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A METHOD USED FOR THE DETERMINATION OF THE
EXPLORER XXVI SPIN AXIS POSITION
P. A. Bracken

L. R. Davis
R, W. Janetzke

ABSTRACT

Two series of least squares fits were performed to retermine the Explorer

XXVI spin axis position in celestial coordinates throughout orbits 1 to 533, - The
data input to the calculations consisted of the sun's position, Jensen-Cain
magnetic field positions, the sun-spin axis angle, values of the magnetic field-
spin axis angle and values of the angle between the spin-sun and the spin-field
planes. The latter three angles were derived from the on-board Solar Aspect
detector and from the roll modulated output curve of the Ion and Electron par-
ticle experiment,

The results of the fits are presented as a table listing a spin axis right

orbit through orbit 533.

i

- ascension-declination pair along with the uncertainties in these angles for each

%
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A METHOD USED FOR THE DETERMINATION OF THE
EXPLORER XXVI SPIN AXIS POSITION

' INTRODUCTION

This report describes a method used to find the Explorer XXVI spin axls
pogition in celestial coordinates as a function of time through orhit 533,

The determination was based on knowing the sun's position, the magnetic field
position (Jensen~Cain field, Reference [4]) and values of the angles:

1. A~the angle between the spin axis and sun positions,
2. a~the angle hetween the spin axis and magnetic field positions, and

3. (-the angle between the spin axig-sun and the spin axis-field planes
meastred in the direction of spacecraft rotation,

Data values for the angle A were gotten directly from the Explorer XXVI
Digital Solar Aspect Sensor (as described in Reference [1]). Data values of the
angles o and ¢ were determined from the roll modulated output curve of the
Explorer XXVI Ion~Electron particle experiment (as described in Reference [8]).

A non-linear least squares fitting program GLSWS was used in two separate
geries of fits to obtain the final spin axis coordinates. During the first series
of fits, the sun and magnetic field positions along with values of A, a and y from
one orbit were used to obtain a determination of the spin axis pogition, Because
of the data selection criteria used in the first series of fits, from four to twenty

‘separate determinations were possible for each orbit through orbit 540,

A second series of GLSWS fits were performed fitting parabolas to the re-
sults of the first series of GLSWS determinations versus orbit number. The
parabola fits were performed on fifteen orbit batches, The final spin axis co-
ordinates of the mid orbit of a, fifteen orbit batch were taken as the value of the
fitted parabola at that mid orbit. The fifteen orbit batches were slid up one ‘
orbit at a time allowing final spin axis determinations for orbits 7 through 533.
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CHAPTER I

PRELIMINARY CONCEPTS

A, THE BASIC PROBLEM
'The objective of the study described in this report was to determine the
Explorer XXVI (EPE-D) spin axis orientation as a furiction of time in inertial
coordinates, The determination was performed on orbits 1 through 533, a period
during which Explorer XXVI was spin stabilized, *
The data used in the determination consisted of: *

1. measurements of the spin axis-sun angle, A, provided by the on-hoard
is : golaxr aspect sensor,

2, values of the angle (/) from the sun-spin axis plane to the magnetic field~-
spin axis plane measured in the direction of spacecraft rotation,

| 3. values of the angle (a) between the magnetic field and spin axis positions,
f and
t

4. the statistical uncertainties o, o and o, inA, Y and a.

The angles A, « and ¢ are shown in Figure 1 for one possible sun, magnetic
field, epin axis orientation, '

The magnetic field position in celestial coordinates was that given'by.the - J
Jensen and Cain Magnetic Field Coefficients for 1960 (see Reference [4]).

The sun's position in celestial coordinates was derived by using the com-
puter program HELOS as described in Reference [6].

Values of the o and  angles were derived from solar aspect data and from
the Ton and Electron detector's roll modulated output curve, For a description
of the I&E detector see Reference [8],

“Asg is illustrated in Figure 2, A and « fix the spin axis p‘oﬁsiﬂtion to the interéf
- sections of circles of constant o and of constant A on the celestial sphere, If in

I ”/}’" e L LTI

"’E’xplorer XXVI was launched on December 21, 1964, Orbits 1-533 cover the approximate tihlc
period from day 356.3927 (December 21, 1964) to day 524.9595 (June 7, 1965).




