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ABSTRACT

This report gives a brief case history of the de-
termination of sounding rocket attitude by means
of solar aspect sensors and magnetometers, as
applied to NASA Rocket Flight-4.272 UA.
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INTRODUCTION

Flight number 4,272 UA, an Aerobee 150 rocket, was fired February 4,
1969, at the Churchill Research Range in Canada. It was carrying equipment
including two mass spectrometers, to perform an atmospheric composition
experiment. The number of atmospheric particles detected by a mass spectrom-
eter depends on the orientation of the spectrometer with respect to the direc-
tion of travel, or velocity vector. Consequently, value of spectrometer data
depends on having accurate trajectory and attitude (direction of pointing) data
over the period during which the measurements are being made. Trajectory
data of Flight 4,272 UA were acquired by radar tracking, while the attitude data
were provided by the methods described in this report.

DATA ACQUISITION
SOURCE OF ATTITUDE DATA

“The source for attitude data depends on the type of sensors to be used. In
this instance, the sun and the magnetic vector were used as sources and as ref-
erence points for the gathering of vehicle attitude data.

SENSORS

Two flux-gate magnetometers and two solar aspect sensors were mounted
with the orientation illustrated in Figure 1, and specified in Table I. The ori-
entation of the mass spectrometers are shown and specitied in the same figure
and table.

TABLE I

Sensor Orientation Specifications, NASA Rocket
Flight 4.272 UA!

Sensor Zenith? Azimuth3
Mass Spectrometer 1 89°20! 181° 52!
Mass Spectrometers 2, 3 89°14' 0°00'
Adcole Solar Sensor 1 69° 52! 114°18'
Adcole Solar Sensor 2 110° 06! 249°30'
Lateral Magnetometer 90° 00! 70°34!
Longitudinal Magnetometer 179° 08! 320°23!

1. From reference 1
2. Zenith angle measured from nose uf rocket
3. Azimuth angles measured counterclockwise from mass spectrometers 2 and 3
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MAGNETOMETER. The Schonstedt RAM-5C Magnetometer senses the
angular relationship between its longitudinal axis and the earth's magnetic field.

E = E COSO + E, (1)
Where:

E is the output voltage of the magnetometer;

ﬁ: is the peak output voltage, the magnetometer output voltage when its lon-
gitudinal axis is aligned with the magnetic field. This peak output is adjusted
to be £2, 5 volts. One polarity of the voltage results from the pointing of

one pole ~f the magnetometer in the direction of the south-seeking magnetic
vector, 1ie opposite polarity is the result of the opposite alignment;

0 is the angle between the longitudinal axis of the magnetometer and the
magnetic field;

and:

E, is a bias voltage, +2.5 volts, whose purpose is to shift the magnetome-
ter output voltage to the 0-to-+5~volt range.

SOLAR ASPECT SENSOR. The Adcole Solar Aspect Sensor Model 135,
used in conjunction with Shift Register Model 235, produces binary coded words
indicating the angle and the time of arrival of the solar beams that strike the
sensor.

RAW DATA

The data were telemetered by an FM-FM system; the raw data are in the
form of oscillograph records. Figure A-1 in Appendix A shows the telemetry
record of the two magnetometer outputs. The modulation observed on the trace
representing the output of the lateral magnetometer is the result of vehicle spin,
and shows the spin rate., The peak positive output, during the spin cycle, occurs
when the probe axis of the lateral magnetometer reaches its point of nearest ap-
proach to alignment with the magnetic vector in one direction. When, during
the spin cycle, the orientation has changed 180 degrees, the instantaneous volt-
age at the output is peak negative, The output of the longitudinal magnetometer
is similar, except that it does not have the sine-wave modulation, Its output is

w



a function of the degree of alignment between the probe axis (which is parallel
to the rocket longitudinal, or Z, axis) and the magnetic field, The magnetic as-
pect angle is equal to:

A
ARC SIN LLAT _
BroraL

-

(2)
ARC COS BLONG | @)
BroraL

or

A
ARC TAN Biar_
BionG

(4)

-e

Where:
ﬁLAT = lateral sensor, peak flux density reading, milligauss;
Biong = longitudinal sensor, flux density reading, milligauss;

and Brorap, = total flux density, milligauss.

