)
 

7 = A31 X + A32 Y + A Z
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The coefficient A., (i, j=1, 2, 3) in equation (Al) defines a matrix 

A3 A2 Ai 

[A] = A21 A22 A23 (A2) 

A31 A32 A33
 

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

form, may be transformed into x, y, z system by the application of the matrix 

[A]. That is 

VX I 

V= [A] VJ (A3) 

where
 

[Vv, and [V)0 VK 
are the components of V in the body axes system and in the orbital axes system 

respectively. 

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

and [Z]0 are known and that [ S] b and [Z ]b have been determined. By defining 

Z x S (A4) 
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the column matrix [F]o and F]b can be obtained 

CF] 0 = F 2 ] = S (A5) 

F -Sz 3- Sy a33 

[F]b = LF = S a33 - S, a3 () 

SFz Sy a,, -S x a.3 

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

a2 [A] 0 (A7) 

a.3 I 

S[ =[A] S2 (AS) 

SZ-Ss3 

and 

F B [A] F2 (AS) 

Combining these three column matrix equations into a single square matrix 

equation, yields 
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*a13 SX FX 0 SI F1 

*23 'S y Fy --[A] 0 S2, F2 (Al0) 

a33 Sz Fz 1 S3 F3 

It may be written in this simple notation 

[B] = LA] [Q] (All) 

Where 

0S1 F1 0 S1 -S2 

[Q3 = K 2 F2 0 Sh2 SE (A12) 

I 83 F3 1S 3 0 

and 

a13  SX F, a3 S S, a23 -S.a332 

[B] = a. 3 Sy F = a1 3  S S a3 3 -S% a13 (A13) 

a33 Sz Fz a23 S. Sy a, 3 -S X a2 

The determinant of [QI is 

S2I+S2de t [Q] = +s 
1 2 (A14) 

I _-S 2 

3 

ifS3 / ±, then 

IQI 3iO 

The matrix [Q] is non-singular and possesses an inverse [Q] -1 where 
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-S1 S 
 -S 2 S3 ' 3
 

(AIS)A = o 
S S2-

­

_2 S1 0
 

By multiplying the Matrix equation (A12) with [Q] -, gives 

[B] [Q]-1 = [A] [QI [Q]-' 

[A] = [B] [Q]IV (A16) 

Therefore 

All A12 A 1 3 I(S,-aI S 3 )-S 2 Fx (S.-a S3 )+SFx (1-S2)3 S 2 a 1 3 

A22 f-2S a23S3) 2F: S2 (SY-a 23 S3)SF a23
A23  


A31 A32 A33j, (S, - a53 S 3 ) - S 2 F z S 2 (S z - 3 3 S 3 ) + S,F a3 3 (1-S) 

(-A17) 

This directly indicates: 

A1 1 - (SI (S, - a1 3 S.) - S2 (S. a 2 3 - SY a 3 3 )) (Al8) 
1 ­

3 

A 12=S S2 S , 3) + S1 (Sz a2 Sy a33")) (A19)A12 - S S - a13 S( 2 a23  (AS
 

A13 = a1 3  (A20) 

21 1 (S( )s -% (A21)~3 2 

A21 - (SI (Sy - 23 - ,a 33 - a,,))


I - S2 

1 S3 ) + Sl (S. a3 3 - S. a13) ) (A22) 

A23 = a 2 3  (?3) 
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A31 - (SI (S. - a3 3 $3) - S2 (S a 1 3 - S a 2 3 )) (A24) 
1 - S 

3 

A-32 = 1 I (S 2 (S2 a3 3 S3) + S1 (SY a13 -S x a23 )) (A5)1 - S2 S 

A33 = a33(A26) 

Euler Angle Transformations 

Any attitude errors of the body axes relative to the desired orientation (that is, 

any deviation of the x, y, z, axes from the X, Y, Z axes) can be represented by 

Euler angle rotations: yaw angle %baround the Z axis, roll angle 0' about the 

displaced X axis, and pitch angle 0 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 Ls 

cosR 1 sn 0
 

Rz ( = -sin cos 0 

0 0 1 

o o 

R xJ l0 cos4' sin21 

0 - sin q cos
 

cos 0 0 - sin 8-­

RY(0) 0 1 0 

sin 8 0 cos j 
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Given any vector V with components V , V2,V3 , in the Otbitalhaxes system, its 

components v, vY ,Y, in the body axes system are 

V( 

X VI 

cos 0 0 -sin e 1 0 0 cos 4 sin 0 V 

0 1 0 0 coso sino, -sinqb coso 

sin 0 0 cosO 0 - sin ¢ cos q 0 

cosOcos- in sinqsin cos~sintp+sinOsinocos -s-in~coso V1 

= -cos4'sinkP cos cosfq sinek V2 , 

sinecos0-cos sinqbsin sinesin#-cos6 sinocos -cos~cos V3, 

Comparing this equation with matrix equation (A3) gives 

cos6cos#-sin6sin95sin# cos6sin-+sin~sinocost, -sin~cosp. 

[A] =Kcosksin Cos cos€ sine ] 

sine cosp- cos L sinqsinqP sinO sinf-cos sin.cos P cos cos0 

The roll angle €,pitch angle 0, and yaw angle 0 can thus be derived. 

al =- sin 0 cos4 

a23 = sin 

a33 = Cos 0 cos k 
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and 

A2 1  sin 4' cos 

Thus 

4'sirnf1 (at1) 

= tan-' a13 

If the angle of q5 is limited to -90 '_< 90, then cos 4' is always positive and 

A21As in21 
2cos 9_A 

Therefore 

- A2 1 

x 
/ 

/ 

/X 

z-/ 

/ zz 

/ \
 

Atitude Error Representation Roll q Pitch , Yaw 'P 
Figure 8. 
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Presentation of SpeciaL Cases 

Several cases are,pres.ented in this report to illustrate the conditions in which 

the earth sensor br th6 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-,T 

sentation of the curves-related a1 3 , a23 and a3 3 on a unity sphere which is de­

fined as a sphere m ai'3, a23 , a3 3 space of unit radius and fixed to the ,spacecraft 

axis system with center at the origin. Since 

+ + a 1 

or 

=2 i - 3 aa2 (DI) 

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 vertical 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 a1 3 , a2, plane for 

positive and negative a3 3 . 

(A) Case 1 

First, a worst case is considered if the spacecraft is in the earth's shadow and 

if the earth sensor doesn't cut the earth. Evidently, the local vertical and the 

sun-line cannot 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 -y changes. If the equation (E8) 
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and the equation (DI) are combined to eliminate a33, after some algebraic re­

arrangement, the result gives: 

a23______C+3C0S- (D2) 

for 

Y5e0 

Equation (D2) represents an ellipse within the a,. versus a2 3 plane unity 

circles with center at E(C23 cos y, 0), with major axis 1/2 /1 C23 and 

minor axis 1/2 /- - 02 sin -. There are two possible sets of curves: 
23 

(Aa) 	When the scan cone does not cut earth, p = 0 and23 < cos (ae +a) 

then 

(a 23- C23COS a1 3 o) 3 

in (a e + 0a) sin Sin (a + or) 

(Ab) When the entire scan cone intersects the earth, i.e., p = 180 and 

>23 	 cos (a. - ), then: 

2C3 S"7Y~\+( a3 >1(D)4) 

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

jections of region on the a23 - a1 3 plane indicated by equation (D) and equation 

(D4). 
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Figure 9. Projection of Error Region in a23 - a 13 

plane' when p 0, "yL 0 

a13 

Figure 10. Projection of Error Region in a23 -C1 2 3
 

plane when p= 180, y 3 0
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If y = 0, equation (E8) becomes: 

a23 = S(D5) 

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 

a23 < cos (ae + a) (D6) 

when 

p = 180 

then 

a23 > cos (aLe - a) (D7) 

023 

Figure 11 Error Region in o2 3 -al3plane when p=O, y=0 
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a23
 

Figure 12. Error Region in a23 -a13 plane when p=180, y O 

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 sunhgit, 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 (Dl) and 

equation (E16) are useful for specifying this curve. Rewrite equation (E16) 

gives 8 



S. a3 3 = S 3 - Sx a 1 3 - Sy a2 3  (D7) 

If S, 0, equation (D) represents a straight line in a23 -a 1 3 plane. 

If SZ 0, combining equation (Dl) and equation (D7) to remove the a33 term, 

yields: 

(D8) 
2 S 2(S 2 + S2) a2 3 + 2 S S a3 a2 3 +(S +S 2 ) a2 3 - 2 S 3 (S. a,3 + S a 2 3 )= 

This is the general form of an ellipse with the center at C (S S , S S ). If the 

origin is translated to the center of elhpse, the two first degree terms of equa­

tion (D8) can,be removed. Then rotate the axes through an angle k (k 90) where 

2S SYtan 2=-
S2 - S 2 

y x 

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

the foci on the new a13 axis with semi-axes - and S 1 - 2 

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

necessary.
 

When both Sx and S are zero, Equation (DS) represents a circle of radius 

,ri TT2, a point, if S3 = 1. 

Within the a 13 - a 13 plane, the projection of the curves defined by equation (D7) 

and (Dl) to represent the direction cosines of the body axes with respect to the 

local vertical also must satisfy the condition mentioned in section (A) Case 1. 
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Hence the portion of the,projection presented graphically on the a - a plane 

23 13 

within the region described in the previous section (A) accordmg'to p = 0 or 

p = 180 is all that can be obtained to meet the required conditions. 

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

orbital Y axis (A12 , A 22 , A3 2 ). Obviously, it is a curve which lies on the 'sur­

face of the A 12 (i = 1, 2, 3) direction unity sphere since 

(D9)
A22 +A 22 +A32 =1 

The projection of this curve on the A32 - A12 plane is given for both A22 > 0 

and A 22 < 0.
 

Using equation (T3) to form the scalar product S.Y, yields: 

SY= sin , (DO) 

For convenience, the above equation is therefore written as: 

Sx A12 + Sy A22 + S A32 = sin/8 (DII) 

If S = 0, then equation (DlI) defines a straight line on the A - A plane
Y32 12 

assuming S # 0 and solving the equation (Dli) for A 2 , gives: 

A22 = sin,8 - S× A12 - S. A32 (DI2) 

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

(S2 + S2)A2 +2S S A2 A12 + (S2 + S2) A2 2 2 sinfiA32 (Di3)
 

-2 SSinA S 2 -sin 2 82 S.sinA121 2 
= S-sn
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It can be seen easily that the above equation represents a circle of Sy = 1. How­

ever, if S is neither equal to 0 nor equal to 1, (D13) is the general equation of 

an ellipse of which the axes of symmetry are: 

a3 2  S. sin 8 

a = SX sin/3 

and the center of symmetry is (S. sin3, S sin 63). Like equation (DS) by a 

proper translation of the axes to remove the a32 term and the a12 term and 

then by a rotation of the axes with a chosen angle K)for the removal of the a32 

a 12 term where 

2SS 
tan 2 2'- x 2 

2S -

The equation (D13) is reduced to a standard form with the foci on the new a 12 ­

axis and with semi axes cos/3 and Sy Cos /3. 

