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ABSTRACT 

The aim of this calculation is to determine the orientation of the OGO-C 

spacecraft after the altitude Control System ceased to function properly. The 

problem is approached by approximating the sun aspect angle a by 

cos a= cos S cosy+ cos A sin S sin y 

where A, S, and y are determined for each interval during which it was possible 

to analyze the Housekeeping data. A and y were assumed to vary linearly within 

each interval according to 

y = w (t - t) + y
0 y 0 

and S was found to be almost constant within each interval. Values for the 

above parameters were derived from the Housekeeping data and are listed in 

Table I for each of 10 intervals. Figures 11-17 are plots of the data and the 

above equation using the parameters in Table I. Using the analytical form of 

the fit for a and data pertaining to the position of the spacecraft from the 

Attitude-Orbit Tapes, it is possible to solve for any angle between the Z-axis 

of the spacecraft and the axes of any coordinate system. 



OGO-G ORIENTATION STUDY 

The General Problem 

OGO-C was designed to orbit with the body Z-axis directed towards 

the center of the earth. Due to a malfunction of the horizon scanners, 

however, the attitude control gas was expended during the first few days 

of operation. Thereafter, the spacecraft oriented itself subject to 

external forces alone. The present work is an attempt to estimate the 

angular deviation of the body Z-axis from the_ geocentric vector, o. Once 

this angle (o) is known such things as the right ascension and declination 

of the Z-axis can be calculated with the help of the attitude orbit tapes, 

as will be discussed later. 

Housekeepi_ng information and_ gravity gradient considerations indicate 
+ that the spacecraft Z-axis is precessing about the orbit normal (L) with 

a slowly varying period of approximately 40 orbits. The followi_ng 

discussion and final calculation are based on this assumption whose 

validity will be discussed later. (see figure 1). 

The problem of determi ni_ng the angle between the Z-axi s and the geo

centric vector is essentially the solution of a three-dimensional configu

ration of the following vectors: 
+ 

(i) Orbit Normal (L); a unit vector defined to correspond in sign 

with the sense in which the spacecraft revolves about the earth. 

(see figure 1) 

(ii) Sun Vector (S): a unit vector in the direction of the sun. 
+ 

(iii)Geocentric Vector (G): a unit vector in the direction of the 

center of the earth . 
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+ 
(iv) The positive body Z-axis (Z) 

If we define the quantities A, <i>, 6, 8 as in Figure 3, then we can 

solve the spherical triangle (see appendix A) defined by the unit vectors 
+ + + 
G, L, Z for the angle 6, to get 

cos 6 = sin 8 [ cos A cos <i> + sin A sin <i>] (3) 

(equation (3), figure 3). It is thus apparent that the following quantities 

must be calculated in order to compute the a_ngle 6: 

(i) s: The (L, Z) angle, assumed to be the slowly varyi_ng pre

cession cone half-angle. 
A 

(ii) A: The dihedral angle (SlZ) whose rate of change corresponds 

to the rate of precession of the +Z axis about +t. 
A 

(iii) <i>: The dihedral angle (SLG). 

The first two of these quantitites are calculated with reference to 

the angle subtended between the +t body axis and the sun vector S, here

after referred to as the sun aspect angle a. The last angle does not 

depend on the orientation of the spacecraft and is calculable from the 

Attitude Orbit Tape. 

The Sun-Aspect-Angle 

The sun-aspect-angle can occasionally be calculated from housekeeping 

data. Ideally the y-axis of the panel coordinates points towards the sun 

(see figure 4). A measure of the deviation from the ideal panel orien

tation is afforded by means of words A-10 and A-11 of the housekeeping 

subcomm frames. Geometrically they are defined as follows: 

(i) A- 10: Supplement to the arc subtended between the panel 

X-axis and the sun vector. 
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(ii) A-11: Supplement to the arc subtended between the panel 

Z-axis and the sun vector. (see also rigure 2) 

In addition to these, we are given the angle between the panel Z-axis 

and the body Z-axis through housekeeping subcomm words A-1 2, A-1 3, and 

A-23, (arrays). 

