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Abstract: The knowledge of the attitude motion of space debris is relevant for active debris removal missions. One
possibility to characterize the attitude of space objects consists in the acquisition of photometric measurements over time,
called light curves. The observed object is illuminated by the Sun and the variation of its apparent brightness gives information
about its attitude state, e.g. whether the object is tumbling or not. If the light curve indicates a clear periodic variation it can be
assumed that the object is rotating around its own axis with approximately constant angular velocity. However, often the
orientation of the spin axis in body-fixed and inertial frame is unknown and its determination is challenging. Depending on the
observed object and the information available about its shape, surface, components, a limited number of methods exists to
determine the spin axis orientation. In this article we focus the attitude analysis on the Japanese H2A upper stage. Several light
curves of this type of rocket body exhibit specific peaks, which can be exploited to extract attitude information. We assume
that the peaks are related to the specular reflection occurring on the conical part of the upper stage. We present a novel method
to estimate the direction of the rotation axis from the position of these peaks.
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Different studies have been performed to determine debris
rotation periods from light curves [1-3]. More challenging is
the determination of its attitude state, e.g. identifying the
direction of a rotation axis, which may require multiple
observations or techniques. In photometry, measurements can
be acquired also in different spectral bands allowing a further
characterization of the attitude according to surface colors of
the space objects [4, 5]. A related technique is reflectance
spectroscopy [6, 7], where a higher spectral resolution
provides characteristic spectra of the observed surfaces that
can be used as fingerprints of space components. Recently, a
new method called quanta photogrammetry was successfully
applied to study the attitude of the defunct Topex/Poseidon
satellite [8]. Laser ranging is another technique available to
study the attitude motion [9, 10]. Satellite Laser Ranging (SLR)
applies to satellites equipped with retroreflectors, while newly
Space Debris Laser Ranging (SDLR) considers also non-
cooperative targets (without retroreflectors). The combination
of more techniques can be used to refine the attitude of defunct

1. Introduction

One possible solution proposed to mitigate the growing
problem of space debris is Active Debris Removal (ADR).
This approach has to be considered to remove large objects
like e.g. upper stages or big satellites, in order to stabilize or
even reduce the future debris population. Knowing the
attitude state of the object candidate for removal is
fundamental for the mission and for the choice of the
removing procedure. Similarly, in contingency situations if
the affected satellite is not responsive the knowledge of the
attitude state can be helpful to understand the problem.
Different observation techniques like e.g. photometric
measurements, laser ranging, and radar tracking are usually
employed for attitude characterization.

In photometric observations the variation of the brightness
of the object as a function of time, also called light curve,
provides information about the rotation of the observed object.
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satellites or rocket bodies. Laser ranging was applied together
with single-photon light curves e.g. in the research of Zhao et
al. [11], while in the work of Silha et al. [12] beside light
curves and SLR also radar measurements were performed.

Specifically to light curves, there are essentially two
approaches to estimate the orientation of the space object’s
spin axis. Based on the formulation of Williams [13], Santoni
et al. [14] determined from light curves the direction of the
rotation axis of a rocket body. Their approach, called
“amplitude method” bases on the ratio of the maximal and
minimal brightness evaluated in the light curve and is limited
to cylindrical shapes, like e.g. rocket bodies. Using another
model based on the brightness ratio, Yanagisawa and Kurosaki
[15] were able to compute, in addition to the spin axis, also the
precession motion of a rocket body. A different way to
determine the attitude relies on the so-called “epoch method”
[16, 17]. In the latter the difference between apparent synodic
and sidereal rotation is exploited to identify the axis of rotation.

In this work we propose a novel method to approach the
attitude estimation problem for a specific class of objects
with characteristics similar to the Japanese H2A upper stage.
The light curves of the latter show strong specular reflection
peaks coming from the conical top part of the body. In the
proposed model we relate the position of these peaks to the
direction of the angular velocity vector. The identified
attitude is then compared with the result obtained using the
amplitude method to assess the proposed model.

2. Attitude Determination Method
2.1. The H2A Rocket Body

The Japanese H2A rocket is a launch system designed to
bring payloads to LEO and GTO orbits. After releasing the
payload the second stage remains in orbit. This upper stage
(see Figure 1) has a diameter of 4 m and a height of 9.2 m
[18]. The upper part is a truncated cone with a payload
adapter on the top that may differ according to the type of
payload. The base of the truncated cone is 4070 mm in
diameter while the upper truncated section (without adapter)
has a diameter of 2190 mm. Its height without considering

the adapter is 1021 mm. From these measures a cone aperture
of about 47.4° is derived.