From the above discussion, it is believed that the graphical techniques are use­

ful to solve the algebraic system of relationships. This approach certainly 

limits the region from which the error of the attitudes of Delta PAC can be 

pictured. Such graphical representation can be plotted easily if a computer is 

used. A FORTRAN program subroutine plot is 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 into 'the earth's shadow, the informations from the earth sensor 

will indicate one of the following possibilities 

(A) 0 < p < 1800 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 indicate the possible Jocations 

of the local vertical which are represented by four sets of equations as shown 

in equations (E15). No selection can be made from these four sets of equations 

to represent the true local vertical because the information 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 < 1800 and e is saturated 

This one is similar to case 1 discussed previously. As before the information 

given by the earth sensor can only be used to obtain equation (D2) for -y # 0 and 

equation (D5) for -/ = 0. The only difference is that the variable C 23 in this case 

has a definite value instead of having limited range. Therefore if the curve which 

relates a 13 , a23 and a33 on the surface of the unit sphere is projected on the 

a23 - a1 3 plane, the projection expresses exactly the relationship between a23 

and a1 3. Clearly the projection is either an ellipse represented by 'equation (D2) 

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

It is a known fact that measurements are always accompanied by errors. 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 indirectly determine the PAC attitude 

contain errors but small ones. Because of these errors, the predicted attitudes 

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 a. and /3,which determine the direction 

cosines of the sun line with respect to the i th sensor syslem, the gimbal angle 

y, the half earth pulse p, and the telemetered pitch error e. The corresponding 

errors are defined by the symbols Aa, AB ,A), Ap and Ae which are assumed 

to have the standard deviation a. , o-,83 , o/ , a, and ore respectively. All 

measurement errors due to 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 a and 3 defined in the sun sensor section 

are not measured quantities. At any time their values will be determined by 

orbit calculation 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 interest 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 

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

1 _ (w -L-const 
2 (1 - 2) (\ /,)% /J 

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

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

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

(u-h.21) 2±= 2L (R2) 

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 (RI) or (112) is 

P = 1e - L  (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 two variables u and 

w depend upon their predicted values of h and k and their standard deviations of 

ca and o if r = 0. Therefore in considering the error ellipses of a23 and a 13 

and also of &32 and a 12 for delta PAC, the former can be defined either at O<p< 

186 and le I <e without sun sensor information, or at 0 < p <186T and I e = 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 not parallel. 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 

a23 and a13 are expected to be much less than 1. That is, the projection of the 

true local vertical in a 3 - a13 plane should stay well within a23 - a, unity circle. 

For this reason, the correlation coefficient of a 23 and S13 can be assumed to 

have the value of 0, and equation (R2) is used to obtain error ellipse for a23 and 

Similarly, equation (R2) can be applied to obtain the, error ellipse for a32 and 

a12 . For Delta PAC each of these ellipses are centered at the prediction point 

with the probability of 0.99 that a true point falls within it. The lengths of the 

semi-axes are equal to 3(o- a ), i = 2, 1 for the a - a13 ellipse and 3(o- aj2 

(j = 3, 1) for the a 32- - a1 2 ellipse where ca 13 , ca 23 , C-a3 2 , and cra1 2 are the 

standard deviations of a13' a 23 , a32 and a12 , respectively. 

If equations (S9) are differentiated with respect to a, and 8, the following equa­

tions are obtained: 
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-=-s 2 21 , s 3 21sec2 a 

sl_._1=_2''aec 
2± 

sec2 ,8 

a(R4) 

s21 

SL- 2 1 S 3 1 sec 2 ca 

S3 (1- S2 ) S seC2 L 

I 

-=al s2 sx soec 

By differentiating equations (IO) with respect to sj , s2, and s., respectively, 

yield 

's 

S11 

'a 

6S 21 
Sx 

= 

= 

- Cos 

sin 

7 
I 

77 

sin 
~ 

sint, 

S% ~-a = 
cos47
aCs 

o 

s 
Y -

S2L 
- sin 77 Cos 

(R5) 

D z=5 3z 

'aS, 
= 

DaS . 

- sin 

sin 

7 

7, 

S31 

42
 



Since S, S and S are functions of variables s , s and s where each 

variable is a function of the independent variables a. and 8, therefore: 

-a S a s-S 11 8 a 21 'a;s -as31 
a l ZS Bs 8 S 2 S 3 

(R6){S X S3 + COS b} Sj SeC2 a 

-a2X 'a.aj 11 . 2 aS. Z S, 
= s+ +. 

'a'- SI - a. Si7F
fl, Bst -/,sifl7) fl,}S 1 selB3 

= s. s21 - sin 77, sin 6.1 slh see' 8, 

A similar method is applied to calculate the derivatives of 

'aSy 'aSy B and -a-,a ' - ' - M a8d Sz 

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

2S
 

I 

S =- fsS s + sin 7} cS 6. se sec 2, (R7) 

3 21y 11a s 

z Sis21 se 2 a( 1 

- {S s + cs r2, s - seC2 p, (R) 

Consider the equation (E6) where C23 is a function of p only. The error of C23 

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

d C23 

A23 _n.Ap (R1li)
dp 
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The standard deviation of C 23 is given by 

I dC 3 I (R12) 

where a p is the standard deviation of p and 

3) p 

dp C23 sin c cos p - cos a- C 

dC23 2(I-C0sinasin (RI3) 

For Delta PAC, a = 450, thus, it can be shown that C23 cos p is less than 

1 C2 3 whenever 0 < p <180. The differentiation of equation (E6) with 

respect to p in order to obtain equation (112) is always possible. 

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

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

(A) o<p<180 and jej <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, 

a13 a 13 

Z)a I 'a 
a23 Z a23 0 (R14) 

a._ -=0 

' a23 Z a33 
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Evidently, the components of the local vertical depend only on the values of y, 

p, and e as shown in equation (E15). The standard deviation of a,13 a23 and a33 

can be expressed in terms of 	a7 , a and a as follows 

a 3 /p e 2 

(Ba2 2-a 3 2 Ba 2 

Ba \ ia \2 \Ba \ 

a'2 -a 2 +23 I 23j 	 _2 3 a 2 (fl2152
a33 -Y 	 / c'Bp,'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 is selected. The technique applied for the selection was mentioned before. 

The partial derivatives 

Bax3 a.3 Ba 3an d13 3( 1 = 1, 2, 3) 

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

set. 

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

earth sensor, tis implies 
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-aS 'a S S ­

'ay Bp Be 

3S 3S 3S
Y- Y- Y (R16) 

By -ap Bae 

By p Be 

Moreover, since $1, S2, and S3 depend only on the value of a and 8 whiIA'are 

assumed to contain no errors. It is obvious 

9 S1 _ S 2 _ BS 0 

'a Ba - Ba -o 
a L al 

-a ' S 'S 3 

. -5,-0 

= - = 0 (17)y7 -6Y'Y 

-- _- _ 0 

'a Be D e 

By the use of above equations the partial derivatives of A, 2 and A32 with respect 

to a1 l , , p and e are: 
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B6A 12 12 r3/ 

a ( aS ' S (a23 Ssas 

BA 12 _ { (S:) a-S:S a
BAS2 1(223 S s a(H ) 

7 1 - () t,--KT- )+ ' Q -- S "-
S2 S1 33B 

BA12 _ (+s(SI +(S ' 2 3 B- R18) 

1 (e z Be-e 

and BA 2 1 a/3 ( ! 2a335 

BS 'Ki-5A32  C_.iB/-S\I -S
A 2 a1 a23 Sy a3 
1

3


Ia( -)+Sata -5 S= (V9 
3 I 2 (S ) (SZ,.e,,. _7+_6_ 

s2B5, ,T_,s 
1YB~ 

BS _ {1(S) 7 + S1 (Sy e B) 
- -A2 -S 5 - a' 

Be 3 

'aA32  Ba33 ZBa BSa23 

A 1 
1 S2 )KsB~) 

2 2 2a~1 2 +3 2 a + S~ (S~ a 1 3 2 

12 1t -S 1) Kee,)e(R )(S (S3 

' AK3 a )A 2 a ; +' A 12' 2 

A12 2 ( BA 2 -6A1..
2 

BA 2 2(_ _ B2 aA23 _ + 1)Q2((A0)) 2 

12/ 2A 'G. e 


A 3 3 + aT ­
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(B) O<p<lS0 and Iei =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 < 180 and I-eI =e. 

- COSSx a1 3 +S y a23 + Sz a COSa ­

cos y a2 3 + sin a3 3 = C23  (R21) 

=1a2 3 +a2 3 a2+ 

In view of the above equations, it is apparent that the variables a13 , a23, and 

a33 axe now dependent on the values of S, S , and S. as well as y and p . 

Differentiating the equations (R21) with respect to S., S, Sz ,, and p respec­

tively and making use of the equations (Ri6) in addition to 

_-- - -0 
x -Y 


(R22)
 

C23 _C23 
'C23 

x y z
 

give the following five sets of equations 

S 'Ia 3 Sy ' +S Sa33 3 

'a s aS S1 

sn y__ =0 (R23) 

cos 71- - sin 7 -­

a3 a,, a23 33 0 

+ 23 3S + 33 's
 

x x X
 

a 1 3  
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s - al- + s 
X zy 

a 2 
Cos '7 --

-6 a2,+ S , L---
Y a

3'y 

- a3 
+ sin 7-"j'= 0 

a2 

(R24) 

a 
a1 3 
S 

+ 
-

a 2 3  
a23 S + 

3 
a 3 

a3 
a 

Ba1 3 "Baf23  " 3 3" 

Cos 

as Y a z 

Ba 23  

' 23 + sin y 

z 

Ba33 
Za3 

. 

= 0 

3 

(B5 

a13 
a 13
6Sz + 23 

23 
'aSz 

+ 
33 

a33 
"ZSz = 

a 3 + S - a23 + -3 

-6a2, 
Cos -/a 3 + sin 

-6a 3 
By a23 S33 

a ( 26) 

a 1 3 a2 3+ 33a = 0 

and 

Saa13 S B6a 23+Sa 3 
x'6p Yp Bp 

B "a2 3  a3 3  d C2 3 

Cos - -+Sy +I/ z -

p p dp 

a 

a6a13 
p 13- 23 

- a 23 
Z p 3 3 

a33 

-ap 
0 

where do 23 /d p is given in equation (R13). 
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S s S 
x yz 

0 cos- sin- y0 (R28) 

13 a 13 a 33 

then each set of equations (R23), (R24), (R25), (126), and (R27) can be sNolved to 

obtain the derivatives 

a- 2a3 and !L,(i=1, 2, 3.)3 x 3z-y 3')P 

Let 

P a23 sin y - a33 cos 

Then 

a1 3  8 13 P 

3S A 

-a 2 3  -a2 3 sin y 
S A (R29) 

x 

3a8a33 a2 3 Cosy 

g 1 Pa 2 3 

-aS A
 
y 

a23 aa13 a 23 sin 
(R0 

-as A
 
y 

a 33  a13 a 23 cosy 

0A 
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a13 a33 as. A 

a23 - a13 a33 sin y (R31) 

aS. A
 

a33 aa13 a33 cos y 

6szz A 

aa-1 3S=(a S-a S)P/A 
' - 23 z 33
 

-=(Saa 3 -S a P/A I (1132) 

a7'= (Sx a3 - a132 

. a3-S a P/Ax 

-a -/ --(Sy a13 - a23) 

and 

j- 23 y 33) - /pz 

a23- (S a -S 23 A 

a33S S d C21 
- S y a 13 23 

With the use of the equations (R29) to (R33) and the equations (116) to (11l0), the 

following partial derivatives can be evaluated. 

a13a 3 a,,3 .S x 'a a,13 -6 Sy a31 _3s
.%a 235 23aL + 239 ? a 23S " 

z 
- 3-+ - - 'as ' 

(R34)
2 

-- (S3 s31 + a13 cos 6. + a23 sin 61) (s,, sec a.) P/A 
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a13 	 'aa13 ' x 'a ?L13 -8Sy a13 -a 

S a	S, 'a8s S y -BA as 'a 
__ 

(R35) 

