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Abstract

The non-principal-axis rotational motion of uniaxial space debris can be decomposed into periodic motions associated with two fre-
quencies: the polhode frequency of the space debris rotating around the symmetry axis, and the tumbling frequency of the symmetry axis
rotating around the angular momentum. To determine from optical measurements the rotational motion of upper rocket stages in cir-
cular orbits subjected to gravity-gradient torque, the evolutions of these two frequencies need to be analyzed. Taking into account only
the long-term changes in the long-period variables, the differential equations of the non-principal axis rotational motion of the uniaxial
space debris are averaged and reduced, from which the evolutions of the polhode and tumbling frequencies are then obtained analyti-
cally. The theoretical results are verified by numerical simulations of the diffuse reflection model. The frequencies in the variation of the
reflected light intensity in the simulation are analyzed using the frequency map analysis (FMA) method. Errors of these results are found
to be less than 1%. Based on the theoretical expressions, the rotational state of the uniaxial space debris can be estimated in the simu-
lation without any prior information except the orbital parameters. A series of state variables are estimated, including the ratio of the
moments of inertia about the transverse axis and the symmetry axis, the instantaneous rotation velocity, the orientation of the angular
momentum, and the precession cone of the symmetry axis.
� 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Active debris removal is an effective method to remedy
the growing number of space debris objects (Liou, 2011).
One of the key tasks in such removal is stabilizing non-

cooperative rotational targets (upper rocket stages mainly)
and then capturing them. Thus the rotational state of the
target must be estimated first (Liou, 2011; Ojakangas
et al., 2012). The rotational characteristics of space debris
can be determined through the optical variability in its dif-
fuse reflection (Giese, 1963). The often-adopted symmetric
cylinder model fixes the rotational axis of the target on one
of the principal axes of inertia (Giese, 1963; Williams,
1979a; Santoni et al., 2013). Williams (1979a,b) determined
the orientation of the symmetry axis through the ratio of
the maximum to minimum values of the optical variability.
Santoni et al. (2013) acquired better results with the
same method but higher precision data. Yanagisawa and
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Kurosaki (2012) built a tri-axial ellipsoid model that
rotates about the shortest principal axis to estimate the
rotational state through the observation data. However,
the assumption that the rotational axis of the target is fixed
on the principal axis in the state estimation through optical
observation often causes large errors in the results
(Williams, 1979b; Yanagisawa and Kurosaki, 2012). When
the target is rotating about a non-principal axis, it is com-
plicated to estimate the rotational state from brightness
variation only, because there are two frequencies: the pol-
hode and the tumbling frequencies (Hitzl and Breakwell,
1971; Markeyev, 2006). Furthermore, taking into account
gravity-gradient torques, these two frequencies depend on
the perturbation (Hitzl and Breakwell, 1971), which makes
it even harder in the estimation of the rotational state.

The determination of the evolutions of these two fre-
quencies perturbed by gravity-gradient torques is essential
in estimating the rotational state of the target. In the past,
studies on the effect of gravity-gradient torque on the rota-
tional motion of the target mainly focused on the secular
evolution of the angular momentum through canonical
transformations. Crenshaw and Fitzpatrick (1968) applied
Poisson’s equation to acquire analytical expressions of the
general rotational motion of the uniaxial satellite in space.
Subsequently, Liu and Fitzpatrick (1975) extended the
equation to a tri-axial satellite. Holland and Sperling
(1969) averaged the gravity-gradient torque equation to
obtain the long-term changes in the rotational angular
momentum vector. Hitzl and Breakwell (1971) discussed
the non-resonance and near-resonance effects of the
gravity-gradient perturbations. Cochran (1972) studied
the effect of the gravity-gradient torque using Lie series,
in which the orbital eccentricity and the orbital precession
caused by the Earth’s oblateness are considered. Neverthe-
less all results developed from the above may be applied
with difficulty for observational applications.

In this paper, we analyze the medium-term evolutions of
the polhode and tumbling frequencies of uniaxial space
debris subjected to gravity-gradient torques for the estima-
tion of the rotational state. In our analysis, we make some
assumptions and impose constraints. First, the target
(upper rocket stages) is assumed to be a symmetric rigid
body, where two of the principal moments of inertia are
identical. Second, according to studies on eddy current tor-
que, the rotation period of the conducting shell-shape deb-
ris may increase to hundreds of seconds in a year (Wilson,
1977; Praly et al., 2012; Lin and Zhao, 2015). Hence, we
choose the rotation period of around one hundred seconds
for our target and in this case the effect of the gravity-
gradient torque is more significant. Moreover, changes in
spin speed and axial direction caused by the dissipation
are neglected in the whole process (Williams and
Meadows, 1978). Section 2 presents the equations describ-
ing the non-principal axis rotational motion of the uniaxial
space debris subjected to gravity-gradient torques, and
then they are averaged and reduced to extract the analyti-
cal evolutions of these two frequencies mentioned above.

In Section 3, theoretical results are verified using the diffuse
reflection model in numerical simulations. Based on the
theoretical expressions, the rotational state of the uniaxial
space debris can be estimated from the simulations.

2. Frequency analysis of spin motion

2.1. Rotational equations of uniaxial space debris in orbit

As described in Crenshaw and Fitzpatrick (1968), we
introduce four rectangular coordinate systems with their
origins fixed at the centre of mass of the uniaxial space deb-
ris (see Fig. 1). The orientation of the OX �Y �Z� system is
fixed in the space, for which the fundamental plane is the
equatorial plane of the Earth, and the OX � axis points to

the vernal equinox. The OX 0Y 0Z0 system is the orbital
coordinate system of the uniaxial space debris, and the

OX 0 axis is in the direction of the ascending node. The
OX 0Y 0Z 0 system is the body-fixed system of the uniaxial
space debris with the symmetry axis OZ 0; the OXYZ system
is a system associated with the angular momentum vector

h ¼ hĥ of the uniaxial space debris, whose OZ and OX axes
are directed respectively along the vector h and the line of
nodes formed by the XY and X 0Y 0 planes. The OX 0Y 0Z 0 sys-
tem can be obtained from the OXYZ system by two succes-
sive rotations through angles h0 and u0; and the OXYZ

system can also be obtained from the OX 0Y 0Z0 system by
three rotations through successive angles wH ; hH , and uH .

Based on the theory of Crenshaw and Fitzpatrick
(1968), the equations of the rotational motion of the

Fig. 1. Coordinate systems, as described in Crenshaw and Fitzpatrick
(1968). The orientation of the OX �Y �Z� system is fixed in the space, for
which the fundamental plane is the equatorial plane of the Earth, and the
OX � axis points to the vernal equinox. The OX 0Y 0Z0 system is the orbital
coordinate system of the uniaxial space debris, and the OX 0 axis is in the
direction of the ascending node. The OX 0Y 0Z 0 system is the body-fixed
system of the uniaxial space debris with the symmetry axis OZ 0; the OXYZ

system is a system associated with the angular momentum vector h ¼ hĥ of
the uniaxial space debris, whose OZ and OX axes are directed respectively
along the vector h and the line of nodes formed by the XY and X 0Y 0 planes.

1190 H.-Y. Lin et al. / Advances in Space Research 57 (2016) 1189–1196



Download English Version:

https://daneshyari.com/en/article/1763804

Download Persian Version:

https://daneshyari.com/article/1763804

Daneshyari.com

https://daneshyari.com/en/article/1763804
https://daneshyari.com/article/1763804
https://daneshyari.com