In this study we will specifically analyze the H2A rocket
body (R/B) with the COSPAR designation 2010-045B. The
object currently (as of 26.06.23) flies on an eccentric orbit
with apogee at 9’913 km, perigee at 176 km, and inclination
around 32°.

|

Figure 1. H2A upper stage [19].

2.2. Light Curves

Photometric measurements of the 2010-045B R/B are
available in the database of the Mini-Mega-TORTORA
(MMT) Wide Angle Surveillance System [20]. Light curves
of this object were already studied by Vananti et al. [21]. In
the latter the authors tried to fit the measured light curves
assuming different components of the rocket body with
different reflection properties. Figure 2 shows the real (in
blue) and the simulated light curves with two different
models (in orange and green). The authors were able to
identify four characteristic sections in the light curves (see
Figure 3) and associate them to components of the object.
The strong characteristic “peaks” are related to the cone
surface, while the adjacent “hill” section corresponds to the
cylindrical part. The small peak referred as “spike” is caused
by the bottom part, where the nozzle and other elements are
present, while the “valley” between the peaks is attributed to
the top of the object. The intervals between the strong peaks
show an additional symmetry related to the rotation of the
body w.r.t. the Sun and the observer. In the following a
method is proposed to determine the rotational axis of the
body from the position of these peaks.
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Figure 2. Real and simulated light curves of H2A rocket body 2010-045B observed on 2018-09-22 [21].
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Figure 3. Characteristic sections of the light curve [21].

2.3. Spin Axis Determination

The method assumes that the object is in flat spin state
with a constant rotation axis 4 and constant angular
momentum H. The latter are perpendicular to the axis of
symmetry, in the following denoted as s, of the cylindrical
R/B and of the cone on the top. Figure 4 shows a schematic
picture of the problem.

Figure 4. Scheme showing the angular momentum direction H w.rt. the
phase angle bisector in z direction. The condition for specular reflection is
given at the intersection of £¢ (possible orientations of the body) and €.
(possible cone orientations for specular reflection).

We consider a system of coordinates x, y, z where z is
parallel to the phase angle bisector and H lies in the y-z plane.
In this system, directions correspond to lines passing through
the center of the sphere and are represented by their
intersection points (projection) on the unit sphere. The

direction of the angular momentum H can be described in
spherical coordinates with elevation angle 6y and azimuthal
angle ay = 90°. We know that specular reflection occurs
when the bisector is perpendicular to a surface of the object.
The latitude line £ shows the possible directions of the axis
s of the cone that satisfy specular reflection, i.e. with a plane
tangent to the cone and perpendicular to the bisector z. The
zenith angle at this latitude is equal to the cone aperture angle
Oc. On the other hand, the line £ shows the directions
covered by s during the rotation of the body around the axis &
parallel to H. In fact, £ lies in a plane perpendicular to H
and, since the object is in flat spin, £ is a great circle on the
sphere. The intersection of £ and £ is the orientation of s
which satisfies the specular reflection condition. From this
intersection point a spherical triangle with the sides 8¢, 90°,
and 90°—§y can be constructed. The angle 6, in the triangle
is measured on the great circle 5 between the intersection
point and the y-z plane. An equivalent specular reflection
condition can be found at an angle —6, in the opposite
position w.r.t. that plane.

Referring to Figure 3 we can define the time interval
between two close peaks with t, and we can determine the
period T of the light curve. According to the presented
model, the two peaks are identified with the orientations at
—0, and 6, in which specular reflection occurs. Note from
the construction in Figure 4 that 8, < 0. always applies and
since 8¢ < 90° the interval t,, is always the time between the
two closest peaks, i.e. less than half of the period.