S S 21 + a.3 sin7, sin -a 2 3 sin 7, cos -a33 cos 7) (s 2 sec 2 ,8. P)/A 

-a 23 	 B a 2 3 B S, ' a2 3 - Sy "6 a 23 BaS z 

Baa S aa -B S B,i •y • (R36) 

= (S 3 s3 1 + a1 3 cos t + a 23 sin ) (s, sec 2 a) a13 sin y/A 

'aa2 3 	 'aa2 3  -Sx B6 a23  B S -Ba. 3 -S z 

-Bfl -	 a s + ,6 Bfl-a 8)x y (-R37) 

= (S3 s 2 i -a 1 3 sin 1. sin e +a 23 sin 7? cos C +a 3cos7,)(S11 sec2 / a13 sin )/A 

Hence 

20a 2 13 	 3 a 2Bl+( a3~O2 / 2 

22(R82. 
B'a a2+ 

2 

+ (a -2 (a. 3) 23)Q a 

Also the partial derivatives of A1 2 and A3 2 with respect to a., , y, and p can 

be derived from the equations (A19) and (A25) and then are simplified as follows 
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-aA12 I aBS a 1 3  S zB a Sa 
\s a2

I S a. 	 S±-ax-S 13 -a3 (a2 1 Z322 -asa '3331s 

(S BSa13> (a23 IS+SBA 1 2 _ ("S ' S 	 a23 a aSY Ba3 3 

311 

12S a13  ( a23  Ba 3 
Y I-S2k- ' 

BA 12  	 a1 (%. a2233S 33w 
'3 	 2 (-2'37P+\z7P 7
 

3
 
and(R9 

k K 7 3 aa 3 	 -as~-a--% x 

BaA32 -as 	 BS a13 S 
B/3~ (S (,t~~S 3 (ais-t S23B/z 	 ~-)I+S, 13 I) 

+S1(SYT3S 
S 2Ba3 	 - ­

2Bp 	 3 p 13+\y 82 
3 

-'A321 3 3 32a3 
canthu be cacltd The areS S 

-3 S 'ai 6 - 7S a /B ) 2 
2 S) 2 (+ 3 )a. (SYA) a1 (B 3 2> r B 3 \ - R 

P S 3-A 2 '3 P	 BS3 

_ 33 



This report contains the formulation and the derivation of the attitude determina­

tion equations, the calculation of the required elementsof 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 written to 

compute the s-tcecraft attitude with a subroutine to output the plots of thebrror 

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 results 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 initial 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 is initiated immediately. IF ISUN is 

not zero, a second input card is needed to read in the values of a, 6#, a, and 

P3. The value of ISUN determines whether one or two input cards is required 

for each run. The run is 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 

OF FORTRAN P8UGRAM******,********************
 
C ATTITUDE DETERMINATION FUR DELTA PAC
 
C RY A. C. FANG
 
C
 

DIMENSION ETA(3) .SLTA(3) JCETA(3) .SE(3) *SSE(S) CbL(3)
 
DIMENSION AAII(2) *AA21(2) *AA31(2) ,AA12(2) -AA22(2) .AA32(2)
 

DIMENSION AAI3(4) .AA23(4) AAA53(4) .fH(4) ,TE4) .PH(4)
 
DIMENSION NT(2) .DVS(4) .DAA12(2),DAA32(2)
 
DIMENSION DAE13(2).DAG3(2)..DAR13(2).DAL23(2)sDAG23(2),dOAN23(2)
 
DIMENSION DAE33(2).DAG33(2).DAR33t2).OAAI3(4)sDAA23(4),DAA33(4)
 
DIMENSION DA113(2).UA123(2).DAIJ3(2).DB113(2).DB123(2).db133(2)
 
DIMENSION Awt15)
 
DIMENSION IA(9u.55).I8(Yu.55)
 

C 

COMMON C23.IA,IdNLMDIDAY.I1IM
 
C
 
C*****DEFINE THE VArIABLES
 

c VAR I VAr 2 UNII 

C ,RADIUS OF EARIH URSIAL AT1I1UUE N.M.
 

o RE H
 

C GIMBAL ANbLE SCAN CONL HALF ANbLE JJEGRcL
 

C ('AND SIGCIAIU
 

C HALF EARTH PULSE ELtLIRONIL SATURATION UEGI<L
 
o ReND LIJ
 

C TELEMETERED PITCH ERROR GEUmETRICAL PITCH COMPUTED cHNOk DE6RLE
 
c ETD TME1AS
 

C eRFITAL POSITION ANGLE EARIM SUS1INJEU ANbL (HALF) UcG c-

C DALFA ALFAE
 

C ANGL 6ETWEEN tR6I F PLANE AND EARIH SUN LINE UOHE
 

C Ddt f A
 

C AZIMUFH ELEVATION UZ.k r
 

C ALij STID
 

C 

C CONTINUE
 
C 

C 3dY AXEb
 
C X Y 2 

RIGHI nANDLU SYSTEM FOR SUN SL\SIR HEAIJ . =1.2.3.
 

C EI Fl V1
 

57 

http:IA(9u.55).I8(Yu.55


C ANGLE BETWLEN Y-Z PLANE AND PLA,'c CONTAININU El AND L 
C SEl SL2 6E3 UEtitcL 

C ANGLE bElIEEN El ANO X-Y PLANE 
C ETADI ETAD2 ETAD3- ULGhEt 

C COSINE OF ANGLE BETWEEN SCANNER CONE AXIS AND LOCAL VETICAL. 
C C23 

C DIRECTION COSINES OF THE LOCAL VETICAL .. R.T. THE BODY AXES' 
C AAt3 AA23 AA33 

C DIRECTION COSINES OF SUN-LINE W.K.T. I TH SUN SLNSOR SYSTEMt 
C ST SU SV 

C DIRECTION CObINES OF SUN-LINE N.ii.T. THE LOCAL VERTICAL bYSTEM 
C SI 62 S3 

C DIRECTION COSINES OF SUN-LINL h.R.T. bOdY AXES 
C SX SY bz 

C DIRECTION COSINES OF URBIF NONMAL V.R.f. THE HOY AXLb 
C A42 A22 A32 

C DIRECTION CoSINcS OF VcLOCIIY VECTOR q.R.T. IHE' BUY AXES 
C All AP1 A31 

C RdLL At6LE PIrCH ANGLE YAvJ AN6LL 
C TH I- Pn 

C ERROR ESINMAIr IN ETU,1AMAURUD,ALIU bTIIJ AXL
 
C DET uA uRN 
C DALI Db II
 

C 

C*****DERIVATIvbS
 
C 

C VAR I VAN 2 VAt 3 NOTE
 

C PARTIAL DEHIVArFVE dF SX.bY AND $L w.k.. ALID 
C DSXA JSYA DbtA
 

C PARTIAL tkRIVATIvE OE SX.bY AND S2 .H.I. HTil 
C DSXB DSYu ubLd 

C PARIJAL ucRIVAIIVr. OF A1,3(i1AN(I),AJ(1) t.K.T. SX ARE 
C AXIi AX2,31 AXJ31 

C PARTIAL ERIVAi IVE OF AIG(2).A23(2).A33(2) vJ..T. 'dx ARE 
C AX1,52 AX2a2 AX,532 

C PARTIAL DLKIVAIIVL OF A3(J).A23(lL.AJ3I) t.K.r. SY AKE 
C AYIZ AY231 AY.331 
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c PARTIAL DERIVATIVE OF AI.3(2)A23(2),A332) e..T. SY AME
 
C AY132 AY232 AY332
 

C PARTIAL dERIVATIVE OF A13(I),A23(I).A33(1) .R.T. SL ARE
 
C AZ131 AZ231 AZ331
 

C PARfIAL DcRIVATIVE OF AI3(2),A?3(2).AJ3(2) .R.T. bt ARC
 
C AZI32 AZ232 AL332
 

o PARIiAL DERIVATIVE tF AloI),A23(I).A33(1) w.R.T. ALI)
 
C DAIIJ(I) DAL2J(i) UDAI33(I)
 

c PARIIAL DERIVATIVE OF A13(I).A23(I).A33(IJ N.R.T. gli
 
£ bl13(I) D1&123(I) w3133(i)
 

c PARTIAL DERIVATIVE OF A12 W.R.I. ALIL.uTivET.IAMAu,ReMD. ARE;
 
C DA12 Uh12 1J12
 
c DG12 iJRl2
 

o PAPTIAL DLRIVA[IVE OF A32 W.t.I. ALIL.U[ID.LIDJ.AMAJ.ROD. ARE: 
c DA32 DE332 dE32 
c DG32 DR32 

C PARTIAL DERIVATIVE OF AI3(i).A23(l).A33(I1 w.R.T. EID
 
C DAEI3(I) DAE23(1) UAc33(I)
 

C PARTIAL DERIVATIVE OF AI3(I).M23(I).A33(I) v.Io GAMAu
 
C [AG13(1) DAU23(I) iAb33(I)
 
c PARTIAL uDRIVATIVE OF AI3(i),A23(I),A33(I1 k.t.T. ROMD
 
C DARI3(1) DAR23UI) IJAR33(I)
 

C*****STORE INPUT IJTA .AND SIAKT IHL CALCULAFION.
 

DIATA RE/3448..Q/
 
DATA RA,.PI/,.j17A532g.3.!4ibY2bS/
 
DATA SItMAO.ED/5.u.45.0/ 
PATA ETADi.ErtA2.ETAD3/26.Ud. 2 6.ub,26.25/
 
DAIA SEI-bs2.SE3/u.07.12v.Uj6239.o7/
 
DATA DEl iGA.#HH.DALIDBTI/°OI74b5,.UU873,.L)7453..017453-.U17453/
 
MR UN= I
 
TDIF=u.UjUI
 
E= D*RAD
 
SIGMlA=SIG'AI*RAD
 
SE(l)=SEI*PAD
 
SE(2) =SE2*rIA
 
SE(3)=53-RAD
 
ETA(1)=EAJIcRAD
 
tTA(2)=EtAD2*RAD
 

ETA(3 = IAIJ3wRA
 
Slb = SIN (SlbrMA) 
CSS=CS(SIGMA)
 

De 10 1=1.3
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SSE(I )=SI N ( L (I)) 
CSE(I)=Cb5sS (I)) 

ij 
CETA(I)=Cct(LTA 
CONTINUE 

I) 

2. READ 3 u, IUNG&1AJJI.CDr Uli.1DhY~iH LMIsSLLb.eH 

7- FURrIAT C 12.12.t.F 14.o.Fia.6-14,4-14.1.bFd.3) 

JFCMRUN.VL...) 60a Id 
IF (I H .Nc.iJ) bb 

40 
Q u 

PRINT b. 