We can then solve tri a_ngl e SB, zp, S (figure 4) to_ get 
I'\ 

cos (Zp, S) = cos {S, Sa) cos (Sa, Zp) + cos (S SB Zp) sin (S, Sa) sin (Sa, Zp) 

cos (Zp, S) 

cos (Sa, S) 

From triangle z8, s8 , S, the sun aspect a_ngle is_ given by 

I'\ 

(4) 

cos a= cos (Z

8

, S
8

) cos (S
8

, S) + cos (z
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s
8 

S) sin (Z
8 

S
8

) sin (S
8

, S) 

(5) 

in which we know all the quantities on the right hand side because 

(i) 

(ii) 

(z8, Zp) is the array angle defined by A-12, A-1 3, 

(s
8

, Zp) is calculated from equation (4) in which: 

(a) (Z, S) is the supplement to A-11 
p 

(b) (S
8

, S} is A-1 0 

(iii) (S
8

, S) is A-10 

and A-23. 

and it would appear that we can easily calculate the sun aspect angle 

whenever A-10, A-1 1, A-12, A-13 and A-23 are well defined. A-10 and A-11, 

however, are essentially light sensitive indicators from whose calibrated 
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response the angle of incidence can be inferred as a function of the 

intensity of the incident light. If the sun were the only source of l_ight, 

then the calibrated response would indeed provide a unique definition of 

the direction of the sun vector. The spacecraft, however, being free to 

point in all directions, is at times bathed in light coming from the 

illuminated side of the earth. Consequently, if we were to attribute the 

direction of the incident intensity to the sun alone, we would assign a 

direction to the sun vector corresponding to the weighted vector sum of 

the directions of all the possible sources of light that the sensors see. 

(see figure 5) . This would appear to displace the sun in a periodic way, 

with characteristic times corresponding to the orbit and one half the 

spin period. This phenomenon has been referred to in previous literature 

dealing with the attitude control as the "albedo effect". It is virtually 

impossible to arrive at a theoretical means of subtracting this component 

of incident light . Reflectivity, for instance, would be a function of the 

position of the subsatellite point, the altitude of the spacecraft, the 

time of day, Los Angeles smog, cloud formations, and other phenomena. 

One approach to this problem is to find positions in the orbit where 

the effect can be expected to be least significant. Since the satellite 

orbits at an average height which is not small compared to the earth's 

radius, there is a certain interval between the time when the subsatellite 

point enters the dark side of the earth and the time when the spacecraft 

enters the eclipsed ~egion (if any) of the orbit (arcs AB and CD in 

figure 6). Duri_ng this time interval the solid angle subtended by the 

illuminated portion of the earth is considerably less than at other times 

when the satellite sees the sun. Such intervals occur before and after 

each eclipse. If the satellite never goes into eclipse, it is in this 
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favorable condition approximately half the time. 

If we define (figure 6) 

A: The point in the orbit after which the subsatellite point is 

in darkness. 

B: The point in the orbit after which the spacecraft is in eclipse. 

C: The point in the orbit at which the spacecraft leaves eclipse. 

D: The point at which the subsatellite point is on the day side 

of the earth. 

P: The position vector from the center of the earth to the satellite. 

S: The sun vector. 

R: The earth's radius. 

then it is clear that points A and D occur at (P, S) = 90°. If we assume 

that the vector to the sun from the center of the earth is parallel to the 

sun vector to the sun from the center of the earth is parallel to the 

sun vector from the satellite, then the satellite is eclipsed if 

sin (P, S) < 
R 

R + H 

where His the spacecraft height above the earth at that point. 

Hand (P, S) are given on the attitude orbit tape every sixty seconds. 

For R we used 6400 kilometers as a bonus radius of the earth. Then the 

criterion for minimum albedo contribution is 

R 
< sin (P, S) < l; (P, S) > 90° (6) 

R + H 

Plots of the raw sun aspect angle data (as computed with equation (5)) 

demonstrate these effects (see figures 7, 8, 9, 10 and appendix B). The 
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numbers scaling the axes are to be multiplied by the corresponding scaling 

factors. Thus figure 7 is scaled from day 19.81 to day 20.05 (January 19, 

1966, 7:30 p.m. to January 20, 1966, 1:12 a.m.) and from Oto 180 degrees. 

The gaps in the data occur for various reasons: 

(i) data missing on the tape 

(ii) indicators outside calibrated limits. This problem becomes 

the main reason for the scarcity of data as soon as the 

angle between the orbit normal and the satellite-sun line 

is greater than about 40 degrees or less than 140 (see 

figure 20). 

(iii) inconsistent definition of array angle through words A-12, 

A-13, A-23. 

During the period when the spacecraft is in eclipse the arrays remain 

locked at the angle they were just prior to eclipse. The sun sensors, 

however, give zero or nearly zero as a reading. The S.A.A. as computed 

from these arrays is dependent on the position in the spin cycle that the 

spacecraft was when it entered eclipse. This effect can be seen as the 

regions of constant sun aspect angle on figures 7, 8, 9, 10. See also 

appendix B for an example of the actual data during eclipse. 

