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Abstract: During the IMS period (1976-1978), 19 sounding rockets were
launched at Syowa Station, Antarctica. 12 rockets of these were S-210 type
vehicles and 7 rockets were S-310 type vehicles.

Vehicle attitudes have been determinated by use of geomagnetic aspect sensors
and other aspect sensors. Most of the S-310 type vehicles took stable flight
aspects with the average precession angle about 13 degrees and the period about
192 's. In the characteristics of S-210 type vehicle attitudes three kinds were dis-
tinguished; the first had aspects of small precession angles and long periods, the
second had aspects of large precession angles and short periods, and the third had
aspects of intermediate precession angles and periods. The average precession
angle of S-210 type vehicles was about 32 degrees and the period was about 72 s.

1. Introduction

It is one of the most essential measurements to determine the attitude of a vehicle
during the flight for the engineering of vehicle stabilities and analyses of physical
observations.

The attitude is defined by the specification of three rotation angles, that are
Eulerian, relating the vehicle axes to a known coordinate system. Most rockets are
spun about its principal moment of inertia and the spin axis generally coincides with
the longitudinal axis. One type of aspect sensor measures the angle between the
spin axis and the external physical objects or fields, such as the sun, the earth or the
geomagnetic field. If three different sensors give the tip angles, the orientation of the
vehicle axis can be determined with an unambiguous solution. However, the use of
only two different sensors is preferred, though it produces two-solution ambiguities,
since one solution can be eliminated by physical arguments, and economy of space
and cost is significant.

In Fig. 1, if the coordinates of the vector P and @ are known in a suitable co-
ordinate system (X, Y, Z) and two sensor angles, a, and «, are measured that are
angles between R and P, and R and Q respectively, the possible orientations of the
vehicle axis, R are at the points of intersection of two cones tracing out the circles of
radii a, and a4 on the celestial sphere. In general, the direction of R is at two points,
R, and R,. The methods to eliminate one solution are considered by pursuing the
past history of the solutions from launch or by measuring angular phase ¥, between
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R2?

Fig. 1. Two cone intersection method. P and Q
are given vectors of external physical
objects or fields in the inertia coordinate
system. ap and a, are sensor angles
that are measured from aspect sensors,
and two solutions R, or R, may be the
orientation of the rocket axis. ¥4,
is the dihedral angle at the point R.

Q and P or by deciding from the direction of conical rotation and so on. If the only
one sensor angle «, is known, the direction of R is given at many points on a circle
of angular radius «, circumscribing P. Therefore, a single sensor gives no useful
attitude solutions in the three-dimensional coordinate system (e.g., SMITH, 1975;
SULLIRAN and STICK, 1977). Usually a geomagnetic aspect sensor (GA) has been
used which can detect a tip angle «, and the vector P corresponds to the geomagnetic
field. Sometimes other sensors were used, such as a solar aspect sensor (SS), a
moon aspect sensor (MS) and an earth horizon aspect sensor (HOS). The azimuth-
elevation coordinate system (X, Y, Z) was frequently used with the origin O corre-
sponding to the launching points. In the case of a large scale rocket or space satel-
lite, an equatorial inertial coordinate system such as the right ascension-declination
coordinate system is used (ToHYAMA et al., 1972).

Now the coordinates of P(¢,, d,), and Q(¢,, d,), where ¢ is the azimuth and 4 is
the co-latitude in the XYZ coordinate system, are known and the two sensor angles
ap and a, are measured, then the directions of R(¢., 6-) may be expressed as

dr=co0s™! (cosd, cosa,+sind, sina, cosa), (D
— cos-1 COSap —COSd, COSOr )
gr=C0s ( sind, sind, +9 @)
where angle « is defined as follows:
a=g%ty, (3)

COS3,—COS0p COSa pg \
Sind, Sinapq J

g=cos™! ( , €))
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COSag— COSarp COSar
y=cos™1 ( %e s 2 ), ©)
sinap Sinap,
@pq=C08"- "COSd, COSIq+Sind, sind, cos (¢p — é,)], (6)

where a,, is the angular distance between P and @ on the celestial sphere. The
sensor angles a, and a, can be translated into the angles within z/2 supposing that
the vectors replace the direct opposite directions in a sphere when the sensor angles
are more than z/2. In general, the vectors P and @ are located in a hemisphere and
the angles ay,, 8 and y may take the value within . From eq. (3), a is two solutions
and these are corresponding to the two cones intersecting solutions R, and R, in
Fig. 1.