PRINI 1 Js±DAYpikNibcCsIs 
3t,FdMAT(IXfi DAY=S.a$ Hk~j.14.f,
1#, #RI=,4Ix = FiU.4,/) 

HIN=4,14.Ss bCG 14, 

A A ( I IJ1A Y 
A 1 (2) 1 H R 
A~ (C3) M1I N 
AW (4 1=ISCC 

AA(5)=IY 

/M%() =Pd~hb 

Ai ( 8 '. 4, 
A4~(9) , . 
AAIu)=,u.0 
ACWI I)=. O 
A v(12)=G. 
AWA 13 ==u.O 
ALFAL = AbIN (R ./(i E+H)) 

ALFAD=ALFAL/RAd 
SiA=S IN ALFAE) 
CSA = CaS (ALFA i) 
CAPS=COt,(ALtAE+SIb%4A) 
CAMS=CjS(ALFAk- I ,A) 
PRINI 6u 

PRINT 7C 

71 F RMATIAEA-I SRNS- R £NFtKMAI I h 1iVNb.UIV/L 

PRIJT M (j.bAriAj,Eld.b4lIj 
'U R53MAT(IA.S; ,&bf( 1114 NLEt)=Ht. FtIaJ6. ElLIINl, DrbtrL 

lI I $ lbM ( INiirs RE L.I0a,) 

GAMA=GAll AiJ*KA 
ET=ETIl*RA 
R3m=RoMvD*RAD 
CSG = Cub (UAIA) 
SNG=5IN(GANA) 
SiN R=S IN ( Nan) 
CSR=CCS(RbM} 
TNG=SNG/CSG 
DO~ 9J 1=1,2 
DAE13(I)=O.O 
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DAE33(i )=G.O
 
DAGI3(1I)UO.O
 
flAG23 (I)0O.O
 
fA033(I )tJ.O
 
IIARI3( I hu.O
 
fAR23( I)0Q.O
 
DMR33 (I =O.U
 
DA113(1)=UJis
 
DM123 (I =0.O
 
DA133(1 )0.O
 
D8I ;3U )0O.O
 
fl9123(I )0.C
 

DAA13(I )=0
 
DAA23(1 )=0
 
DAAi2II )0.O
 
fAA32(1I)=0.O
 

;s1 	 CONTINU'E
 
CT1=C.j
 
CT2=J..j
 
EAL=J.
 
FAL=U .0
 
F dT=O .5
 

LS=O
 

C*PART I........... APPLICAlIOrN rOF eAR1H StkStrm
 

AE I=ABSI:r(ElI
 
IF(ROMD.EQ.180.-j) GO0 10 160
 
IF (ROMD.EQ.u.j) 30 1t5 170
 

CB=0CSS*USA
 
CJ=SfJS*,biS* SNR*SNR
 
CAfl .0-CU
 
CC=SNS*CSR*SQ.RTF(b.NA.SN4A-CL)
 
C23=(CB-CCJ/CA
 
hRC23=I -C23*C23
 
SRC23=SWREE(RRC23)
 
IN£23 =- ;< C 23 *SN S*oN Pti)FM
 
f0C23CSR*$NS*L23-CS5*SNC23
 
LEO0
 
IF(DDC2Z .NE. --'j) &d le IIU
 
LEtJ
 
G- Tt 12U
 

fuDC23=DNL23/0002 3 
i20 	ES=AMI-N (ROM,Pi-HW,u)
 

IF(AZ-T.Lf.Lb) 6U itl 130
 
C*-********WvHEN AF~bF(ut35(NtUt))<1 bUl ALIZES PUT LPflJ 

LP=tJ 
MLPUO 
9O TO l~u 

C*********,~ENA%,,F(UOdS(PUM)l<I ANDI ALI<ES PUT LP=3 
ldu LP=3 

MLP=3 
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c 

C*****CALCULATIOiq OF A13,A23,A33 NHtN (ET) lo NOI LUUAL TO U
 

TiETAS=LT
 
ThETAS=GEbMETRlCAL PITCH COMPUTED ERROR(-180<FHEIAS<1dL))
 
SNT=SIN(THETAS)
 
CNT=C0S(THLIAS)
 
AA13fl)=bNT*SRC23
 
AA1312)=-AA13(l)
 
AA2311)=G2J*CSG+SRC23*SNG CNI
 
AA23(2)=C23*CSG-,'8C23*bN6*uNl
 
AA33(l) C2J*SNG-SRC23*CbG*C,%0
 
AA31(2)=C23*SjNu+SqG2Z,*CSG CNT
 
AA13(3)=kA13(l)
 
AA13(&)=AA13(2)
 
AA23(3)=AA2,5(2)
 
AA23(4)=AA23(l)
 
AA33(3)=AA33(2)
 
AA33(4)=AAS3(l)
 
110 140 I=i,4 
IH(I)=4biN(AA23(l))/RAD
 
TE(I)=AIAN (-AAj3(l),AA33(l))/RAD
 

14L (','JNrit\ruE 
IF(LE Eu. i) GO fb 180
 

C** *CALCLJLATE bTANDARD DEVIATION UF A13,A23.A33
 
DAE13(1)=bRC23*CNT*D T
 
DAc13(2)=-DAE13(l)
 
DAG13(1)=J.''
 
DAGJ3(2)=0-u
 
DARJ-,3(1)=-C2.3*Slll*UC2,3/SRC2,5 
IjAR13(2) -l"AH13(l) 
I)A-23(1)=-b ,'C23*SiG*SN1*D-T
 
hA 2J(2)=-bA 23(1)
 
DAG2'j(')=-(AA33(l))*DGA
 
0AG23(2)=-(AAJ3(2)1*DGA
 

IIAR23(2)=(C$U+C23*SNG*CNI/6RC2J)*UC23
 

DAG33(J)=(AA23(j))*D6A
 
JIAG33(2)=(AA23(2))*D6A
 
DAR33(1)=(bNu+L23*CSL,*CiNT/ >Hf-2.3)*U(-2,3 

150 1=1,2
 
I)AA13(1)=bUliTFtDAt!3(lj**2+dAhl3tl)**2+dAol3(i)*Iz)
 
DAA23(1)=SURTF(DAt23(1)*-2+VAM23t!)*-d+fl t23(1)**2)
 
I)AA33(1)=otiRTF(DAt33(1)**2+DPH33(i)*-2+DA633(i)**2)
 
li -AI I ( I J =U -, 

F-A 1 13 1 ) =u J 

DA 12,1 1)=Q-

D-3123(1)=j-U
 
DA133(1)=U.j
 
liti 133 ( 1)=U.v
 

151 ciNTINUE
 
PkA23(3)=bAA23(2)
 
I)AA23(4)=DAA23(l)
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DAA33(3)=DAA33(2)
 
DAA3J(4)=DAA33(I)
 
GO TO 18
 

C*** **** -* 1N'\M C63(ROM)=-1. PuT LP=2 10 PLTI iHL RE61ON 
16( 	 LP=2
 

MLP=2
 

C23=CAMS
 
10a 13 18, 

C******** ** 'HCN COS(RdM)=1 PUT LP=i It PLOT THt. KGION 

17u LP=I 

C23=CAPS
 
GO TO 18.
 

C*PART 2............ S1JJ StNS&R APPLILATI3N
 

I8 	 IF (ISUN.E'tj) Gu ro 590
 

RE D 19u.ALID. dTI.JALFADBETA
 

190 	 FORHAT(6FI4.8)
 
ALI=ALID*RAD
 
PTI=BTIDwRAD
 
TAI=(SIN(AL))/Cb(ALi)
 
TSI=(SIN(&II))/COSCSTI)
 

31=1.0/IAd
 
SU=TBI/IAU
 
SV=TAI/TAd
 
PRINT 60
 
PRIN[ 2Uj.ISU.,
 

200 FORMAT(IX.%ISUN=.121.$ SUN bLNSbR INFORtA|ION GIVES:t./) 
PRINT 2IO3 ALIL.HFiD 

2lu FORMATC3XAZINUrh=$,FIU.5,S i6. ELLVATIDN=$F1O.5,S vEt.F/) 
PRINT 22JST.SU.SV.DALFA.IJE3A 

2)j FORMAf(3X.tS1I=#.F9.6#$. S21=.F9.6.#. S31=.F9.o. 
J4. ALWA(IN DEGREE)=.FII.6,0o drIACIN UErGthL)l'F1.bs/) 
ALFA=DALFA*RAU 

REIA=DBETA*RAD 
C*****CALCULAIE IHE DIRECfiON COSINES OF SUN LINE w.R.T. u~OY AXIS 

J=IS3N 
SX=-ST*LEIA(J)SSc(J)+SU*SEIA(J)*SSE(J)-SV*CSL(J)
 
SY=ST*CETA(J)*CSE(J)-SU*SEIA(J)*CbE(J)-SV*SSL(J)
 
SZ=-ST*SEIA(J)-SU*CEIA(J)
 
PRINT 23U.SX.SY.SZ 

230 FORMAT(2X,. THE DIRECFION COSINES OF SUN LINL s.R.f. SPACECRAFT 

IAXES ARE *,Fi2.d,g, $.FIZ.8.$. *3 F12.8s/) 
C*****CALCULAIE PARTIAL uERIVA1IVE OF SX.SY.AND SL .R..ALID AND dliU 

SEAI=10U+TAI*TAI 
SEel:I.J+TBI*IBI 
STbAI=Sl*SLAI*DAL
 
STSBI=ST*SLdii*DTI
 
DSX=(-SX*SV-CSE(J))*STSAI
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fJS Xe= t XSU+SEfA ( 3) * SSE(J) )* ~I
 
DSYA=(-bY*SV-SSE(J))*S1SAI
 
fSYB=(-SY*SUJ-SLTA(J)rCSE>.fl)*5TSBI
 

flSA=-SL*b)V*STbA1
 

fSg@=(I-b2*bU-CEFA (J) )*S1SBI
 
*****CALCULAVE THE DIRECTIONq COSINCS OF SUN LINE N~..GLi5UCNIRIG AXIS
 

SI=-COSuEFA)*(SIN(ALFM))
 
S2=S IN (bElA)
 
S3-COS (B3LiA) *(Cto CALVA))
 
PRINT 24j.SI SZ.S3
 
PRINJT ofl 

24u FORMAT(3X,$tHE IHExCTION CUSINLS 'IF SUN LINE n.R.T.GEtCENrRHIC AXIb, 

IF(LP.Eu.u)(,O TO 250
 
GO Ttj (oIC'.61u.45'j),LP
 

*****CALC~ILATL [Ha LdChL VEHI-TCAL Nhr. LI=ES.
 
2'WC, SYSG=SY*5N1G
 

SYCG=SY*CSG
 
SAS SZ* SN U
 

FCC=SYS-bLCG
 
IF (FCC.E(Q.0.0)GO TO 280
 
FCN=FCC**2
 
FA=SX* SX+FC­
FS=SX*(-S3+C2Jw(s?SG+SYC6) I
 

ROT=FB*EH*PA*FC
 
IF(RbF .Ll. t3.-- GO TO 260 
AAI3(I)=d-FHSuRTF(kO())/FA
 
AAI3(2)=C-F8-SEQRT(RdT))!FA
 
AA23(1)=(SNG*(S3-SX*AA13())C23*b2)/FCC
 
AA23{2)=(SNG*(SJ-X*AA1(2))-C23*Si)/FCC
 
AA3311h(CS*(-S3+SXAA13(1))iC2.3,SY)/FCC.
 
AA3Z5(2)=(CSU*(-S3+SX*AAI3(2))4G23*SY)/FC,
 
CO TO 321
 

260 PRINT 27-1
 
273 FORMAT 23X4$A13PA23,A33 ARE NUI HEAL NUMB3ER. lHEREFtRE$)
 

GO TO 42u
 
280J PRINT 293
 
290 EORMAT(3Xs$SY*SiN(GAA)-S*CO(SAMA)=0~ts/)
 

IF (SX.EO.u.,)COd rd 420
 
c 	 TRY It UbE OTHER METHOD FOR 5ELKIrNG THt SOLUTION OF AIS,A2;3A33
 

AA13(I)=(33*CSG>SY*C23)/x*CS,
 
AAI3123=AAI3(i)
 
ROO11I.U-AA13(i)*AAI3(i)-C23*C23
 
IF(ROO1.LT.U.0o)Gt 10 260
 
SONR=SdRTP(ROOT)
 
AA23( I)=C23tCSU,+SNG*SORR
 
AA23 (2)=C23*CSG-SNC*SURR
 
AA33(1 )=C23-rSNC-CSG*S0RR
 
AA33 (2) =023*SNG+CSG*SURR
 
PRINT 3uU, AA1Z3VI).AA2S(I),AA33(I)
 

ZinC FORMAl (jX$AIJfi )=$.FII.8a*. A23(I)=oaRII.6.$. J(I)1FI8/
 
PRINT 31U.AAt3(2).AA23(2VAA3.3(2)
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313 	FORMAT(JX,$A3(2)=$.FII.a,g. A23(2)=4.Fl1.U,4, A33(2).=.FII.8,/)
 
C*..
 