The effect of the albedo interference is seen to be less just before 

and just after each eclipse, in agreement with the above discussion . The 

periodic modulation of the sun aspect angle data due to the albedo effect 

has been interpreted as a nutation with a period equal to that of the 

orbit. We believe that it is merely a consequence of the albedo effect 

which seems to explain it quite adequately. There are no obvious torque 

transients that would cause such a persistent nutation. The data points 

on figures 11, 12, 13, 14, 15, 16, 17 are the sun aspect angle averages 
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during the favorabl e intervals defined through equation (6). There is an 

occasional small disagreement between the time- span of an eclipse, as 

predicted by the attitude orbit tape and the time as suggested by the data. 

This sometimes allows points corresponding to the flat regions during 

eclipse (figures 7-10) to be included in the average data. For this 

reason, all data points more than two standard deviations away, are ignored 

and the average is computed wi thout them. The crosses correspond to error 

bars associated with the particular average. The vertical extent corres

ponds to the standard deviation of the mean, while the length of the hori

zontal bar is 2/3 of the time interval over which the average was computed. 

Error bars in either direction of less than 0.05 11 are replaced by lines 

of that length. The vertical axis is scaled to 180 degrees while the 

horizontal axis is in days of the year. Thus figure 11 incl udes data from 

October 13 to October 22. Day counts for figures 11 and 12 are from 1965. 

The rest are from 1966. 

The continuous curve, which is also plotted, can be drawn through 

these points if we solve the equations of 11motion 11
• The vectors t, S, 

and Z form a spherical triangle which can be solved for the sun aspect 

angle a to get (see figure 18) 

cos a = cos 6 cosy+ cos A si n 6 sin y (7) 

where the quantities a , 6, y and A are defined on f igure 18. If the space

craft is i ndeed precessing about the orbit normal, then the following 

should be true over a short interval 

(i) 6, the angle between t and Z should be approximately constant 

(precession-cone half-angle) . 



(8) 

A 
(ii) A, the dihedral angle (SLZ), should vary with a constant 

angular frequency (rate of precession). 

Since y is the angle subtended between the orbit normal and the sun 

vector, it changes slowly at the rate at which the orbit plane precesses 

with respect to the sun vector. If, therefore, the assumption that the 

spacecraft is precessing about the orbit normal is valid, the solutions 

to equation (7), with the following approximations, 

( i) 
I\, 

f3 '\, constant 

(ii) 
I\, 

y I\, w 
' y (t-t

0
) +y 

0 

(iii) I\, 
(t-t

0
) + A A I\, WA 

0 

should fit the data well. 

The continuous curves on figures 11, 12, 13, 14, 15, 16, 17 are a 

plot of equation (7) to which the following were supplied: 

( l ) t start 

(2) t end 
range of validity (days) 

(3) f3 in radians 

(4) w y in radians per day 

(5) Yo in radians 

(6) WA in radians per day 

(7) A 
0 

in radians 

(8) to in days 

The final values are then defined by a trial and error procedure. The 

values that were used to calculate the continuous curves are listed in 

Table I. We consider the success of the fits to be sufficient evidence 

in support of the assumption that the spacecraft is precessing, with 

a slowly varying period of 2TT/wA, about the orbit normal. 

From these numbers 6 can be used as such, whilell}\, A
0 

and t
0 

can be 

used to calculate A. These are 2 of the 3 angles to be used in equation (3) 
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to calculate o, the (Z, G) angle . The thi rd angle is the dihedral angle 

(SLG), discussed below. 

The (SLG) dihedral angle (see Figure 3) 

From the attitude orbit tapes the X, Y and Z components of the t, S, 

G unit vectors can be calculated as follows: 

(i) t: Words 43, 44, 45 of the attitude orbit tape record corres-

pond to the ideal OPEP pitch axis which is the negative 

of what we have defined as t (see page 4 and Table II). 
+ 
Las used here is the negative YEI " 

(ii) S: Words 14, 15, 16 of the attitude orbit tape give the three 

components of the solar vector. The sun vector that is 

used here is merely the normali zed vector corresponding 

to words 14, 15, 16. 

(iii) G: Since this is the ideal main body +Z-axis, words 28, 29, 

30 correspond exactly to GX' Gy, Gz . 

Using land S we can define a vector C (see figure 21) along the inter

section of the orbit plane and the t, Splane. Then, by definition of a 

dihedral angle, 

<I> = (C, G) 

then cos q> = t . tt;1t1 

and si n q> = + ./1 cos 2 q> if t C x G > 0 

= - i/ l cos 2 4> if t • C x G < 0 

The sine and cosine of 4> can then be used to calcul ate o in equation (3). 
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The (Z, G) angle ( o) 

We can now solve equation (3) to obtain o as often as S, G, and l 
are given in the Attitude-Orbit-Tape. A plot of this result appears in 

Figure 22. The second curve is a plot of the half-angle 11 h11 of the cone 

that is subtended by the earth (see Figure 23). 