The solar sensor output tracing contains a pulse-code modulation that gives
the solar aspect angle in degrees, whenever the solar sensor is rotated through
the plane containing the sun and the rocket longitudinal axis. The angle in "spin
degrees' between the solar sensor readout and the lateral magnetometer peak
reading, when corrected for sensor orientation*, is known as the phase angle,
(Another definition of phase angle, in this application, is given in the ""Theory"
paragraph of the Data Reduction section, on page 5.) The first step in data re-
duction is to read the magnitude of each parameter at the point on the record
representing a readout, one time during each rotation, and to record the read-
ings as a function of time, in tabular form. These are the figures which are
punched on cards for computer entry.

*Note: The data-reduction procedure is simplified if the magnetic axis of the lateral magnetometer probe
and the optical axis of the solar sensor point in the same direction, or lie in the same longitudinal
plane of the rocket,



DATA REDUCTION

THEORY

The plane containing the longitudinal, or Z, axis of the rocket plus the cen-
ter of the solar sensor, spins about the Z axis., As the plane intercepts the sun,
the sensor generates a word which is a seven-bit Gray-Code number designating
the angle between the direction of the sun and the rocket Z axis. This angle is
defined as the solar aspect angle. The angle between the rocket Z axis and the
earth's magnetic flux vector, at the launch site, is the magnetic aspect angle,
The plane formed by the rocket Z axis and the magnetic vector intersects the
plane formed by the Z axis and the sun, This intersection of the two planes
coincides with the Z axis. The dihedral angle formed by the intersection of the
two planes is defined as the phase angle. When corrected for any necessary
sensor orientation, it is shown on the oscillograph recording as the rocket spin
angle between the solar sensor readout and the peak voltage point on the lateral
magnetometer readout. With these data, along with the latitude, longitude, and
altitude of the rocket, the attitude of the rocket can be determined.

STEPS IN REDUCTION OF DATA

Most of the data reduction was performed, under contract, by the Physical
Science Laboratory of New Mexico State University, and the data reduction was
the subject of a report (Reference 1). The sequence of steps used in the data re-
duction are illustrated in the block diagram, Figure 2, Separating the procedure
into definite steps enables the weeding out of data which is obviously erroneous,
and makes it easier to avoid the temptation of integrating the program in such a
way that it is not certain where an error has occurred in the program.

COMPUTER PROGRAM DESCRIPTION

There are two computerized methods of finding the attitude of the vehicle
by spherical triangulation. The first method uses the solar aspect angle and
magnetic aspect angle, with the sun and magnetic vector positions on the celes-
tial sphere, as input parameters. The sun, the magnetic vector or south mag-
netic point, and the rocket axis form the apices of a spherical triangle, the solu-
tion of whose dimensions yields the attitude of the vehicle. Both the sun's position
and the south magnetic point require computer programs for their determination,
With the computerized solution of the triangle dimensions, the phase angle may
theoretically be determined as part of the output, Table A-1 in the Appendix
shows the computerized solution by this first method.
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Step 1
EDIT DATA

Step 2

PREPARE TRAJECTORY
DATA

Step 3

PREPARE SOLAR ASPECT
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Step 6

COMPUTE TRAJECTORY AND

SOLAR ASPECT DATA

Step 4
PREPARE MAGNETOMETER
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Step 6

CONVERT MAGNETOMETER
DATA TO MILLIGAUSS

Step 7

COMBINE SOLAR-TRAJECTORY DATA
WITH MAGNETOMETER DATA

Step 8
CALCULATE ROCKET ATTITUDE

Sten 9

PLOT ROCKET ATTITUDE SOLUTIONS

Figure 2. Fiow Diagram for Rocket Attitude Data Reduction (Reference 1)




The alternate, or second, computerized method for finding the attitude uses
the solar-aspect angle and the phase angle as inputs. When the nose of the ve-
hicle points between the sun and the magnetic vector, this second method yields
better resolution than the first.