C TEST IF A13 SATISFY IME CQNUITION FOR THE REQUIRLti REt-6dI
 
C TL.TM ARE THE LONER LIMITS FOR IHE TNO PtSSi~dL ReGiUNS
 
C IUTN ARE lhE UPPcR LIMITS FOR NHL TAO PObSIULE RLGIUN8
 

320 	TL=SRC23*SIN(ES)
 
TU=SRC23
 
TM=-TU
 
TN=-TL
 
D10 340 I=1.2
 
CK=AAI3(II
 
IF((CK.GE.IL.AND.CK.LE.TU).OR.(CK.GE.rM.AND.CK.LE.TN))6d 
l 330
 
NT (1) =o
 
Go TO 34j
 

333 NT(1)=I
 
340 CCNTINUE
 

MNT=AIN (NT(j),Nf(2))
 
MAI=AMAX (NT(1).NT(2))
 
PRINT 30u, AAtJ(I.AA23(1),AA33(1)
 
PRINT 31u.AAX3(2).AA23(2).AA35t2)
 
PRINT 6
 
PRINT 35U.1L.TUTM,1N 

396 FOR!IAT(JXS4JTE : A13 HAS TO SATISFY fH: RLUtJIREJJ CONDI[ION FbN 
ITHE LIIITED REGIN.$.FS., < Ali < flFd.5.0, OR..F6.5. 
26 < A13 < , F$8.5.1 ) 
IF(MAT.NE.MN[)bd T 370 
PRINT 3 6 1 

36,C FRMMT(3x4THE T'O bLUtTIeHS bF A13 Do NOT bAIISFY Ni CUNUITION 
IFON THE REQURLD REION ./) 
CO Tb 420 

37C TH(1)=ASIN(AA23(1)}/RAD 
1H(2)= .iN(AA23(2)}/RAD
 
Tl(I)=ATAN (-AAI3(I1JAA33(1))/RAD
 
IE(2)=AIAN (-AAI3(2).AA33(2)}/RAJ
 
PRINI 38.j Th(1).1E(1)
 

3,J FeRMAT(OX.ROLL ANGLE 1H(1)=JFO.5.JTU6.. PITCH ANGLE Tr(1) .
 
IFIJ.5.tUEb.fl./)
 
PRINI 39J.IH(2).TE(2)
 

3gc FHNMAT(3X4RULL ANGLE Th(2)= .Fxt.b., DLG.,PITCH ANGLt TE(2)=e,
 
IFLUb.5.SU6../)
 
IF(LE EQ. 1) 6U IC 45U
 

C*****CALCULATE PARTIAL UIFFERENqTIAiL fF 
A13.A23.A33 V,.R.f.bX.SY.SZ.1L
 
C*****AND CALCULATE STANDARL DLViArIdN eF A13.A23.AJJ
 

SAI31=AAI3(I)*AAj3(1)
 
SAi32=AAI3(2)*AAI3(2)
 
CFRI=SNG*AA23(1)-CSG*AA33(I)
 

CFR2SNbwAA23(2)-CSG*AA33(2)
 
CDNI=SX*(-CFRI)+FCC*AAI3(i)
 
CDN2=SX*(-CFR2)+FCC*AAI3(2)
 
IF(CUNI .Eu.,.o ) GO To 400
 
AXI31=CFRI*AAI3(1)/CDNI
 
AX231=-Sb*SAI 31 /CON1
 
AX331= Cbb*8A13I/CDN1
 
AYI3I=CFRI*AA23(I)/CNl
 

65
 

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


AY2jj=-SWC*AAj3(1)*AA23(1)/CDNl
 

AY331= CS6*AAIJ(I)*AA23(1)/CDNI
 
AZ131=CFRI*AA33(1)/CJNI
 
AZ231=-SN6*AA13(1)*AA33(1)/CDNI
 

AZ331= C$G*AAj3(I)*AA33(1)/CDNl
 

RG131=(SZ*AA23(i)-SY*AA33(i))/CDNI
 
RG231=(SX*AA,33(i)-SZ*AA13(l))JCJNI
 

J)A613(j)=CFRI*k j.3j*iJGA
 
DAG23(1)=CFRj*Hu2,31*DGA
 
DARJ3(1J=HGI,3I*DC23
 
DAR23(1)=KG231-JC2J
 
DA113(l)= AAJ.31-1)!,XA+AY131 DSYA+AZ131-DSZA
 

P4123(1)= AX2ji*L]S),A+AY231*LJ&YA+Ai231*DbLA
 

DA133(1)= AXo3l*DSXA+A 331-DSYA+AZ331*DSZA
 
B8113(1)= AX131*13 Xt;+AYI,51*D5yb+AZ131*iJSZd
 

T)812-,3(1)= AA2,-)I*DSXd+AY231*UbYB+AZ231*i)bZb
 
1)t3L33(1)= AX,53i*FJSXU+AY331*DSyb+AL331*LISZB
 

DAEI3(1)=0.,j
 
DAE23(1)=u.0
 
DAE33(t)=u.tj
 

GO TO 41U
 
C*****
 

40-3 	LE=2
 

41[1 	IF(CDN2 EU.u.C,) GO Tb 440
 
RG132=(SZ*AA23(2)-SY*AA33(2))/CDN2
 
R^232=(SX*AA3o(2)-SZ*AA13(2))/CON2
 
DAG13(2)=tFKj-F I32*VGA
 

EAG23(2)=CrH2-1 G232*)J6A
 

DAR13(2)=RU132*bC23
 
DAR23(2)=R62J2*DCZ3
 

AX132= CFR2*AAi,312)/CDN2
 
AX232=-biN6*Sij32/CDN2
 
AX332= Go.*SAj32/L:0N2
 

AY132=Chz-AA2J(2)/GUN2
 
AY232=-bNU*AAi-.4(2)*AA23(2)/CDI%2
 
AY332= f-S *AAlo(2)*AA23(2)/Cfjv42
 
AZI32=CFR2*AAJZ(2)/Ci)iV4'
 

AZ232=-bNb*Ahl3(2)*AAj3(2)/CbN2
 
AZ332= Lbb*AAI3(2)*AA33(2)/CJJ1N2
 

DA113(2)= AXI,12-DOXA+AY132 DSIA+AZ!32*0&ZA
 
PA12 (2)= AA23e-UbXA*AI234,UbYA+AZ232*L;,)LA
 
DA133(2)= AX632*bSXP+AYJ32*DbfA+AZ332*bbZA
 

AX132-DbX34AY132*JSY +AZ]32*DSZtj
 

08123(2)= AX232*DSXd+AY2,32*9-Vb+Ae232*D5Zb
 
F)8133(2)= AX,532*!IbXO+AIJ32*DbYd+AZ332*USZtj
 

AA23i2)=oUHTFt3Al23E2)--2+uoi2o(2)-*2+JAt 23(z)**2+DA1,23(2)** )
 

DAE13(2)=Q.k)
 
BAL23 (2) ='.J 
1,AE33(2)=0-U
 
PRINT 46.,UAA13(1) DAA13(2)
 
P C? L "4 r 49J, DAA, (1),L)AA25(2)
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PRINT 6u
 
GO 10 45U
 

a2- PRINT 431
 
4 3 u FORMAT(3X.$NO S3LUTION FOR A13.A23,A33. tRY To uSE PLO1sI)
 

MLP=1
 
GO TO 61u
 

442 LE=LE+3
 

C****tCHECKINu AHICH CNE OP iHE LoCaL VERTICAL bHUULD Ut SLLECrEn
 

C K=1 OR 2 MEANS ONc ANSwaR FOR LCLAL VER1ICAL. K=3 MIANS Twd.
 

45L 1D=2+(LP+I)/2
 

DO A60 1=tIO
 
CHECKI=(AA13(I)i**2+(AA23(i))**2+(AA33())**2-1.0
 
CHECK2=(AA23(C))*CDG+(AA33(1))*bNU-C23
 
UHECK3=SX*AA13(I)+SY*AA23(I)+SZ*AA33(I)-S3
 
fVS(I)=AMAXfABSF(uHECKI).ASF(CHECK2),A1zSF(LHLCK3))
 

A60 CONTINUE
 

PRINT 60
 
ASV=AMIN (DVS(1),0VS(2))
 
IF(LP.EL.J) GO TO 510
 
ASN=PtIN (IVS(3).IVS(4))
 
IF(ASV.LE.ASW) GO TO 470
 
AA23(1)=AA23(3)
 
AA23(2)=AA23(4)
 
AA33(1)=AAJ3(3)
 
AA33(2)=AA33(4)
 
THUI)=TH(3)
 
TH(2)=TH(4)
 
TE(I)=TE(3)
 
TE(2)=TE(4)
 

ASV=AS 

DVS(1)=DVS(3)
 
DVS(2)=DvS(4)
 

470 PRINT 3 0 u, AAI3(1).AA23(I).AA33(1)
 
PRINF JIAAI1(J),AA23(2).AA33(2)
 
PRINT 368 j IH(l).IE(1)
 

PRINT 39.TH(2).TE(2)
 
PRINT 60
 
)F(LE.E.I) GO TO 510
 
PRINT 60
 
PRINT 480.DAAI3(1).DAAI3(2)
 

4%R FORMAT(3XJtOEVIATION IN A13, UA13(I)m $F8.5sS DAI3(2)=.F8.5)
 
PRINT A90' DAA23(I).DAA23(2)
 

49C FORMAT(3XDEVIAFION IN A23, UA23(1)=.F8.b,$. DA23(2)=#.F8.5)
 
PRINT 5001.vAA3J( ).DAA33(2)
 

50 FORMAT(3X.ODEVIATION IN A33, DA33(I)=F8.5s.$ fA33(2)j=tF8.5 )
 

PRINT 6U
 
510 	DIF=ABSF(DVS(1)-DVS(2))
 

IF(DIF.LE.TDIF) GO TO 550
 
IF(ASV.EJ.DVS(I)i GO TO 520
 
K=2
 
GO TO 530
 

52, 	K=
 
530 	IF(LP.EU. 3)GO Tb 570
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IF(NT(K).tQ.K) GO 10 570
 
AA (8=Th(i)
 
AN(gi=TE(j)
 
Aw(ll)=TF'(2)
 

AW(12)=1E(2) 
PRINT 54u 

AO FORMAl(3X.oTHE PObITION OF AI3 iuJb NOT SATIbFY THE RLOUILCD L1II-iF 
IREGION4./) 
GO TO d2j 

5.) 	 K=3
 
IF(LP .EO. 3) Gu 10 oGU
 
IF(MNT.NE.Ofl, 0 611
 
IF(Nt(I).EU.t2) GO 10 5u
 
K=I
 

Gd TO 57t,
 
,50 K=2
 
,70 A13=AAI3(K)
 

A23=AA23(K)
 
A53=AA33(K)
 
VAE13=DAc13(K)
 
VAE23=DAE23(K)
 
VAEG3=JAE33(K)
 
VAGI3=DAG3(K)
 
VAR13=DAR13(K)
 
VAG23=DAG23(K)
 
VAR23=DAR23(K)
 
VAG33=DA33(K)
 
VAR33=DAR33(K)
 
VAI13=DAL13(K)
 
VA123=DA123(K)
 
VA133=DAI33(K)
 
V9Ii3=DIjJ(K)
 
VBI23=DbI23(K)
 
VBI33=DdIJ3(K)
 
VAA13=DAAI3(K)
 
VAA23=DAA23(K)
 
PRINT 60
 

PRINT 58U.AI3.A23.A33
 
58U FORMAT(3X.IJIRECTION COSINES OF LOCAL VERTICAL AREtoF12.8,F12.6.
 

