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RECONSTRUCTION OF THE 3D ORIENTATION OF A SPINNING SOUNDING ROCKET

6.3 Time interpolation of third rotational DoF about the Earth nadir vector in the period between
simultaneous Earth nadir and Sun direction vector observations

In order to obtain all three rotational DoF and thus the 3D orientation of the sounding rocket for all times, i.e. also in
the phases where only the Earth’s horizon but not the Sun is visible, the rotation angle y, is now interpolated over
time. The rotation angles v, calculated with the TRIAD method at the points in time at which both the Earth’s horizon
and the Sun are visible on the image serve as sample points for the interpolation. The interpolation is done by means
of a cubic spline. In Figure 13, the interpolated rotation angle y, is plotted.
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Figure 13: Rotation angle y, interpolated over time. The green points are the sample points for the interpolation

7. Results

As a result, all three rotation angles ¢, , &, and y_, are estimated and the transformation matrix R, is fully

determined for all times, i.e. for each camera image. The transformation matrix R, may easily be obtained by

Reb ((peb > l961) ’(//eb ) = Rex (ﬂ" 9) ' R.\'b ((psb > lgsb > st ) (14)

or the transformation matrix R, by

Rnb (¢nb’3nb’(//nb ) = RZn (ﬂ”¢) ' Rex (ﬂ" 0) ' R.\'b ((pxb’lg.\'b’l//.\'b) (15)

with ¢ being the WGS84 latitude and R, taking the same form as (3). From R, , the rotation angles ¢,,, 3, and
v, » which are commonly used to represent the 3D orientation of a vehicle, can be extracted.

The azimuth and elevation angles of the sounding rocket’s longitudinal axis with respect to North and the horizontal
plane, respectively, are illustrated in Figure 14. It can be seen that the rocket keeps the orientation of its longitudinal
axis stable in the coasting flight phase between T+60 s and T+260 s. On average, the elevation is about 73 deg above
the horizontal plane and about —53 deg with respect to North. The oscillations are due to superimposed precession
motion with a period of about 8.4 s and nutation motion with a period of about 0.27 s. Figure 15 shows the three
rotation angles y,, about the z -axis, &, about the y -axis and ¢,, about the x -axis between the n -frame and the
b -frame. The 3D orientation of the sounding rocket is exemplarily illustrated in Figure 16 for the time T+120 s. The
cyan coloured arrow is the x, -axis, the magenta coloured arrow is the y, -axis and the black coloured arrow is the
z, -axis. The grey solid line represents the velocity vector. It can be seen that the Earth nadir vector (blue) and the Sun
direction vector (yellow) are almost perpendicular which is an ideal precondition for estimating the 3D orientation
from two vector observations.
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Figure 14: Azimuth and elevation of the sounding rocket’s longitudinal axis
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Figure 15: Estimated rotation angles between n -frame and b -frame
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Figure 16: 3D orientation of the sounding rocket exemplarily at T+120 s
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8. Conclusion and outlook

The paper presented the estimation of the 3D orientation of the PMWE2F sounding rocket from the Earth nadir and
Sun direction vectors extracted from the images of a single side-looking camera. Since the high-grade inertial
navigation platform, which was actually intended for providing the orientation, failed immediately after lift-off, at least
the 3D orientation estimate from the camera images is available for the post-processing of the scientific measurement
data. Although its accuracy is actually lower than that of the inertial navigation platform with about 2 deg (1c) around
all three axes, the 3D orientation estimate still provides additional value to the mission.

Fortunately, due to the late morning launch on an autumn day, the Earth’s horizon was well illuminated and the Sun
was well visible on the camera images. These good conditions made it possible, at least during the coasting phase, to
estimate the 3D orientation solely from the images of the camera. Using optical camera images for orientation
estimation requires optimal illumination conditions of the Earth and the visibility of the Sun, which significantly limits
the possible lift-off time. Since these constraints often conflict with the scientific requirements of the experiments, they
usually cannot be taken into account when choosing the lift-off time, which makes the operational use of camera images
for reliable orientation estimation difficult.

But even if not the Earth’s horizon and the Sun are both visible on the camera images during a flight, often at least
either the Earth’s horizon or the Sun are visible, which relaxes the constraints on the lift-off time. While this does not
allow the estimation of the full 3D orientation of the sounding rocket, the individual Earth nadir or Sun direction vector
measurements can at least be used to aid an integrated navigation system in real-time once they become available.
Such an integrated navigation system may consist of a robust strapdown IMU, for example, based on MEMS
technology, and a GNSS receiver. The rapidly growing roll angle error about the longitudinal axis, which is
unavoidable when using strapdown gyroscopes on spinning sounding rockets, can be observed and reduced by means
of the Sun direction vectors. For the Earth’s horizon detection, the camera could also be replaced by an infrared camera,
which enables the use even during night time, without the need to change the fundamental theory and algorithms for
the Earth nadir vector estimation.

The next step toward an operational orientation estimation system is to replace the action camera, which is not designed
for the harsh environment of sounding rockets and which had originally been intended for observing the deployment
of the recovery chutes, with a more robust camera with a well-defined mount and synchronization with system time.
Furthermore, the image processing and orientation estimation algorithms will be prepared for real-time capability.
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