POLAR GRAPH

Figure 3 shows a polar graph which is a representation of the hemispheri-
cal sky. There are small 1/4-inch circles on the circle which represents the
horizon, at the points representing the directions, north, east, south, and west.
The zenith angle designation is given to circles smaller than the horizon in 20~
degree increments, through 80 degrees. The azimuth angles are marked
in 10-degree increments, from true north or 0 degrees to 360 degrees, around
the circle representing the horizon. The early morning sun is shown as having
an altitude of 2 degrees, or a zenith angle of 88 degrees, and an azimuth of 126
degrees. The south-seeking direction of the magnetic vector has a zenith angle
of 7 degrees and an azimuth of 182 degrees. Expressed in more conventional
terms, the geomagnetic dip angle is 83 degrees, and the variation, or declina-
tion (deviation from a north-south direction) is 2 degrees east. The two solu-
tions given in the tabulated output data were plotted on the graph and were made
part of the attitude data-reduction report (Reference 1). It was stated in that re-
port that the second solution was the correct one.



ROCKET ATTITUDE

AEROBEE 150 VEHICLE NUMBER 4.272 UA
FORT CHURCHILL, MANITOBA, CANADA 4 FEBRUARY 1969
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Figure 3. Mechanical Plot of Rocket Attitude Data (From Reference 1)



INTERPRETING THE TABULAR DATA

VEHICLE MOTION

Assuming that none of its parts move or oscillate with respect to one an-
other, a spinning rocket can be mathematically represented in its motion. See
Figure 4, During the early part of the flight the spin is imparted to the rocket
by means of canted fins, for the purpose of stabilization of the vehicle, espe-
cially in the air, and while being propelled. It is usual to reduce spin rate, just
before the gathering of the data. While falling freely in the vacuum of space, the
vehicle spins and cones in a defined pattern about its center of gravity. The dis-
tribution of the masses within the vehicle determine its moment of inertia ellip-
soid (a mathematical three-axis model for defining the motion of a body in terms
of its absolute kinetic energy, T). If its linear velocity is defined as V, mass
as M, spin angular velocity as w,, spin moment of inertia as I,, coning angular
velocity as w;, and coning moment of inertia, I, about the invariant line, then:

()

T = %MV2 $ S w12 + Tyig’)

DO =

During the earlier portions of the powered flight, the invariant line will be
close to the direction of the velocity vector (the direction of travel of the rocket).
However, thrust asymmetry in the rocket motor, or a poor separation of the
booster, could alter the invariant line in any direction. Also, as the vehicle
approaches and passes through its apogee, the velocity vector changes in direc-
tion up to 180 degrees. However, this change has no effect on vehicle stability
during free fall in a vacuum.

One easily monitored parameter, the spin period and spin decay of the
rocket, will immediately indicate its stability. If the spin angular momentum
term, Izwzz , shows no change, there is no change in the coning, I;w;? there-
fore, the vehicle is stable. If the spin decays, the energy associated with the
angular momentum of the spin will be transferred to the coning angular momen-
tum, and the coning angle will increase, as:

I w2 —T1 w2, (6)
Under these conditions, the vehicle is unstable. It will develop a flat spin, and

the acceleration forces at the ends of the vehicle will increase, sometimes to
a point that the payload is destroyed.
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The center of gravity of the rocket moves along the velocity vector in free space, while the vehicle spins
about its longitudinal axis, and cones about a momentum vector with a coning half-angle as shown, at a

particular precession rate. The spin, comng angle, and precession rate are all mathematically related.
For more detail, see reference 2.