IF12.8)
 
IF(LP .EQ. 0) G 10 610
 

GO TO 66J
 
590 PRINT 60uISUN
 
6a0 FORMAT(IX.$ISUN=4.I2.$, THE SPACECRAFT IS IN LAHFH SHADOW. tHE
 

lDIRECTION COSINES OF SUN LINE CAN NOT Bc DEIERMINEU$./)
 
IF(LP .EO.u) GO rO 650
 
GO 10 (o30s640.86U).LP
 

610 PRINT 626 

620 FORMAI(IHI) 
WHEN LP 15 LESS THAN 3, CTI. CT2, EAL.EST, . ARE INPUT DATA TO
 
SUBROUTINE FOR PRINTING PURPOSE.
 

CTI=DALFA
 
CT2=DBETA
 
EAL=ALID
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EBT=BTID
 
IF (LP.EQ.O) GO TO 650
 
GO TO(63u,64)),LP
 

630 CALL PLOT(LPGAMA.ISUN.SXSYSZ,S2.S3CT.C2EAL.LBT
 
GO Tb 970
 

640 CALL PLOT(LP.A.IA.SUN.SX.SY.SL.S2.S3.CT1.C12EAL.LtT)
 
GO TO 973
 

650 	CALL PLOT(LP.GAMA.ISUNSX.SY.SZJS2,S3.CTI.C[2sEAL.EBT)
 
IF(ISUN .EQ. 0) GO TO 97U
 
IF(MLP .EQ. 1) GO TO 970
 

C*PART 3 .......... DEIERMINAIION OF BOUY AXIS
 

66C 	IF(K .EQ. 3) GO lb 670
 
I=K
 
GO TO 6d1
 

67U 	DO 830 1=1.2
 
AI3=AA3(i)
 
A23=AA23(I)
 
A33=AA33(l)
 
VAEI3=DAEI3(I)
 
VAE23=DAE23(I
 
VAE33=DAE33(I
 
VAGI3=DAGI3(I
 
VARI3=DAR13(l
 
VAG23=DAG23(I)
 
VAR23=DAR23(1)
 
VAG33=DAG33(I)
 
VAR33=DAR33(I)
 
VA!13=DAI13(1)
 
VA123=DA123(1)
 
VA133=DA133(l)
 
V8113=D113(l)
 
VB123=D8123I
 
VI33=fld33(I)
 
VAA13=DAA13(I)
 
VAA23=DAA23(I)


680 	Q=53
 

D=Q*Q-I.u
 
IF(ABSF(D).LT.(.G0**2 3) GO TO 840
 
A1I=(Sl*(AI3*-SX) S2*(SZ*A23-SY*A33))/D
 
A21=(S1*(A23*Q-SY)+S2-(SX*A33-bZ*AI3))/D
 
A31=(St*(A3J*Q-SZ)+S2*(SY*A13-SX*A23))/D
 
A12=(S2*(AI3*G-SX)-Si*(SZ*A23-SY*A33))/U
 
A22=(S2*(A23*9-SY)-S*(SX*A33-SZ*AI3))/D
 

A32=(52*(A3*Q-SZPS1*tSY*A13SX*A2J))/D
 
THI=ASIN(A23)/IAD
 
THE=A1AN ( -AI3,A33)/RAD
 
IF(AHSF(A23).GEA.'J GO TO 7u
 
QSA23=SURTF(I.U-A23*A23)
 
PJE=ASIN(-A2/0SA23)/RAD
 
GO TO 721
 

703 PRINT 719
 
71Q FORMAT(3X,$YA ANGLE CAN NOT BE DETERMINED. SL 11 TO 50 DEG.$,/)
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c 

PHE=50.0 
720 	TH(I)=THI
 

TE(I)=THE
 
PH(I)=PHE
 
LU=10+(I-I)*3
 
AW(LU)=PHE
 
L-V=9+(I-1)*3
 
AN(LV)=THE
 
LW=6+(1-1)*3
 
AW(LVv)=THi
 
AAII(I)=All
 
AA21(1)=A21
 
AA31(1)=A31
 
AA12(1)=AI2
 
AA22(I)=A22
 
AA32(1)=A32
 
AA13(1)=A13
 
AA23(1)=A23
 
AA33(I)=A33
 
IF(LE EQ. 0) GO ld 730
 
IF((LE.EJ.i). OR.(LE.EQ.5)) 60 TO 870
 
IF(((LE-i).Ew.2).UR.((LE-1).EW.Q)) GO TO 730
 
GO TO 871
 

PLOT THE ERROR ELLIPSE OF A23,A13
 
730 	LP=3
 

CTI=-A23
 
CT2=-AI3
 
EAL=3.u-VAA23
 
EBT=3.o*VAA13
 
CALL PLtJT(LF',GAIIA.ISUN,$XSYSZS2.S3.CTICT2,t.AL.EBT)
 

C*****
 
C*****CALCULATE IHE PARIIAL DERIVATIVES OF U W.R.T.ALID.blI0,GAMA.EfC.
 
C*****CALCULATE THE $TANDARD DEVIAT16N OF A12,A22,A32
 

IF(MLP.EQ.u)GO TC, 740
 
DA12=(S2*(-DSXA)-Sl*(A23*DSZA-A33*DSYA))/D
 
D&12=(62*(-DSXB)-Sl*(A23*1)SZH-A33*DSY3))/D
 
DE12=(S2*Q*VAE13- l*(SZ*VAE23-SY*vAci33))/D
 
DG12=(32*0*VAG13-$I*(-SZ*VA62,3- -Y*VAG33))/D
 
DR12=(52*U*VARli-Sl*(SZ*VAR2;3-SY*VAR33))/D
 
DDA12=S(JRTF(DA12**2+UB12**2+DE12**2+))612**24DR12**2)
 
DA32=(S2*(-DSZAI-bl*(At-,-DSYA-A23-DSXA))/D
 
D632=(S2*(-DSZB)-Sl*(AI3*DSYB-A23*DSX6))/D
 
DE32=(SZ*Q*VAE33-bl*(SY*VAL-13-bX*VAE23))/)J
 
DG32=(b2*U*VAG33-bl*(SY*VAG13-bX*VA623))/D
 
DR32m(S2*0*VAR3J-Sl*(SY*VAR13-bX*VAR23))/D
 
DDA32=SURTr(DA32**2+bd32**2+LE32**2+DG32**2+UH32**2)
 
Go TO 751
 

7AU 	DK12= S2*(Q*VA113-DSXA)-Sl*(Sz*VA123+A23*DSLA-SY*VA133-A33*DSYA)
 
DK32= S2*(U*VA133-DSZA)-Sl*(Z>Y*VA113+AI3 USYA-SX*VA123-A23-DSXAJ
 
DL12= S2*(Q*V8113-DSXa)-Si*(SZ*VLii23+Az3*DSLB-SY*Voi33-A33*DbYb)
 
DL32= S2*(Q*Vdl33-DSZB)-Sl*(SY*V6Il3+AI3*DSYB-SX*Vbi23-A23*DbYB)
 
@A12=DK12/D
 
DA32=DK32/D
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Df12=DL12/D
 
D832=DL32/D
 
DG12={S2*(*VAG13-S *(SZ*VAG23-SY*VAG33))
 
DG32=(S2*Q*VAG33-S1*(SY*VAG13-SX*VAG23))/D
 
DR12=(S2**VAR3-5s*(SZ*VAR23-bY*VAR33))
 

DR32=(S2*&*VAG33-S1*(SY*VAG13- X*VAG23))IU
 
DDAI2=SQRTF(fAi2**2+D812**2+DRI2**2+Db12**2)
 
DOA32=S&RTF(DAZ2**2+B32-*2+Di32**2+DR32**2)
 

750 	DAA12(I)=DDA12
 
DAA32(I)=DDA32
 
PRINT 6t
 
PRINT 76J.I.AA13(I).I.AA23(I).I.AA33(i)
 

760 	FORMAT(3X.$A13(eI1.O)=SFI1.b.2X.SA23(.11.6)=$g.F11.b,
 

PRINT 77J.I.AAII(I).1.AA21( I)..AA31(I)

770 	FORMAT(3X.$AIX (SiL1.$)=tFl1.8s2Xs*A21CS.I1.th:sFII.8.
 

PRINT 78JI.AA12(1),I.AA22(I),IAA32( )
 
780 FORMAT(3XsSAI2(aI.il)=$,FII.83 2X.$A22($.I.t)=.FII.6.
 

PRINT 79U.I.TH(I),ITE(I).I,Ph(I) 
790 FORMAT(3X,$ROLL ANGLE TH(SIl4 )=$sFIO.5s4 DLG..PITC ANGLE TE(f, 

I1.$)=$.Ei0.54 DEG.. YAW AN(LE Pf($,II.)=tFIO.5,S DEG.I./) 
PRINT O0)
 
PRINT 60
 
PRINT 82uJ*IfAA12(I).I.DAA32(1)
 

820 	FORMAT(3X,$STANDARD DEVIATION OF A12*A32 ARCUA12(8.I1.
 

LPA4
 
DTl=-A32
 
fT2=-AI2
 
FAL=3.0*DDA32
 
FBT=3.O*DDA12
 
CALL PLOT(LP.GAIA.,ISUNSXSYkSZS2.S3.TIDT2.FALFBT)
 

830 CONTINUE
 
GO TO 970
 

840 PRINT 850
 
850 FORMAT(IXSSUNLINE AND LOCAL VERTICAL ARE IN THE SAME LINE.NO
 

IFURTHER CALCULATION FOR AI2.A22.A32.ETC.jt./)
 
iF(LE.NE.O)GO TO 870
 
IF(K .EQ. 3) GO TO 940
 
KAI=K
 
KA2=K
 
GO TO 95,j
 

860 	PRINT 30u. AAI3(1).AA23(I}.AA33(1)
 
PRINT 310.AAI3(2).AA23(2).AA33(2)
 
PRINT 38U. THPIV.TE(i)
 
PRINT 39UTH(2).TE(2)
 
PRINT 60
 
Al(8)=TH(j)
 
AW(9)=TE(1)
 
Av(11)=TH(2)
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AW(12)=TEi(2)
 
IF(LE.EU. v) GO TO 940
 

870 GO 10 (8d0.9Jo.920,920,920).LL
 
880 PRINT 890
 
890 FORMPT(3X.$DEVIATION OF C23 lb TOO LARGE.HENC THLRE IS NO ERROR
 

ICALCULATION FOR Aj3,A23.A33l,/)
 
65 TO 970
 

9OO PRINT 91u
 
91u F3RMAF(3X.gDAG)3(I).DAG23(1) CAN NOl BE DETERMINED. NO FURTHER
 

ICALCULATION FOR ERROR ELLIPSL ./) 
GO TO 97U
 

921 PRINT 931
 
Q3U FORMAT(3X.0DAG23(1).JAG23(2) CAN NO[ HE DETLRMINED. NO FURTHER
 

ICALCULATION FOR ERROR ELLIPSE .I)
 
GO TO 970
 

940 PRINT 48UDAAI3(1).DAA13(2)
 
PRINT 490' DAA2(1).DAA23i2)
 

PRINT 60
 
KAIl=I
 
KA2=2
 

950 	DO 960 I=KAI-KA2
 
CT1=-AA23(I)
 
CT2=-AA13(I)
 
EAL=3.u*DAA23(l)
 
F5T=3.0*DAAI3(I)
 
CALL PLOT(LP.GAMA. ISUN.SX.SY.SZS2.S3.CTI.CT2.LAL.ET)
 

960 	CONTINUE
 

C*PART 4............ SUMMARY OF RUNS
 

970 	MRUN=MRUN+1
 
WRITE OUTPUT TAPE 2. 980.IA(1).I=113)
 

980 	FORMAT (IXI3.13(IXFB.2)./)
 
IOR=It
 
GO TO 20
 

990 DO IUO J=I1 RUN
 

1000 BACKSPACE 2
 
PRINT i010-1tR
 

i010 	F3RMT(4jX.o..... SUMMARY OF RUNS FOR ORBIT Nt.%.FS.2.2X......
 