We define the angular velocity w of the body parallel to H
and we describe its orientation with the angle 6, along the
great circle £5. Then, from |w|T = 2r and |w|t, = 26, we
have:

t
0, = —L. (1)

Thus, 6, can be obtained from the measured light curve
and, if the aperture angle of the cone 8¢ is known, the angle
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8y can be calculated applying the spherical law of cosines to
our case as cos 6¢ = cos 8, cos 6. It follows:

6y = *acos (%). )

Eq. (2) shows two possible solutions with different sign
and these exist only for 8, < 6. It is easy to see in Figure 4
that the case with an angular momentum vector H at —|&y|
equally satisfies the specular reflection condition. It is also
clear from our construction that for any direction of H along
the latitude ¢y, i.e. with same &y, the same reflection
conditions apply, being the zenith angle w.r.t. the bisector z
constant. The solution set with —|8y| is equivalent to the one
with +|8y| up to the sense of rotation of the body (+H or
—H), which cannot be determined with this approach. Thus,
in the following we will consider only the solution with
+|6y|. From the above construction it becomes evident that
from one light curve of the object it is not possible to
determine a unique spin axis orientation.

To further constrain the problem another light curve is
necessary, providing a new &, value w.r.t. another bisector
z'. The intersection of the two circles £y and £y gives two
common solutions for the rotation axis. Figure 5 illustrates
the idea to identify the intersection points. The vectors ¢ and
¢’ indicate the centers of the circles £y and £y, respectively.
We want to find the length ¢ in the triangle EFG and we see
that the angle a is equal to the one between c and ¢’. The side

| !

d is calculated as d = %— |c| and we can determine £

using £ = ﬁ. The radius 1y of the circle £y is given by
Ty = cos dy. The distance p between G and the intersection
points P, and P, is p = +/r5 —#%. Thus, in the shown
reference system, with the bisector z and the y-z plane
containing z and z’, the points P; and P, are defined through
the components +p, £, |c|. Note that the sign of £ depends on
whether the angle a from c to ¢’ is clockwise or not, and
whether |c| < |c'| or not, and needs to be determined
accordingly. Once the coordinates of the intersections are
found they need to be transformed with a rotation matrix into
the inertial system.

X

Figure 5. Scheme showing the intersection Py and P, of the two circles £y
and €}, related to the bisector z and z’, respectively.

As we have seen, owing to the information coming from
two light curves we are able to constrain the problem to two
possible solutions P; and P,. The same procedure can be
applied using a third measurement with another bisector z”
and obtaining two new solutions @, and Q,. If z, z’, and z”
are not coplanar there is a unique combination i,j with
P; = Q; and thus a unique solution for the rotation axis. The
solution is a vector on the unit sphere and can be represented
in the inertial system with coordinates in right ascension and
declination. Note that the sense of rotation is not defined and
the solution is equivalent to the opposite vector.

3. Attitude Estimation from Real
Measurements
3.1. Method Using Peak Distance

We considered the light curves of the H2A R/B (2010-
045B) from the MMT catalogue for the four consecutive
nights from 19.09.2020 to 22.09.2020 (Figure 6 to Figure 9).
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Figure 6. Light curve of H2A R/B (2010-045B) taken from MMT catalogue.
Time elapsed since 19.09.2020, 22:04:46.
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Figure 7. Light curve of H2A R/B (2010-045B) taken from MMT catalogue.
Time elapsed since 20.09.2020, 21:05:32.



International Journal of Astrophysics and Space Science 2023; 11(2): 15-22

-

Magnitude

300 400 500
Time [s]

0 100 200

Figure 8. Light curve of H2A R/B (2010-045B) taken from MMT catalogue.
Time elapsed since 21.09.2020, 21:26:29.
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Figure 9. Light curve of H2A R/B (2010-045B) taken from MMT catalogue.
Time elapsed since 22.09.2020, 23:56:18.
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The position of the peaks were determined with the
Matlab script findpeaksSG.m [22], where a Gaussian fit of
the peaks is performed. Table 1 indicates measured time
intervals, ratio t,/T, 6y, and average bisector for every
measurement. The standard deviation of the measured
intervals is indicated, as well as the numerical propagated
uncertainty in 6. The bisector is calculated using TLE
orbits of the given date downloaded from SpaceTrack
catalogue on www.space-track.org. The TLE orbits are
propagated with a SGP4 model to the mid epoch of the
light curve and from the position of object and Sun, the
bisector direction is determined. For the Ilatter
computation the Skyfield python module was used [23].
The uncertainty in the bisector is given by the change of
the object position during the measured passage. Using the
mid epoch provides an approximate average position. We
see that the uncertainty reaches some degrees and is
higher than the one in §y. Looking at our geometric
approach, it is expected to have the largest impact on the
accuracy of the solution.