-against the fraction of a roll after see sun at which each I&E measurement was

addition, the angle i is known then ambiguity {18 eliminated end the true epin
axis porition (L e, either SA, or SA, In Figure 2) can be determined, (The di-
roction of rotation of the spacecraft was known,)

In general, knowledge of any two of the angles &, & andy will yleld two pos-
sible spin axis positions and knowledge of all three of the angles will resolve
the ambiguity, In practice, there are cases when knowledge of only two of A, ¢
or ¢ is sufficient for a spin axis determination because:

1. the spin axis location moves slowly with time and its position is known
well enough to resolve ambiguity, and

2. anumber of 2 and ¢ values can be used over periods of up to one hour
during which time the field direction will change significantly thus help-
ing to resolve the spin axis ambiguity,

B. RELATIONSHIP OF 4 AND o TO THE I&E DETECTOR
OUTPUT CURVE i

Charged particles having small pitch angles* are lost into the atmosphere,
For this reason, the I&E detector will measure a minimuin'in particle intensity
when looking along a magnetic field line, Similarly, a maximum in particle in- ;
tensity occurs when the I&E detector measures particles having 90° pitch angles—
that is, when the I&E detector is pointing in a direction 90° away from the field
line, This response was found to be empirically true for the I&E detector at
selected times and was assumed to be true for all times,

On Explorer XXVI, the I&I detector was mounted at a 45° angle to the
spacecraft spin axis so that a coae of half angle 45° was swept out about the spin
axis by the I1&E detector during each roll, By making use of the solar aspect
data provided on Explorer XXVI,. the output of the I&E detector can he plotted

taken,

A direct reading from such a roll modulated output curve of the abscissa
corresponding to a minimum in particle intensity will yield either y or y = 180°,
Figure 3 illustrates the point for one possible roll modulation pattern. In Fig-
ure 3, the abscissa x, represents the fraction of a roll after see sun at which
the I&E detector was looking in either the plus field or the minus field directions.

*The pitch angle is the angle between the particle velocity vector and the magnetic field vector
at a point in space. ' ‘ '
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(Similarly for the abseissa x,), Together x, and x, correspond to one pair of
values from the sof {{, v + 180°, i = 180°},

The relationship of o to the I&E roll modulation curve can be seen by ex~
amining Figure 4, The Law of Cosines applied to the spherical triangle in Fig-
ure 4 with ares a, 90° and 45° yields:

cos 90° = co545Y + cosa * sin45° ¢ sina * cos (180° ~f/2) (L.1)

where f is the fraction of a roll between maximum particle intensity readings by
the J&XI detector during one xoll,

Solving Equation 1,1 for a gives
a = 90° = arctan (cos (£/2)) . (1.2)

Thus it is seen that « is a function of the fraction of a roll between maximum
particle intensities as measured by the I&E detector,

As withy, the determination of o from the I&E output curve can yield either
o or 180° - o, Thus the a, Y data used in the spin axis determinations are am-~
biguous in that it is not known whether they are measured with respect to the
positive or negative field direction at any given time.

Examples of possible I&rD detector output curves are gwen in Figures 5
and 6,

Turther information on the actual method used to calculate a and Y from the
I&E detector data is given in Reference [3], Suffice it to say that in practice
Jr can always be found from the I1&E data but that o cannot be calculated outside
the range 60°< o < 120°, When o is less than 60° or greater than 120°, maximum
intensity occurrences are either too flat or otherwise too ill defined on the I&E
roll modulation curve to be used in a determination of a,

C. DETERMINATION OF THE SPIN AXIS-SUN ANGLE

The solar aspect sensor on board Explorer XXVI provided digitized meas~
urements of the sun-spin axis angle, A, The solar aspect detector, with a fan
_field of vision 180 degrees in length, was mounted so that the fan swept out the

entire sky as the satellxte rotated, :




b

A
[T

The nominal uncerxtainty in the sun-spin angle measurements was &1, &
since the solar aspect detector sampled the 180° fan in 63 approximately equal
intervals. However when the A -reading changes from one of the 63 gectors to
another, the angle is known more accurately—to approximately 0, 3 degrees,
Also when the motion of the spin axis is regular with respect to the sun, the
angle A may be interpolated to this higher accuracy,

Tor further information on the solar aspect detector see References [1]
and [2],
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CHAPTER II

METHOD FOR SPIN AXIS DETERMINATION

A, THE MATHEMATICAL PROCEDURE FOLLOWED

Denote the right ascension and declination of the sun, magnetic field and
spin axis by SRA, SDC, FRA, FDC, ARA and ADC »espectively., Using this notation,
the angles A, o and i can be written as

A = Ff(ARA, ADC, SRA, SDC)
o = g(ARA, ADC, SRA, SDC, FRA, FIC)
¥ = h(ARA, ADC, SRA, SDC, FRA, FDC)

where f, g and h are unknown functiois,

TFor a given time period the following data are known:

a.