PRINT 60
 

PRINT 1020
 

1020 FORMAT(2X.ZNt.t,3X.fDATE4.7X.$tR.S.5X.fINf.7X tSEC$,.
 

l4X,$0R2IT$5XA4&AMASs4X.itiMD.7X.ATHI$ .5Xi$THETA$.
 

29X.'PHI',SX.THI',5X.'THETA'6X.'PHI'./)
 
DO 103U Jl=I. MRUN
 
READ INPUT TAPE 2. 980.(AW(i).1=1.13)
 
PRINT 980' JI,(AW(L).I=1.13)
 

1030 	CONTINUE
 
PRINT 60
 
MRUN=O
 
IOR=It
 
PRINT 620
 
IF(IO.NE.0) Gd TO 40
 
END
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SUBROUTINE PLOT (LP, GA. ISUN. SX. SY, SZ. S2S3CTI.CT2.LAL.E61) 
COMMON C23-IA(90.55)1IB(9Q,55),ROMD.IDAY, ITII 

C 
C THIS PROGRAM IS USING POLAR COORDINATES FOR PLOT 
C AE AND BE ARE THE MAJOR AND MINOR AXIS OF ELLIPSE 
C IA REPRESENTS THE PLtT FOR A13 AND A23. 
C I REPRESENTS THE PLOT FOR A12 AND A32. 
C WHEN LP=o CC=C23.WHERE C23 IS CALCULATE FROM MAIN PRO6RAM 
C WHEN LP=I. C23 IS LESS THAN -O.3733(PUT CC=-0.3733 
C WHEN LP=2. C23 IS GREATER THAN 0.9277(PUT CC=0.9277) 
C 

SNG=SIN(GA) 
CNG=COS(GA) 
GAD=GA/u.01745329 
CC:C23 
RC=I.0-CC*CC 
CCN=CC*CNG 
SRC=SQRTF(RC)
AE=SRC*SNG 
BE=SRC 

CE=-CCN 
IXCz(CC+I)*42+1.5 
IYM=SRC*25+26.5 
Do 10 I=1.90 
DO 10 J=1.55 
IA(I.J)=IH
IB(I.J) lIH 

I0 CONTINUE 
C PLOT Y AXIS 

DO 20 J=1.53 
IA(43,J)=IH* 
Ia(43.J)=IH* 

20 CONTINUE 
C PLOT X-AXIS 

DO 30 J=1,87,2 
IA(J.26)=IH* 
I8(J.26)=lH* 

30 CONTINUE 
C LABEL FOR A23 AXI5 

IA(90.26)=IHA 
IA(89,26)=IH2 
IA(s8,26)=1H3 
IA(87,26)=IH+ 

C LABEL FOR A32 AXIS 
I8(90.26)=1HA 
IB(89.26)=1H3 
18(88.26)=IH2 
IB(87.26)=1MH 
nO 40 J=1.85,21 
IA(J-26)=IHI 
I8(J.26)=lHI 

do CONTINUE 

C LABEL FOR THE CENTER 0 OF CELESFIAL SPHERE 
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IA(43.26)=lHO

IB(43,26)=IHO
 

C 	 AL REPRESENTS POLAR ANGLE
 
AL=O
 
RP=I.0
 
CALL POIN1(ALRPXIYIIXI,1Y1)
 

C 	 DAL IS THE INCREMENT OF ANGLE FOR POLAR COORDINATES METHOD
 
DAL=5.,*U.0i745329
 
IF(LP.L1.3)GO To 100
 

C 	 PLOT ERROR ELLIPSE WHEN LP IS GREATER THAN 3
 
SNU=Q.0
 
CSU=1 .0
 

50 CALL ELIPS(SNU.CSU.AL.EALEBTI.CT1,CT2.XER,YER. IXR. IYR)
 
IA(IXI,IYI)=1H*
 
I(IX1,IYlh=IH*
 
IF(ABSF(XER).G[.I.0)GO To 60
 
YEil=SQR[F(I.-XER*XER)
 
IF(YER.GT.YEM)GO TO 60
 
IF((IXR.LT.O. OR.IXRGT.85).CR.(IYR.Lt.0. OR.IYR.GT.52))Gb TO 6U
 
IA(IXRIYR)=IH
 
I2(IXRIYR)=IHR
 

60 	AL=AL+DAL
 
CALL PQINTAL.RP.XI,YIIXI.IYI)
 
IF(AL.L.E.o.3) GO Td 50
 
CT1=-CTI
 
CT2=-CT2
 
IXER=(CTI+I)*42+1.5
 
IYER=CT2*25+26.5
 

IA(IXER,IYER )=I-R
 
IB(IXER.IYER )=jHr
 
PRINT 510
 
IF(LP.EU. 4)Gd TO 80
 
PRINT 70,CfI.C12,EAL.EBT
 

71 FORMAT(1XS$ERROR ELLIPSE OF A23,A13: CENTER Al A23=9,F8.5.0. A13
 
h$.,F84 f. AXIS PARALLEL TO A2,3.,F8.5S., AXIb PARALLEL TO Ai3=!,
 
2F8.5)
 
Go TO 66j
 

80 PRINT 9U.CT1.C12.EAL.E3r
 
go FORMAT(iX.$ERRuR ELLIPSE OF A32,A12: CENTER AT A32=t.FS.5s,1 A12
 

l=f.FS.54. AXIS PARALLEL TO A32=tF8.5.4. AXIb PARALLEL TO AI2=lt.
 
2F8.5)
 
GO TO 53U
 

C******
 

lOO PRINT Ilu 
Ilo FORMAT(2X,4SUN SENSOR INFORMATION,25X$EARTH SENSOR INFONMAIIUN$ 

I./) 
C ISUN=0 MEANS NO INFONMATION oF SUN LINE AIRECTION
 
C ISUN=I,2,3. lEANS INFORMATION OF SUN LINE lb AVAILABLE
 

IF(ISUN.EU.0) G5 TO 360
 
C INFORMATION FROM SUN SENSOR AVAILAbL.PLOT THE REGION
 

IXA=(53+1)*42+1.5
 
IX2=(S2+1)*42+i.S
 
SR=SURTF(A6SFI.0-S2*S2))
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ST=SORTr(AySF(1.0-S3*S3))
 
ARE THE MAJOR AND MINOR AXIS bF ELLIPSL IN A13,A23,PLUT.
C 	 AP AND OP 


AP=AbSF(SZ*ST)
 
BP=ST
 

AXIS OF ELLIPSE IN A12.A32 PLl.
 c AQ AND bU ARE THE MAJOR AND MIN0R 


AQ=ABS(SY*SR)
 
90=SR
 

OF EACH ELLIPSE.
C 	 (EX.EY).(FXFY) ARE CENTER 

EX=-S3*bY
 
EY=-S3*SX
 
FX=-SZ*b2
 
FY=-SX*S2
 

RXY=SQRTF(SX*SX+SY*SY)
 
RXZ=SRTF(SX*SX+SZ*SZ)
 

IF(SX .EW. 0.0) 6d TO 12U
 
SM=-SY/SX
 
SN=-SZ/SX
 
SK=S3/SX
 
SL=S2/SX
 

120 CALL TEST(3X.SY.SZ.Ib)
 
CALL TEST(SX.SZ.bY.LS)
 
IF(LS NE. 1) GO TO 130
 
SNF=SX/RXZ
 
CSF=SZ/RXZ
 
FL=ASIN(SNF)
 

130 	GO TO (160,18O,14U,150),S
 

140 	tY=IY1
 
IX=IXA
 
X3=S3
 
Y3=YI
 
GO TO 190
 

150 	Y3=SM*XlSK
 
IY =Y3*25+26.5
 
IX=IXI
 
X3=X1
 
GO TO 19i,
 

160 SNE=SX/RXY
 
CSE=SY/NXY
 
EL=ASINtSNL)
 

170 ANGLE=AL+EL
 
CALL ELIPS(SNECSEs ANGLE, AP.bP.EX.EY.X3.YJAIX.IY)
 

GO TO tu
 

C 	 CALCULATE THE COORDINATES OF CIRCLE
 

18C CALL POINT(AL.STX3.Y3.lX.IY)
 
250
190 	IF((IX.LT.J. OR.IX.GT.8S).tiN.(IY.LT.U. eR.IY.6T.52)) GO TO 


IACIX, Y)=IH=
 
GO TO (2U0.200,230,230)-IS
 

203 	A3=(S3-X3*SY-Y3*SX )/SZ
 
PRINT 21UX3.Y3.A3
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210 	FORMAT( IX.iA23=d.F9.610XtA13=$F9.b, IliX.6A33=S.F9.6I
 
IF( A3 .L). 0.,) 6, TO 22:
 
IA(IX. IY)=IHP
 
GO TO 25U
 

22'J 	IA(IX.IY)=IH4
 
GO TO 251
 

232 PRINT 24 .X3,Y3
 
240 FORMAT(IIX4SA23=.Fq.6. bAxsAI3=t.F9.6o 8X.$SIGN OF A33 UNKNOUN#)
 
2'0 GO TO (2bU.270-2a03 29.0.LS
 

C*****CALCULAf A12.A32 RFbItN uY SUit bENbOR INFORMATION 
260 	MNGLF=AL+FL
 

CALL ELIPS(SNF.CSF. ANLLF, AQbUFX.FY.X2.Y2.IX.IY)
 
G3 TO 300
 

27, 	CALL POINf(AL.SN.X2.Y2.IX.IY)
 
Cc lb 30u
 

23u 	IX=IXB
 
IY=IY1
 

Y2=YI
 
X2=52
 
GO TO 30u
 

20J Y2=SN*XI+SL
 
IY=Y2*25+26.5
 
X2=XI
 
IX=IXI
 

303 	IF((IX.LT.u. ?R.IX.GI.85).OR.(IX.LT.O. tR.IY.GT.52}) Uri 1i 360
 
I 3(IX.IY)=IH=
 

93 TO(3tu.3IJ.34u.34u).LS
 
310 A2=(S2-x2*SZ-Y2*SX)/SY
 

PRINT 32uX2.Y2.A2
 
320 	FORMAT(IX,$A32=.F9.b. 8X. A12=g.F9.6.8X.$A22=g.F9.6./)
 

IF( A2 .L1. J.u- LO 10 330
 
IB(IX. IY)=IriP
 
GO TO 36u
 

330 	IB(IX.IY)=IHN
 
GO TO 36u
 

340 PRINT 350,X2.Y2
 

350 FORMAT(IXsSA32=.$.FY.6.IuX.$A12=#.F9.6.QX.SSI6N OF A22 UNKNOiN$J
 
C***** 

C JNFORMATION FROM =ARIH SENSOR ONLY
 

360 	IF(GA .NE. o.o Gu TO 370o
 
NS=l
 

GO TO 38 
370 NS=2 

C PLOT THE UCLESIIAL SPHERE. 