According to the procedure in the previous section, from
two given ratios t,/T two possible solutions are obtained.
Since we have more than two light curves available we
consider solutions computed with pairwise combinations of
them. Figure 10 illustrates the obtained solutions from
possible combinations of the four measurements. The two
solutions of every combination are indicated with same
symbol and color. Since we expect a unique solution we
discard the dispersed points in the region above 300° right
ascension and 55° declination and we focus on the other ones
in the bottom left of the figure which seem to provide a
common solution (see detail in Figure 11). The points are
confined in a relatively small range of 5° in right ascension
and 2° in declination.

Table 1. Time intervals, ratio t, /T, 8y, and average bisector for all light curves.

No. Date t, [s] T [s] t,/T oy [°] z(ra[°]) z (dec [°])
1 19.09.2020 8.7+0.7 102.80 + 0.04 0.085 £ 0.007 40.7+04 206.1+£1.3 -14.030 + 0.002
2 20.09.2020 17.5+0.3 102.62 + 0.04 0.171 +0.003 333+0.5 177.6 £2.7 72+1.5
3 21.09.2020 19.3+£0.3 102.82 £ 0.03 0.187 £0.003 284+04 163.4+2.7 04+2.0
4 22.09.2020 14.3 +£0.03 102.57 +0.01 0.1401 £+ 0.0003 36.05+0.04 1944 +1.5 -141+03
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Figure 10. Spin axis solutions obtained with pairwise combination. Every
combination has two solutions indicated with same symbol and color.
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Figure 11. Bottom left detail of Figure 10.
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In Table 2 the confined solutions in right ascension and
declination for the combinations are given. The first column
indicates which measurements are combined and the indices
refer to the first column in Table 1. The standard deviation in
right ascension and declination of the obtained axis /, as well
as the covariance are listed. The latter were computed
propagating numerically the uncertainty in §y and in the
bisector z through the procedure illustrated in Figure 5. The
range covered by oy, and 0gec is in the same order of
magnitude as the dispersion of the solutions. For the final
determination of the spin axis of the object we consider the
average solution over all the combinations, which is shown in
the last row of Table 2.

In general, the computed standard deviation, although in
the same order of magnitude, seems to be smaller than the
dispersion of the solution values. This indicates that in the
model used for the uncertainty we do not consider all
possible sources of errors. In our model we assume e.g. that
the spin axis of the object remains constant during the period
covered by the observations. However, this cannot be always
guaranteed. In the case of the H2A R/B (2010-045B) the
orbit has a perigee below 200 km and drag forces are among
the dominant perturbations in addition to eddy currents and
gravity gradient forces. A precession of the spin axis may
occur under the influence of these forces and the change of
the orientation can be of several degrees within few days for
R/B in LEO orbits [24].

Table 2. Results for all combinations and average solution. Indices in first
column refer to measurement number in Table 1. Direction of rotation axis h,
related standard deviation in right ascension, declination, and covariance
are indicated.

model we have to detect the maximum in the “Hill” and the
minimum in the “Valley” section, and not the absolute
maximum reached in the peaks. In the light curves in Figure
6 and Figure 9 the “Valley” does not reach the minimum
and the small minima beside the “Spike” are selected
instead. Table 3 shows the phase angle, the average
amplitude and its standard deviation extracted from the
measurements. To calculate the phase angle, the orbit was
propagated as in the previous method and the mid epoch of
the light curve was chosen. From the identified amplitudes
a set of possible solutions for the spin axis in right
ascension and declination for each of the four observations
is computed. Figure 12 displays the sets of solutions with
four different colors. From the figure it is not so well
visible, but zooming in the single possible intersection
regions reveals that the four solution sets overlap only in
the region with right ascension between -150° and -100°.
The overlapping region is detected with a software
procedure and is illustrated in Figure 13 as green area in the
detailed portion of the diagram. The mean value of the
intersecting area is -139.5° in right ascension (equivalent to
a positive value of 220.5°) and 30.4° in declination with
standard deviations g, = 2.3°, 04ec = 2.9° and covariance
Oradec = -5.7 deg’. The computed values are comparable
with the values 221° and 33.9° found in the previous
method using the peak distance and they roughly lie within
the predicted uncertainty. This result brings further
evidence in the validity and consistency of the above
proposed approach.

Table 3. Phase angles, amplitudes and standard deviations for the four light
curves.