Figure 4. Vehicle Motion in Free Space




SPIN RATE AND SPIN RATE CHANGE

The spin rate and its changes were determined by noting, on the telemetry
record, the exact time of the beginning of each solar signal. The spin period
and the spin period change were computed and tabulated during 18 seconds to
376 seconds after lift-off. The spin rate increased from 0. 735 revolutions per
second af 17.9 seconds to 2. 82 revolutions per second at 53 seconds after lift-
off, and remained at a constant 2. 813 revolutions per second until despin at
80. 85 seconds. The spin rate then settled to an almost constant 0. 3735 revolu-
tions per second until 376 seconds after lift-off. The rocket history, as pre-
viously noted, is a very good index to be used in determining the vehicle stability.
The only changes in spin rate, up to 376 seconds of flight, were caused by ex-
ternal forces, such as the acceleration of the sustainer, and the despin. Thus,
it would be expected that any coning motion would have remained substantially
constant during the free-fall part of the flight.

CORRECTLY INTERPRETING THE TABULAR DATA

Although it is not clear from an examination of the tabular data, the true
attitude of the rocket during flight was a composite of the two solutions pre-
sented. In the light of the discussion on vehicle motion, an examination of the
polar graph shown in Figure 5, makes it apparent that such is the case., It is
from this plot, using the methods given in Reference 3, that the composite solu-
tion is determined. If that portion of solution Number 2 from 50 seconds to 180
seconds is omitted, and those portions of solution Number 1, from about 100
seconds to 160 seconds, and from 180 to 380 seconds are used, it is found that
these portions of the curves form a circle about a point having a zenith angle of
53 degrees, and an azimuth angle of 167 degrees. This point represents the in-
variant line or momentum vector of the coning motion. The coning half-angle
was 44 degrees, and the direction of the coning angular velocity was the same
as that of the spin angular velocity. The coning motion, despite its rather large
coning half-angle (see Figure 5) was confined to approximately one circle. The
fact that the coning, once having begun, was almost unchanged throughout the
remainder of the flight resulted from a good dynamic design of the payload. In
other words, the distribution of the masses within the payload is critical to a
good stable flight.

11



ROCKET ATTITUDE
AEROBEE 150 VEHICLE NUMBER 4.272 UA
FORT CHURCHILL, MANITOBA, CANADA 4 FEBRUARY 1969
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PRECAUTIONS

There are some precautions that apply especially to rocket flights using
solar sensors and magnetometers for attitude data. The experimenter should:

1. Know precisely the orientation of all sensors
2, Calibrate all sensors

3. To the extent permitted by the mission and range requirements, launch
the rocket at a time and in a direction in which both the solar and the
magnetic aspect angles will be relatively large. Also, it is better if
the direction of the sun and the orientation of the magnetic vector make
a relatively large angle with respect to each other. (In other words,
calculate the Solar Flight Window, or time during which the direction
of the sun is favorable to the acquisition of good aspect data.)

4. Design a payload whose moments of inertia are symmetrical about the
longitudinal, or Z, axis, for best use of spin stabilization. With known
moments of inertia, the degree of rocket stability can be mathematically
predicted. This applies whether attitude sensing is required or not.
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TABULATED OUTPUT DATA

Table A-1, in the Appendix, shows the computer printout of the attitude data
for Flight 4.272 UA. Columns 1 through 3 show the Greenwich mean time in
hours, minutes and seconds. Column 4 gives the time in seconds after lift-off.
Columns 5, 6, and 7 contain the positional data of the rocket: latitude, longitude,
and altitude. These three parameters were used by the computer, in a subrou-
tine, to calculate the local magnetic field vector at the rocket. This is one of
the inputs required for the coinputation of the magnetic aspect angle. Column 8
is the sola aspect angle, and column 9 is the magnetic aspect angle.

Columns 10, 11, and 12 represent one solution of the vehicle attitude. Col-
umn 10 shows the zenith distance, or angle between the Z axis and straight up;
column 11 shows the angle from true north on the horizon; and column 12 shows .
the phase angle, or angle between the plane containing the sun and the plane con-
taining the magnetic vector, measured at the rocket. Columns 13, 14, and 15
contain an alternate solution of the rocket attitude, using the same parameters.
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