2. Geomagnetic Aspect Sensor

The geomagnetic aspect sensor has been used for determination of vehicle atti-
tude since 1962 in Japan and has been aboard most of sounding rockets. At Syowa
Station in Antarctica, it have been first used in 1971 and there have been 32 sounding
rocket-borne aspect sensors (AoyaAMA and ToHyAMA, 1975, 1978; ToHYAMA and
AoyAMma, 1978).

The geomagnetic aspect sensor is a fluxgate magnetometer consisting of two com-
ponent sensors. One of the sensors is mounted in the direction of vehicle axis and
the other is mounted in the direction of a plane perpendicular to the vehicle axis
(TonyAaMA et al., 1976). Fig. 2 shows a diagram of the aspect sensor system. The
main characteristics of the instrumentation are given in Table 1.

If the vehicle is spun around the vehicle axis, that is sensor axis Z,, the output
form of the sensor X, perpendicular to Z,, may be like a sine wave corresponding to
the vehicle spin. A maximum value of the sine wave may give a minimum angle
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Fig. 2. Schematic system of a geomagnetic aspect sensor (one component).
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Table 1. Main characteristics of onboard geomagnetic
aspect sensor for antarctic rockets.

Dynamic range 450000 nT

Resolution angle +1°

Size Electronics 95 X 95 x 45 mm?3

Sensors 41 X 19 x 70 mm®

Output DCO0O-5V

Weight 0.6 kg (included sensors)

Power +18V 17mA

—18V 10mA
Drive frequency 22.5 kHz
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Fig. 3. The property of GA’s output voltage attenuation against external magnetic field

frequency.

20
o
2 0 T
@ N 7]
@ -20
: AN

-[.0 <\.

-60

10° 10' 102 10°

Frequency (Hz)
Fig. 4. The property of GA’s phase angle delay of output to external ac field.
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between the geomagnetic field vector and the sensor axis X;. Many physical instru-
ments frequently require the angle information and the time of the minimum angle.
However, the phase of the sine wave is delayed by the telemeter circuit systems used.

Fig. 3 shows that sensor output intensity is responsible for external magnetic field
frequency. Fig. 4 shows the characteristics of phase delay against ac field. But the
phase angle is increasingly delayed by the use of telemeter, for instance, the value is
10°-15° when the spin rate is 1 Hz in case of using the telemeter channel No. 2, 3 and
4 of IRIG, as shown in Fig. 5. Usually the X; output have used telemeter of channel
No. 3 and the spin rate of rockets are 1~2 Hz, so the delay is about 13~28 degrees.

3. Data Analysis for Geomagnetic Aspect Sensor

A vehicle is slowly spun by aerodynamical force to tall planes and the spin rate
may be steady for about 50 s after launch. Nose fairings of vehicle are ejected at
55 s after launch and most vehicles start a precessional motion.

Fig. 6 shows a precessional motion on a circle of angular radius a. circumscrib-
ing the center of precession C. If the precessional motion is unchanged during
the time, C is fixed and a. and the precessional angular velocity 2 are constant in the
inertia coordinate system. Consider the angular distance between C and B,, that
is the geomagnetic field vector B at the time ¢, is .., then the angular distance 6,,
from B, to the rocket axis Z,, is written as

6-.=cos™! [cosf., cosac +sind.. sina, cos? (t—t,’)], )
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X

Fig. 6. Schematic precessional motion in the inertia coordinate system. C is the center of pre-
cession with the precession velocity Q and the angular radius a;.. B, and B; are the
geomagnetic field vectors at the time t, and t respectively. Z,; is the orientation of
rocket axis at t with the spin velocity w. X,; is the direction of X sensor that is mouted
on the plane perpendicular to Z, axis, and H,, is the supposed orientation of X axis that
is within the meridian of B; and Z,;. 6.: and @,: are angles between B; and C, and
between B; and Z,; on the celestial sphere, respectively.

where 7y’ is the supposed passage time at the point Z,,, which gives a minimum
angle of 4,. in Fig. 6. The sensor output intensities X,, and Z,, are given as

Xn = B; Sinﬁn COSw (t — to), (8)
Z,:=B; cosb,,, )

where o is angular velocity of vehicle spin that is unchanged during the time. B, is
the intensity of the geomagnetic field B,. But the B, is different from the vector
B, at the time ¢, the angle of 2(¢—f,) has ambiguous angle ¢ (Fig. 6). Consider the
angular distance between B, and B, is as, the angle ¢ is given as