Comb. h(ral’) h(dec[’) 6ral°l Ouaecl’l Oradec [deg’]
1,2 2225 335 2.0 1.0 -1.6
1,3 2193 344 1.4 0.7 -0.6
1,4 2213 33.9 3.2 1.4 -4.1
2,4 223.1 329 2.9 2.0 -5.6
3,4 219.0 35.0 1.6 1.0 -15
Avg. 221.0 33.9 2.4 1.6 3.3

3.2. Comparison with Amplitude Method

We can compare the obtained results with the so-called
“amplitude method” [14]. The idea of the method bases on
the difference of magnitude between periodic maxima and
minima (i.e. amplitude) in the light curve due to the rotation
of the body and to diffuse reflection on its surface. This
amplitude depends on the position of the object w.r.t. Sun
and observer, and on the orientation of the spin axis. The
method works for cylindrical objects (like e.g. rocket bodies)
assuming no reflection from their top or bottom part and
assuming a constant spin axis.

For the processing of the data we follow the steps also
referred in the work of Vananti et al. [25]. The light curves
of the four nights were linear detrended, smoothed with
cubic splines, and the maximal and minimal value were
found within every period and averaged. Note that,
referring to Figure 3, to be consistent with the cylindrical

Phase angle . Std.
Epoch [deg] Amplitude deviation
19-Sep-2020 22:10:00 67 -1.2 0.2
20-Sep-2020 21:13:00 16 -1.4 0.1
21-Sep-2020 21:31:00 31 -1.7 0.3
23-Sep-2020 00:02:00 40 -1.1 0.2
120

= 19-Sep-202022:10:00, ¢ = 67 deg
= 20-Sep-202021:13:00, ¢ = 16 deg
100 } 21-8ep-202021:31:00, 6 = 31 deg
= 23-8ep-202000:02:00, ¢ = 40 deg

80

60

declination [deg]

50 0 50 100 150
right ascension [deg]

Figure 12. Solution sets computed for the four light curves.
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Figure 13. Detail of the diagram in Figure 12 showing the intersection
region in green.

4. Conclusions

A novel method to determine the spin axis orientation of
space objects with a conical surface was developed. The
approach bases on different light curve measurements of the
object and assumes that its spin axis remains constant during
the overall interval covering the observations. Specular
reflection at the conical surface produces peaks in the light
curves and according to their relative position it is possible to
determine the orientation of the spin axis. The method
necessitates at least three light curves to find a unique
solution for the orientation. In the procedure the combination
of two measurements provides two possible solutions.
Another combination with a third measurement will have one
solution in common with the first combination and the latter
is the searched unique solution.

The approach was tested on four observations on
consecutive nights of an H2A rocket body (2010-045B) taken
from the MMT catalogue. The pairwise combination of the
acquired light curves provides a delimited common region in
right ascension and declination attributed to the orientation of
the rotation axis. The dispersion of the single solutions
allows the characterization of the statistical uncertainty. The
latter is mainly caused by the slightly change of the bisector
direction during the observation passage of the object, while
in the procedure an average constant bisector is assumed. For
the reported case an error of few degrees in the orientation
was identified. Additional uncertainty in the solution can be
related to the assumption of a constant rotation axis during
the interval of observations. In fact, space objects are subject
to different types of forces in orbit that can considerably
change the spin axis direction and increase the level of
uncertainty.

The obtained results were compared with the axis
determined using the amplitude method, which can be
applied to cylindrical shapes and thus to the non-conical part
of the H2A R/B. According to this method, the maxima and
minima extracted from the four light curves provide different
sets of possible solutions and the common intersection

defines the orientation of the spin axis. The solutions found
with both approaches are consistent within few degrees in
agreement with the computed uncertainty. This further result
confirms the validity of the proposed method.

In this paper, the procedure was applied to a specific space
object and to observations that contain bright peaks due to
specular reflection on its conical component. In general,
depending on the attitude of the object the condition for
reflection will not be always satisfied and depending on the
surface the peaks will more or less pronounced. In those
cases where this procedure is applicable, it provides a valid
alternative to other approaches like e.g. the amplitude method,
especially where only a conical and not a cylindrical shape is
present or the reflectivity of the top and bottom part of the
cylindrical body is not negligible. We have seen that the
assumption of a constant bisector averaged over the light
curve duration introduces uncertainties in the axis
determination. On the other hand, considering the peak
distance only at a single epoch within the light curve would
not take advantage of the statistical distribution of the
distances. In this regard, further investigations are envisaged
in the future in order to improve the current algorithm and
the accuracy of the axis determination.
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