bo

the sun-spin axis angle A
the celestial coordinates SRA, SDC of the sun

n values of s as ¥, and the associated field coordinates FRA,, FDC,,

m values of a as A and the absocmted field coordinates values FRA

FDCj, and

the statistical uncertainties o {O‘q; }1- and {O*A } for the angles
in (@), (c) and (d) respectwely '

The problem was to find those values of the spm axis coordmates ARA and
~ ADC which when used in Equations 2.1 along with the proper fleld and sun co-
ordmates would yield a minimum value for the expressmn '

” : n_ V. "‘l/J.\b2 RL/7A. — 2 : i
; x2 - (AO- }\> iy S_" lo.' i + Z: ) JU ). 3
) ATA L\ Y, ) A 2.2y

i=1) =1

s e e A e 0 i g i
oo i - e &




where A, Y, and a j are the calculated values yielded from Equations 2,1 and
MYy Ay are the measured data values.

Given the data as listed in (a)-(e) above, a modified version of W, E. Daniels' , f

General Least Squares (GLSWS) program was used to solve for the spin axis co-

ordinates during given time perlods. A description of GLSWS is given in Ref-

erence (7], .

_: TFor ease in using GLSWS, Equations 2,1 were rewritten in one equation as ' "‘

y = F(ARA, ADC, SRA, SDC, FRA, FIC, 1) @.3)

where the independent variable I is 1, 2 or 3 for the function F to yield values

! of A, & or y respectively. :

In conjunction with the notation used in Reference (7], Equation 2,3 was

written as

; y = F(Pl, P2, x4, X,, X5, X, xs.)‘ (2.4)

|

f where P1 and P2 are the spin axis right ascension and declination and x, through ‘ :

| x. are SRA, SDC, FRA, FDC and I respectively as in Equation 2, 3. ‘
| - -

‘ The program GLSWS uses an iterative @lgorithm to accomplish the required

% fit. To initialize the algorithm, it was required that the fol‘owmg values be fed

e ~ to GLSWS: ;

f a. guess values of ARA and ADC as P1, and P2, A i

| b. k data values Y, and(x“, s, xs&)
c. k calculated values y, (derived from Equatmn 2.4) using the \alues L L 1 _

(Xy(0 *** o Xg,) and P1,, P2, FT )

d. the partial derivatives l

»
;
3

‘

et
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PlO.P20.XH."'.X“ (2'5)

for i = 1,.”’ki

. In return, GLSWS yielded new values of P1 and P2 which mmmuzed the
expression

:
N
-
RMS = - =

) (2. 6)

Since the form of the function F in Equation 2.4 was quite long and compli-
cated, a practical method of calculating the values in (c) and (e) above was
evolved, This method consisted in utilizing the known celestial coordinates of
{ the sun and field positions together with the guess coordinates of the spin axis
position to obtain spherical triangle solutions yielding calculated values y, for

i A, o and Y, TFor example, in Figure 7 the codeclination of the sun and spin axis
i along with the difference in their right ascensions provides enough information

| to solve the given spherical triangle for A. Similarly, spherical triangle solu-
tions may be obtained for o andy, In practlce, the program CAAAB as described
in Reference [5] was used to solve the required spherical triangles, Using the ,
above procedure, spherical triangle solutions were found for the k required N
calculated values: ,

L B B LA N e T

yy 7 F(Plg, P2, X0 o Xyy) @

it

In addition, the guess values P1, and P2, were incremented by an amount A* and
these incremented values were u.sed in Spherwal triangle solutions to obtain
the calculated values: :

!

. . oy

1

F(Plo T4, on? Xli’ ..." XSi)

1

; : y{" = F(Ply, P2+, Xy, "'*XSL)_'. o (2.8)

- *In our calculations A was taken to be one degree.




g Finally the required partial derivatives were calculated from: L
| (25 . YV
P1 P1,,P2o, Xy 41 % Xs; A )
(53 | ooy ’
dP2 " A ' (2.9)

Plo P2g. Xy qr*eiXsy

At the beginning of the n + 15t iteration, the values y; and the required
partial derivatives were calculated from Equations 2.7, 2,8 and 2, 9 using the i
values P1 and P2  of the spin axis coordinates returned by GLSWS at the end of
the nth iteration, This procedure was allowed to continue until successive

‘ iterates were close enough (difference <10~2? degrees) or until the number of
| iterations exceeded a specified value,