38u IA(IXI.IYI=H**
 I j(IXIIYI)=IH
 

GO TO ( 39J,.410).NS
 
C IF GAIA IS ZERO. IHE REGION IS A 6[RAIGHT LINc, A23=CC
 
C PLOT THIS LINE
 

390 IX=IXC
 
IF(IYI.GI.IYM)uO TO 470
 
IY=IYI
 
X=CC
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Y=Y1
 
PRINT AUOXY
 

4 0u FORMAT(5uX,gA23=4tF9.b, 8X,4A13=$.F9.6.6XSIGN OF A33 UNKNOWNi
 
GO TO 43U
 

C IF IT IS ANOTHER ELLIPSE 03Y EARTH SENSOR INFORMATION)
 
C CALCULATE THE COORDINATES OF THIS LLLIPSE
 

412 	CALL ELIPb(O.O .U. ALAE.BEC.U.OX.Y.IX.IY)
 
AZ3:(CC-X*CNG)/SNG
 
PRINT 42u, X.Y.AZ3
 

4PL FORMTt65X.$A23=$,F9.6. 8X,$AI3=$.F9.6.6XSA3J=.F9.6)

43U1 IF((IXLf.u. bR.IX.6I.85).VR.(IY.LT.U. OR.IY.bT.52))Gtl FO 470
 

IACIXIY)=IHi
 
IF(GA.EU.0.0) GO TO 470
 
IF(LP.Eu.0J GO TO 45U
 
IF(AZ3GE.v) Ge To 440
 
GO TO 47J
 

44u IA(IX.IY)=Ih.
 
GO TO 47j
 

49u IF(AZ3.GT.u)GO [0 46u
 

IA(IXIY)=tIH-

GO TO 470
 

tAg 	 IA(IXIY=IH+ 
C * **** 

47D AL=AL+DAL
 
RP=I
 
CALL POIIN(AL,4PXI.YI.IX1,IYI)
 
IF(AL.GI-6.3) GO rd 480
 
IF(ISUN.U.O ) i0 TO 380
 
GO (0 (170180.14. 150).IS
 

4A13 	IF(ISUN.u.U) GO TO 57o
 
IF(ISNc.I) GO T 49u
 
IX=(-EX4I)*42+1.5
 
IY=-EY*25+26.5
 
IA(IXIY)=IH
 

Aqa 	 IF(LS.Nr.I) GO TO 500
 
IX=(-FX+3)*42+l.5
 
IY=-FY*2b+26.5
 
IB(iXIY)=IHF 

50- PRINT 5I, 
510 FeRMAT(3HI) 

PRINT 52usISUN.C[ICJ2.EAL.ELI 
52u F5RMAT(X,ISUN=I2,.S ALFA=F8.3,! DEG, BclA=%.F6.3, IJLG. AZ= 

t.F8.3$DEG. LL= .F6.3.4 UEG. P FOR+A22(OR+AJ3),N FOH-A2210K-AJ3iJt 
530 D3 550 J=1-52 

PRINI 5U | ( }4g~ I
 

543 FORMAT(2JX.1J0AI)
 
550 CONTINUE
 

PRINT 56J.1IDAY.i1IM
 
56, FORMPT(04X4 Ai2+$.35X.J44. 4.16./)
 

iF(LP .6E. 3) 6J TO 691
 
GO TO 59,
 

570 PRINT 51w
 
PRINT 580
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581 FORMAT(IXANC SUN SENSOR INFORMATUON.N3 PLOI FOR AI2.A320)
 
59( PRINT 510
 

IF(LP.bT.u) bt IO 610
 
PRINT 6uu.GADCC.RrNU
 

601 FORMAT(1xSGAMA=*FO.2,$ OEG. C23=.F7.a.l KbM=$,F73. LJEG. IF
 
IGAMA NOT O, + FOR +AJ3.- Fot -A3Z5; IF GPMA=O.I FOR s3IHf)
 
GO TO 66J
 

oIC GO TO (020,040).LP
 
62d PRINI 63jAD.CC
 
630 FORMA(XJ4.GAMA=S.F.2.$ flG. kUM=u. C23<$.Fo.3.t0. IS FOR +A3,3 

II FOR A33 ,AOA NdT t1 GAMA I I FOR LI1iL~RS)- IF u; 0-tN O. 
GO TO 66u 

040 PRINT 650.GAU.CC 
650 FORMAT(1X.$GAA=#,F6.2.4 DE6. Rbt=i8 DE,.C23>#.F6.3.$. FNr +A35 

ii FOR -A3j IF GAMA NUT a; WHLN GAMA=U. I FOR ITHENt)
 
660 DO 670 J=I152
 

PRINT 54uI(IJ).19u.1,-1)
 
670 CONTINUE
 

PRINT 680.IIAYITIII
 
680 FORMAT(64Xs4A13+%3.5X.I4., s16./)
 
693 RETURN
 

END
 
SUBROUTINE TEST(TX.TY,TZJS)
 

C
 
C CONDITIOh FOR ELLIPSt. CIRCLE. ON STRAIGHT LINE IN PLOT
 
C (1) WEN JS =I. IT IS AIN cLLIPSE 
C (2) WHEN J =2, IT IS A CIRCLE 
C (3) Wa-EN JS =3, IT I5 A STKAibH[ LINE PARALLEL fU Y AXI 
C 14) WHEN JS=, IT IS A STKAIHI LINL wlvH SLOPE - TY/[X. 
C 

AlZ=AS ( [Z)
 
IF(Arz.Nr.U.23) ;b TO 20
 
IF(TX.NL.J.U) .0 TO t0
 
JS=3
 
GO TO 46
 

ii 35=4
 

r0 16 46
 
20 IF (ATZ.EU.1) G TO 30
 

JS=l
 

G5 10 4do 
3C J5=2
 
4L RETURN
 

FND
 
SUdROUTINE CLIPS(bNLUJCSU.ANULA.8,CXSCY.XLVL]IXLY)
 

C 
C CALCULAIL TIr CORDINAlEb OF LLLIPbE. 
C A AND 8 ARE rHE HALF LENWnI OF MAJOR ANu MINOR AXIS 
C A'GL REPRESENTS CURRENT PULAX ANILL 
C (CX.CY) REPt EoENIS THE LrNTER uF ELLIPSE
 
C (XE.YL)Akr CURHENI PtINr RLPRLSbNtLD AS (IXI) FUR PLOT
 
C 

SAN=SINI ANL)
 
CAN=CO S (ANGL)
 
XEX=A*CA'4
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YEY=8*SAN' 

XP=XEX*CSU-YEY*SNU 
YP=XEX*SNU+YEY*CSU 
XE=XP-CX 
YE=YP-CY 
IX=(XE+I)*42+1.5 
IY=YE*25+2e.5 
RETURN 
FND 
SUBRaUTINL PUINt(AL.RP.X.Y.IX.IY) 

C 
C AL REPRESENTS POLAR ANGLE 

C (U.Y)REPRESENIS LURRENI POINI OF A CIRCLE. 

C RR REPRESENTS RADIUS 
C 

SNL=SIN(AL) 
CSL=CQS(AL) 
X=RP*CSL 
Y=RP*SNL 
IX=(X+I)*42+1o5 
IY=Y*25+26.5 
RETURN 
END 
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APPENDIX C SAMPLE OF OUTPUT 

DAY = 257, HR= 23. HYN= c , sgC= In 0R8&kLT S 6 * Ha 2617_0Ij 

EARTH SENSOR INFORMATION GIVE,..: 

GAMA(IN DEGREElm-23.G70O00 ET(IN DFGREE)* -. O.000, RONCIN DEGREE)= 56,000000 

IS5iN= 2, SUN. R5p&_LNF BTQL NG _ ___..__. 

A...ZIMUTH- -14-1-00000 -D-QG .LEJATION-O________________________________ 

Slim *623941. S In .52iA94& ,S31m-ti-k3q. ALPAIIN rEGRLFI 95,.a800fl0).Bi8L&LI&ON-EG RE E)a 

THE OIRECTLQN,., jj O,_ JJN E_ Wg T.S PJAJfJ ARE .9792669 *l08G15pl. 

JULAISLCL& -CO5LNES . L. t'LL.NC --Y --R oLAU CEN TMALL . i8f20Ok&ls tb70 

16186000 

*lg'4S23 

A 13(2I n-- y _._A __L . - 27 -

ROLL ANGLE TH(flm -26.32600 DEG,, PI.TCH ANGLE 

ROLL ANGLE TH(2Z1 Z1.6t997 DEG._PITCH-AMEF. 

TE(I)- 17q441937DEG. 

LjLE.iZ,,-S.43S2DOJEG 

.__Dg iLA I0 .ILA I 3 
DEVIATION IN A23 
DEVIATION IN A33, 

_ DAA .Lit -. 

DA23(2)0 
DA3311 a 

AL7U& ,_---niL2.nu 
.01506, DA23(2)s 
.00729, DA33(2)n 

c 
*015q9 
.00632 

-__--__________LT--_______ 

DIRECTION COSINES OF LOCAL VERTICAL ARE: ,08797894 *68q4860 #92597572 
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A13(2)- ~ 

AII1(2)t *9869&566 

AI12) 3 QZfl90L6 3 

ROLL ANGLE TH(2)= 

i~ 2 aj3 A311:012 .jz%47s12. 

A21(2) -,o'651465 A31(2)* -,12072719 

A23( 2 n*92'4 3@A A 2 -t.k 

21.61997 DEG*,PITCH ANGLE TE(2)z -5,q30'2 DEG*, YAW ANGLE PH(2) 3.484zq DEGo 

STANDARD DEVIATION OF A12,A32 ARE._LDAI_(2). ft936, DA32,2)- .015313 

• o DA2813 |a 



.......LRO LLPF~ L~S.Al nlAilJ.'AA eoeIt 'LT ~ .'&'7 XI AALe .O~,
 

a a a . * 

• a • 

* S 

A +l ~ wttol ~ l*6 tll el O eeo ~ tt lll ooe ooa 

RSRR • 
= R RR • 

* a 

a 
a 

* a a 

8 a• 

* a a 

I •a 

*A|3 t a Z3 
82a 



0 

• 

0 0 

0 * 0 

0. 

0¢ 

o0 

0 0 

0 0 

4 

* 

* 

0 0 

0 

* 0 0 _ _ _ _ _ _ _ _ 

* 0 0 

* 0 

* 0 

*0 

0 

0 

* 

'* 
/8RHA 

0 

0 

6S 
2* 

4 

45 3 14 



1 

2 

3 

4 

5 

..... SUMMARY OF RUNS FOR ORBIT NO. 556.00 , . 

NO. DATE HR. MIN SEC ORBIT GAMA ROMD THI THETA PHI TH! THETA PHI 

257.00 23.00 4900 10.00 556.00 -22.82 54.40 .00 .00 .00 -25.96 -176.34 -2;3/ 

257.0u 23.00 51.00 48.00 556.00 -23.57 56.00 .00 .OU .00 21.62 -5.43 2.4/ 

257.00 23.00 54.00 6.00 556.00 -22.82 57.60 .00 .00 .00 22.11 -7.22 3.32 

257.00 23.00 56.00 17.uO 556.00 -20.59 56.00 -22.29 174.54 .00 18.73 -5.33 .00 

257.uo 23.00 58-00 12.U0 556.U -18.36 57.60 -18.72 175.53 .00 17.90 -4.45 .00 
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