COSas — COSOco COSO.; )
= -1 T n - 1
& =co0s ( sinfco sinf. ’ (10)
.Q(t_ to’)=.Q(t_ to)'—E, (11)

where ¢, is the time of giving a minimum angle of #, during the precession from the
data. As the spin velocity » is usually large than the precession velocity £ and
the ratio of 2/w is <1072, it is difficult to fix the accurate time of ¢, from the data.
The sensor axis X, is spun with the angular velocity » and the output form may de-
pend on cos wt. It is difficult to resolve the epoch time of cos wz. If the epoch time
can be defined when the sensor axis points to the direction of H,, that is within the
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plane of B; —Z,, meridian in Fig. 6, then the output of X;, is given by eq. (8). Ac-
cordingly an observed spin rate from data of X,. is based on the vector B, the
apparent spin rate may be changeable even if the rate is constant in the inertia co-
ordinate system. The true spin rate is computed from an average of one precessional
motion if the direction of vector B is not changed during the period. Actually the
theoretical changes of the geomagnetic field during one precessional motion are about
1.3 degrees in the case of antarctic sounding rockets, so an average value of ¢ of eq.
(10) is ~2.5° and an average apparent change of spin rate during one precession is
~2x 1073 Hz, that is equivalent to the phase angle ambiguity of 0.5 degrees/spin.
For this reason, we may use the first ordered assumption that the vector B is fixed
during a flight with the azimuth-elevation coordinate system (X, Y, Z) and its origin
O is corresponding to the launch site and also we may use the theoretical B at the
launching time. As the maximum output of X, that is conform to the direction of
H,, is given by the data, the X, is equal to B;siné,, from eq. (8). At this time, the
angular distance from B; to the rocket axis is given as

6,,=tan"1 ( (12)

H’rt
Zrt ’

and 4,, is independent of the intensity B at any time in flight. H,. and #,, can be
obtained at every spin period.

From eqgs. (7), (8) and (9), the sensor output forms of X, and Z, are as shown in
Fig. 7. Fig. 7a is typical output in the case of precessional motion that is modulated
from precession angle and period. Fig. 7b is an output in the case of no precession
and unchanged attitude in space, or in a special case where the vector C coincides
with the vector B. Although the maximum angle 6.» and the minimum angle
6,m of 6, are known from the data like Fig. 7 and from eq. (12), the peak-to-peak
angle is not always equal to (6,x—6-m). The reason is that the coning full angle is
equal to (6,x + 0,») when the vector B is included in the cone of precession. There-

/\/

Zr r

(a) (b)

Fig. 7. Typical output analog form of GA during precessional motion (a) and stable motion
(b). The longitudinal axis is output voltage and the sidelong axis is time in each figure.
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Fig. 8. Two cones of precession. Both cones give the
same minimum angle 6,. and the same maxi-
mum angle 8,y from B.

fore, two centers of precession, C and C’ are considerable as shown in Fig. 8. In
the case of C, 6. is equal to (6,x + 0,m)/2 and «. is equal to (6,x— 0,»)/2 and > ac.
In the case of taking C’, the value of 6. and a. is inversed relation to that of C respec-
tively. It is difficult to distinguish between C and C’ without the use of another
aspect sensor.

4. Other Aspect Sensors

The geomagnetic aspect sensors have been boarded on all Antarctic sounding
rockets, and at the same time six solar aspect sensors, four moon aspect sensors and
two horizon aspect sensors have used during the IMS period.

The solar aspect sensor is analog type detector which measures the light position
through the sensor slit. A potentiometric resistor made of CdS is used and the
angle resolution is +1° and the range of angle is 120° in the incident meridian.

The moon aspect sensor is like a phototube which can detect weak moon light.
Especially in Antarctica, many sounding rockets were launched to observe auroral
physical phenomena at night, and the use of the moon aspect sensor is convenient
for attitude determination. The investigator of the attitude determination by the
moon sensor was the Geophysical Research Laboratory, University of Tokyo.

The horizon aspect sensor consists of a telescope with a narrow field of view,
that contains a sensing element to detect the change in visible light intensity between
the sunlit earth and the space or between the sunlit earth and the shadowed earth.
The investigator of the attitude determination by the horizon sensor is the Faculty of
Engineering, Kobe University.