B B. THE METHOD AND INPUT DATA USED
g ; In practice, the mathematical procedure and the data input to GLSWS were
g modified slightly to force GLSWS to perform a weighted least squares fit utilizing
- the known uncertainties o, o, and o, :
To accomplish the weighted fit, the basic equation (Equation 2,7) was utilized ‘

to obtain a new set of calculated values as:

: %y, 2.10)

G
e e D s o o S o i o

where Y,, o, . are the measured data values and their uncertainties and where
y, is given by Equation 2,7 for i = 1, ..., k, '

Redefining the basic expression as in Equation 2,10 caused GLSWS to per- !
form the weighted fit while minimizing the expression: : T

f2d
X
3
¥
?
'
) 15
sy e A e e i " W
ey o o .
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or
(2.11)
(‘“1‘) - ()
B IP1/py p2_ v, 9P1 PL_,P2,, Xy r " X5 (2.12)
and
(375) - A ()
IP2/py pa_ Oy, NPLlpy by ke, (2.13)
where i = 1, «++, k, 1

In summary, to initiate a fit GLSWS was supplied with;

a. k values of Y, o and(x“, “';X5i)

b. guess values P1, andP2, for P1 and P2

c. k values of z, calculated from Equation 2,10 and
d. k partial derwatwes dz /éPl, dz, /0P2 as calculated from Equations 2. 12 ‘ ﬁ ‘

and 2.13 using (P1,, P2,) for (P1_, P2 ).

The data suppl; ed to GLSWS for a spin axis determmatlon were selected ;

accordmg to the followmg criteria:

1. the data for each fit had to be from the same orb1t | ‘ |

2. the data for each fit had to extend over a time perlod of no. longer than : s

.one hour g - . S

11 .




3. the data used for a fit had to extend over an interval of no larger than
. b earth radii in L value (ex, data from L = 3,0 to L = 3,5) and

4, the total number of points used for a fit had to be at least four but less

than ninety-seven,
For any given fit during uwhich k data values were supplied to GLSWS, k was g
comprised of one value of A, n values of @ and k=n ~ 1 values of  where n
varied from 0 to (k - 1)/2,
The uncertainties o, and o, in a and y were fixed at three degrees and two
degrees respectively, The data values for « and s were read in from magnetic ‘
tapes whose format is described in Reference [3],
The data values used for A and ¢, are tabulated in Table 1. The gaps in j
this table were filled in by linear interpolation,

12




CHAPTER III

CONCLUSION

A, PRESENTATION AND DISCUSSION OF THE RESULTS DERIVED

As a result of the criteria applied during input data selection, there were
as many as twenty separate spin axis determinations made by GLSWS for each
orbit in the range from orbit 1 to or*it 540,

A plot of the twenty or so spin axis determinations for each orbit from the
first round of GLSWS fittings showed considerable scatter in these results. To
eliminate this scatter and to achieve the most reliable final result, an additional
fit was performed on the spin axis coordinates determined from the first round
of GLSWS fits. In this second GLSWS fit, parabolas were fitted to the spin axis
coordinates from the first GLSWS determinations on fifteen orbit batches, The
coordinates yielded from the fitted parabolas for the mid orbit of each fifteen
orbit batch were taken as the final spin axis position for that orbit, Also the
fifteen orbit batches were slid up one orbit at a time so that the coordinates for
orbit n were derived from a fit to the GLSWS determinations for orbits n - 7
ton + 7, '

In addition, only those original determinations (of the twenty or so possibil-
ities) which resulted from fits having at least ninety percent as many a's as y's
and which arose from data having I, values between 1, 5 and 4, 5 were used in the
final parabola fits, Consequently, only from three to ten of the twenty possible
. original determinations per orbit were used as input data for the fifteen orbit
parabola fits, ‘

The results of the final parabola fits are listed in Table 2, Columns three
through eight of Table 2 are expressed in degrees. Column two lists orbit start
times in day plus fraction of the day where the following conventions hold:

1, launch occurred on Deé_émber 21, 1964 (day 356, of 1964)

2. dayk 367. corresponds to January 1, 1965 (since 1964 was a leap year).

3, day 524, corresponds to June 7, 1965,

‘ Cblumns three and four of Table 2 list the final values of the spin axis right
ascension and declination respectively. Columns seven and eight are the final

values of the parabola fit RMS yielded by GLSWS (as expressed in Equation 2, 6),
“Columns five and six are the uncertainties in columns three and four respectively .