Right ascension and declination of the body Z-axis 

As a result of the above calculation, we know the angle subtended 

between the body Z-axis and t, S, and G. When these are not coplanar 

it becomes possible, by a simple transformation of coordinates, to obtain 

the x, y, z components of the body Z-axis. 

L 

"' €,c, 

Then 

zx :;; (z • t) L + (z . G) 
X 

zy :;; (z • t) L + (Z • G) 
y 

zz = (z • t) L + (1 • G) z 

" e'I 

G + 
X (z • s) 

G + y (z • s) 

G + z (Z • s) 

... 
s 

~ 

sx 

Sy 

sz 

i-' s ( L.J ~ ) 

Q( = (z> $) 

S ~ (z,q,) 

F °i GUR.t;_ '2.4. 
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or, using the definitions in Figure 24 

z y = 

from Attitude-Orbit-Tape 

cos f3 

cos o 

cos a 

Since Z, as calculated, is a unit vector, we can compute the polar and 

azimuthal angle from which right ascension and declination ·are easily 

derivable. 

From Figure 25 

Viz -
fe---+-1 ----- ea 

Y .l 
'·. 

Figure 25. 

e = arc cos (Zz) 

and 

{ arc 
cos (Z/sin 0) 

} f = unique def inition of 1 
arc sin (Zy/sin 0) 
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APPENDIX A 

Spherical Trigonometry 

A spherical triangle is defined on the surface of a sphere by the 

intersection of three major circles . 

J' 
,-1 

f, 

' •· 

• ••. "·:~1~:· 

.. , ... 

I 

/ 

Figure A-1. 

Let a, b, c be the arc segments that form the three sides and A, B, C 

the correspondingly opposite dihedral angles. 

We then have the following relations 

sin a 
sin A 

sin b = -.,---,- = sin B 
sin c 
sin C ( l ) 



cos a = cos b cos c + cos A sin b sin c 

cos A = cos B cos C + sin B sin C cos a 

A-2 

Since most of the spherical triangles encountered are defined by means 

of three vectors, the following notation will alternatively be used 

(see Figure A-1). 

+ -:+ arc subtended between Kand l 
+. ,+. 

angle subtended between K, Mand 
± -:+ M, l pl anes . 
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APPENDIX B 

s .A.A. Data 

The sun aspect angle is calculated on the basis of equation (5) as 

explained in the text. In the two following pages is a sampl e output of the 

words A-10, A-11, A-12, A-13 at a time when the data are reasonably good. 

The second page is an example of what the data look like during an eclipse. 

·k 

1. 

2. 

RC: record number on the tape 

time of readout 

3. first data column is the binary output(conver ted to a decimal) 

corresponding to the channel number (1 ~ data ~ 256). 

4. The column under the word headings (A-10, A-11, A-12, A-13) is 

the decoded output via the calibration matrices given in appendix C. 

The columnslabeled I,Q . give an indication of the quality of the 

particular number as follows: 

Words I. Meanin 

A-10, A- 11 0 data missing 

-I< 
1 fine sensor used 

2 coarse sensor used 

3 coarse sensor used (A23 = O) 

4 coarse sensor used (A23 missing) 

5 coarse sensor used (A23 nonsense) 

6 data off scare (Low) 

7 data off scale (High) 

A- 12, A- 13 0 data missing 

1 data on scale 

2 data off scale 

3 data inconclusive (A-12 = O) 

see Appendix C 
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In the final calculation an I.Q. of 1 or 2 was required of words A- 10 

and A- 11 while an I.Q. of 1 was required of either A-12 or A-13 . If these 

requireme.nts were not met, a (the sun a'spect angle in ~egrees) which 

appears. on the last column, was set to 690. 0 and ignored thereafter. 
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APPENDIX C 

• The calibration matrices used were, essentially, sent to us through 

private correspondence, by W. E. Kesler of Scientific Experiments, OGO 

Project Office of TRW. A brief discussion on these can be found on 

publication X-420-62- 208A of October 1, 1965 prepared by Goddard Space 

Flight Center. Through iµdications from the data and private correspondence 

it was agreed upon that the limit switch on the solar panels allowed them 

to go up to 300 degrees. as opposed to the 280 degrees which was the 

intended limit. We extrapolated the A-13 - Hi calibration to that point. 

The full calibration matrices appear on pages C, 2 - C.9 . 
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