Sometimes it is difficult to detect a sensor angle with a sun aspect sensor or a
moon aspect sensor. The reason is that the resolution of angle falls owing to large
albedo of antarctic ice when the sun and the moon are seen close to the horizon.
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5. Summary Results of Antarctic Rocket Attitudes

5.1. Spin property

The vehicle spin properties of the IMS antarctic sounding rockets are shown in
Fig. 9. The time dependency of the spin rate for S-210 type rockets and that for
S-310 type rockets are shown in Figs. 9a and 9b respectively. The same type vehicles
show similar profiles except two rockets, S-210JA-30 and -31 which the spin of vehicles
stopped by despin motors. About S-210 type vehicles, the spin frequency has the
value of 1.80~2.50 Hz, the average being 2.1 Hz. Spin profiles of the S-310 type
vehicles show that the rate goes down at about 50 s after launch by yo-yo despiners
and then takes a constant frequency of 0.71~1.05 Hz. The average spin frequency
is 0.94 Hz.
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Fig. 9. Summary spin frequency profiles during flight of S-210 type vehicles (a) and that of
S-310 type vehicles (b).
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5.2. Precession property

Before the time of the nose fairing separation at about 55 s after launch, the
direction of vehicle axis changes slowly by aerodynamic force. Some S-210 type
vehicles show unstable aspects before the seperation, especially in the case of vehicle
having lower spin. After the nose fairing taking off, most vehicles show precessional
motions. The sensor angles between the vehicle axis and the theoretical geomagnetic
field at Syowa Station are shown in Figs. 10a and 10b. The theoretical geomagnetic
field is computed by a spherical harmonic expansion using the 1975.0 IGRF coef-
ficients, for instance the total intensity, the declination and the inclination are 45640
nT, —46°.53 and —65°.08 respectively at the time of 1976.71 (ToHYyAMA and ONISHI,
1977).

There are three species of precession profiles for S-210 type vehicles;

(1) the precessional angle is relatively small (<20°) and the long precession
period (=70 s); (S-210JA-20, -21, -23, -24 and -29),

(2) the precessional angle is large (=30°) and the short precession period
(<605s); (S-210JA-28, -29, -30 and -31),
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Fig. 10. Summary aspect angles during flight between the rocket axis and the theoretical
geomagnetic field at Syowa Station. The numeral is the rocket number of S-210
type (a) and S-310 type (b) vehicles.
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Table 2. Summary attitude results.

Launching Spin Precession
Rocket Date Time A}gggh Izlr_gq) (‘?)neggl,e) pe(rs,;,d Remarks
S-210JA-20 | June 2S5, '76 0240 135 1. 82 12 108
21 | July 26 0323 315 2.50 14 76
22* Jan. 26 0220 315 2.36 39%* 74 SS
23 | Sep.13 0731 315 2.00 13 100
24* \‘ Aug. 17 0254 135 2.12 13 96 MS
25% | Sep. 1 0300 315 2.27 8 95 MS
26% Apr. 11, '77 0800 246 1.80 49 52 SS
27* " Aug. 10 1547 135 2.21 36%* 110 SS
28* . Mar. 27 0655 264 1.80 87+ 18 SS
29 July12 1915 315 1.85 67** 35 MS
30* ‘ Jan. 28, '78 2310 22 0.17 35 45 SS
31* | Feb.6 2155 39 | 0 54 57 SS
S-310JA-1 ] Feb. 13, '76 1245 315 1.05 15 180
2 ‘ Feb. 10, '77 0322 315 0.89 24 200
3* | July 26 1835 315 0.96 6 220 MS
4* Aug. 18, '78 0332 130 0.71 19 185 HOS
5% June 11 0156 315 0.96 15 195 HOS
6 | Aug. 28 0056 315 1.02 7 186
7 Mar. 27 2215 315 0.91 s 178

The launching time is local time at Syowa Station (45° EST), the azimuth from the north. SS,
MS and HOS in the remarks section mean to be onboarded together with GA, they are solar
aspect sensor, moon aspect sensor and horizon aspect sensor respectively. The rocket of
determinating absolute attitude is shown as asterisk * and the precessional cone included the
field or the sun is shown as double asterisk **.

(3) the intermediate property of (1) and (2); (S-210JA-22 and -27).