13
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and were determined from:

Tga o RMSg, - 7/5:
Tppc © RMSppe * YDy (3.1)

D,, and Dy are the first elements of the inverse coefficient matrices from the
final parabola fits in GLSWS,

The coordinatus listed in Table 2 for orbits one through seven are "eyeball"
extrapolations ohtained from a plot of the remainder of the table from orbit eight
on. Consequently, the uncertainty and RMS values in columns five through eight
for the first seven orbits are listed as ''999,",

A plot of the results listed in Table 2 appears in Figure 8,

B. LIMITATIONS OF THE METHOD USED

In some orientations of the spin axis, sun, field positions one of the spin
axis coordinates can be heavily dependent on one of A, o ory, Thus for a good
spin axis determination in such cases, values of that angle must be present in
the input data fed to GLSWS during the first round of fits. For example, from
orbit 400 on the Explorer XXVI spin axis declination was ill determined when
only values of \ and | were used for a determination. For this reason, only
those spin axis determinations calculated for time periods with A, o and Y values
present in the input data were used to obtain the final results. For the calcula-
tions from orbit 400 on, best determinations were made when there were almost
as many a's as J's present in a block of data fed to GLSWS during the first round
fits. ; -

It was also found that data associated with L values greater than 4.5 some-
times yielded erroneous spin axis determinations, For this reason the input
data used were restricted to L shells in the range 1.55 L < 4,5,

The erroneous spin axis detefminations probaébly resulted for one or more
of the following reasons:

1, at certain times the effects of magnetiic disturbances were sti’llr signifi-
~cant down to L shells of L = 4.5, or :




2, flat pitch angle distributions were encountered yielding inaccurate de-
terminations of a and ¥ from the I&E detector output, or

3. count rates went down while statistical fluctuations became Yiveer,
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APPENDIX A

NOTATION

M A~ the spin axis-sun angle,
&, A - the spin axis~-magnetic field angle,

i, W - the angle between the gpin-gun and the spin~field planes measured in
the direction of spacecraft rotation,

o, o = the statistical uncexvtainty in A, A,
o, oo ~ the statistical uncertainty in o, A,
Ty Gy = the statistical uncertainty in s, W,

ARA -~ spin axis right nscension,

ADC - gpin axis declination,

SRA - sun right ascension,

SDC = sun declination,

FRA - magnetic field right ascension,

'DC -~ magnetic field declination,

y, - a calculated value of X, @ or i,

Y. - a measured value of A, a ory,
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APPENDIX B

TABLES
Table 1
Values of the Spin Axis-Sun Angle
Time A &)
(day -+ fraction) (degrees) (degrees)
366, 00 46.1 dl, 0
377,00 46,5 1.0
383.66 48,9 0,3
389,74 50,4 0.3
398,60 65, 3 0.3
401, 84 57.4 0.3
408,15 60,2 0.3
412, 36 62.6 0.3
417,73 66.1 0,3
421, 44 69,3 0,3
427,15 73.1 0,3
431,27 74.8 0.3
437, 25 78.9 0,3
439, 61 | 81.3 0,3
445, 88 84,6 0.3
449, 57 86.8 0,3
454, 62 90,7 0.3
457, 45 92.6 0.3
464. 09 96,5 0.3
475, 90 101.3 0,3
480, 33 104,6 0,3
488, 27 : 108.0 0.3
493, H2 110.3 0.3
500. 17 113.6 0.3
513,70 | 118.17 0.3
524,00 - 118.0 1.2
534,43 - 116.7 0.3
557, 03 ) 115,2 1,6
679,63 =l 116, 4 © 0.3
- 595, 20 118.8 2,0
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FIGURES

+ FIELD

SPIN AXIS

SPIN DIRECTION B -

i g.;;;\ Ygure 1 Mpa, Plotted as on the Celestia!-Sphere
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/ SPIN DIRECTION ,

CONSTANT « TRACE

+FIELD

SAq, SAz, ARE TWO
POSSIBLE SPIN AXIS
POSITIONS GIVEN A AND

CONSTANT A TRACE

Figure 2. Spin Axis Determination~Plotted as on the Celestial Sphere
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Figure 4. a as a Function of the Fraction of a Roil
Between Maxima as Plotted on the Celestial Sphere
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ONLY ONE
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C ® LOG (intensity)

45° < o << 90°

, 0 0.5 1.0

FRACTION OF A ROLL AFTER SEE SUN -

Figure 5. |&E Roll Modul&fion Curves for Values of a up to 90°
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Figure 6. I&E Roll Modulation Curves for Values of a from 90° to 135°
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