The average precessional angle is about 32 degrees and the period is about 72 s
except S-210JA-30 and -31 rockets. The attitudes of S-310 type vehicles are relatively
stable and the precessional angle is 5~24 degrees and the period is 200+20s. The
average precessional angle and period are 13 degrees and 192 s respectively.

Table 2 shows the attitude characteristics of the antarctic sounding rockets
during the IMS period (1976-1978), launched at Syowa Station, Antarctica.

5.3. Absolute attitudes

The three-dimensional attitudes of 11 vehicles are determined by using two
aspect sensors (Table 2). Fig. 11 shows the orientation of the vehicle axis in the
azimuth-elevation coordinate system. It is found S-310 type vehicles and S-210JA-24
and -25 show stable attitudes of flight. S-210JA-26, -28 and -31 rockets show large
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Fig. 11. Summary absolute attitudes in the stereographic projection, Wulf net that the center
point is corresponding to the zenith and the circumference is applicable to the horizon
at Syowa Station.

precession and S-210JA-22 and -27 rockets show average precession. The absolute
attitudes of other rockets are not determined because of the use of the single aspect
sensor or noisy aspect data.

6. Discussion

One of the problems for the attitude determination is that an absolute direction
cannot be determined by the single aspect sensor because of the spin stabilized vehicle.
Sometimes two aspect sensors are not put onboard a vehicle for the reason of no
room and over-weight. If a phase angle ¥';, between the reference vector Q and
the vector P (Fig. 1) is detectable, the direction R may be determined. Then it is
easy to improve the geomagnetic aspect sensor equipped with a solar cell and a phase
angle counter.

The second problem is to distinguish between C and C' in Fig. 8. We propose
here two methods for the distinction. One of them is the spin phase method. If it
is able to decide the times of #x and tm, (tx <tm), corresponding to the maximum
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sensor angle 6.y and the minimum sensor angle #,» respectively, the spin phase
¥,y at the time of 7 and ¥, at that of ¢, are measured from the output of X,, and
the relation is given as

U=V ru +——n. (13)
Ts
This is an equation when the cone of precessional motion is not included with the
vector B. Here z. and 7, are the periods of precession and spin respectively. The
relation for C’ when the cone of precession is included the vector B is given as

w‘,rm=w'rlll+ (_zg—"l'l)ﬂ'» (14)

If the spin rate is constant, the phase difference between ¥',» and ¥’,n is z.

Another method is to distinguish between € and C’ from the value of spin
velocity and precessional angle and period. Spin stabilized vehicle is assumed to
have symmetry about the principal axis z, so that the moments of inertia about the
x and y axes that are perpendicular to z are equal, I,=1,. If the vehicle axis coin-
cides with a principal axis of inertia, the precession velocity 2 is proportional to the
spin velocity » and it is given as

Lo

0= (I::_Iz) cosf ’ (15)

where 6 is corresponding to the angle a. between the vehicle axis and the precessional
axis. Spinning vehicles tend to have I, > 1., so the directions of the spin and preces-
sion are the same from eq. (15) that is known as direct precession (BALL and OSBORNE,
1967). Actually the values of I, and I, are 0.13 kgms? and 31 kgms? respectively
for S-210 type vehicles, so that the ratio of I,/(I,—1I) is 4.19~-4.42 x 1073, and that
for S-310 type vehicles is 4.45~5.05x 1073, From these ratios and the spin velocity
and the precession velocity, . may be surmised using eq. (15) and the coning axis
may be distinguished either as C or C’. For instance, the maximum and the mini-
mum angles for the vector B are 136° and 90° for the S-210JA-29 rocket, so the
precession angles are supposed to have two values, 23° and 67°. The former ratio
of I,/(I,—1I.) is 14.22x 1073 and the latter of that is 6.03 x 10~3 respectively, so
it seems the precessional angle is 67 degrees, which the vector B is included within
the precessional cone. However, it is not useful for the case when two supposed
angles are not different enough, i.e., S-310JA-1, -2, -6 and -7 rockets. Also the
ratio is not suitable for non-spin vehicles, i.e., S-210JA-30 and -31 rockets.

The third problem is a correction of data. Magnetic offset at the sensor posi-
tion from the rocket body and physical instruments is usually large. There are
mainly dc magnetic bias and shielding effects. The correction is made by using a
theoretical value of the geomagnetic field and the calibration before the launch.
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Cancel current is used and the sensor location is changed when dc offset is large and
when output voltage has not linearity. In any case, it is very important to demag-
netize the rocket body and instrumental parts.
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