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Space debris objects are resident space objects, which are neither actively nor passively
controlled any more. Those objects either are not any more, or either never have been in a
controlled orbital or attitude state. In near geostationary orbits, the main sources of forces
acting on the body are Earth and third body gravity field, solar radiation pressure. Via
optical observations astrometric positions and velocities may be determined. Furthermore,
light curves, brightness measurements over time, may be determined. Those light curves
are a superposition of the lighting geometry, shape of the object and its attitude motion.

In this paper, two kinds of space debris objects are investigated. First, an upper stage,
which have a significant offset between the geometrical center and the center of mass after
burning up the contained fuel, which leads to a significant attitude motion. Secondly, high
area-to-mass ratio (HAMR) objects in near geostationary orbits are investigated. Those
objects, which were initially detected by Schildknecht in 2004, are extremely light objects,
which are most sensitive to orbital as well as attitude perturbations. Whereas in the case
of the upper stage shape and materials of the objects are in general known, the shape of
HAMR objects in unknown. MLI is a likely candidate for the material of those objects.
In this paper the assumption of a flat rigid sheet is used.

The coupled orbit and attitude dynamics of those three object classes are studied and light
curves are simulated. Those simulated light curves are compared to actually measured
light curves, obtained with the one meter ZIMLAT telescope, located in Bern, Switzerland.

I. INTRODUCTION solved images of large space assets in low
Earth orbits can be obtained [1], this is

not possible for small objects. No resolved

Since the launch of the first satellite Sput-
nik in 1956, space has become populated
with more and more space resident objects.
Whereas about 20 000 objects are regularly
tracked by the US Space Command, statis-
tical measurements suggest a population of
over 300 000 objects in near Earth space.
Only about 7 percent of the resident space
objects are active space assets, which may
be in a controlled and communicative
state.  Space debris — objects with no
function any more — are non-controlled
objects. The majority of those objects are
not identified. This has two main reasons:
Whereas with ground based radars, re-

images can be gained of objects, which
are in higher altitude orbits, e.g. close to
the geostationary ring, using ground based
optical sensors. Secondly, objects which
are followed up with observations and kept
in catalog for a certain amount of time,
may be lost after a while, due to scarce
sensor resources and insufficient dynamical
modeling of the orbital and, if significant,
attitude evolution.

The astrometric places of near GEO
objects can readily be extracted from
non-resolved optical images, and allow the
determination of a first orbit. Follow-up
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observations can be used to improve a first
orbit [2]. If the object is cataloged in an
orbital element catalog, and covariances
are small enough for a unique association,
this may be sufficient for a successful
object identification. But if the object is
not cataloged or covariances overlap, as
it is the case in dense regions, as satellite
clusters e.g., orbital information alone is
not sufficient. Light curves measure the
variation of the brightness of the object
The brightness of the object
is determined by the lighting and viewing
geometry, the shape, reflection properties
and attitude motion of the object. In
general, the lighting and viewing geometry
is known. In absence of knowledge about
the exact object properties and attitude
motion, light curves can never be unique

13].

over time.

The orbit and attitude are subject to
perturbations, for objects in near geosta-
tionary orbits, the main perturbations are
caused by Earth and third body gravita-
tional fields, and solar radiation pressure.
Orbital and attitude dynamics are cou-
pled. The effects of that coupling are
especially prominent for objects with high
area-to-mass ratios (HAMR), as they were
detected by T.Schildknecht in 2004 [4, 5].
Neglecting the attitude motion in the orbit
propagation can lead to significant offsets
between the propagated and the true state
of an object [6, 7], which can prevent a suc-
cessful re-detection. But also other objects,
like upper stages, which have a significant
offset between the geometric center and
the center of mass have significant atti-
tude motion, due to a change in attitude
motion. Even when shape and reflection
properties are unaltered, the signatures
in the light curves are subject to change
over time, even when measured under
the same lighting and viewing conditions.
This prevents a simplistic fingerprinting
via light curves to enhance existing orbital
element catalogues. Studies suggest that
using several a priori shape models in
an estimation process ruling out several
unrealistic shapes in object identification
8].

In the present paper, the measured
light curves are compared to light curves,
which are generated using simplified shape
models and reflection properties under
realistic orbit and attitude propagation.
The light curves of one upper stage, which
is simplified as a cylindrical shape, are
investigated, as well as of two HAMR ob-
jects, which are approximated as flat rigid
sheets. The observations have been gained
with the one meter Zimmerwald Laser and
Astrometry Telescope (ZIMLAT) located
close to Bern, Switzerland. The orbital
elements are taken from two line elements
for the catalogued objects and the internal
orbital elements of the catalog of the
Astronomical Institute of the University of
Bern for the HAMR objects. The objects
in the catalog have been followed and
monitored over several years.

II. MEASURED LIGHT CURVES

The measured light curves were gained
using the one meter ZIMLAT telescope,
operated by the Astronomical Institute of
the University of Bern. The measurements
have been taken with a subframe tech-
nique, imaging only the object itself and
the adjacent pixels to speed up readout
time. This has the advantage to allow
a very rapid sampling in the range of
two to three seconds. The subframes
are accompanied with mapping series.
Those are used to determine absolute
external error in determined magnitudes
in comparison with the star catalog Tycho
(TYC) supplemented by USNO 2B. For
the short series, spanning a few minutes,
normally one mapping series is taken,
which leads to the assumption of identical
magnitude errors for all or a number
of brightness measurements in a series.
Internal magnitude errors are determined
using the signal to noise ratios of the
individual measurements.

The light curves have been analyzed.
At first a Fast Fourier transformation
was applied. The Fourier transformations
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revealed very short periods. On the other %
hand, it is a known deficiency that Fourier =
transformations cannot reveal periods in %
the order of magnitudes of the measure- - 8
ment interval. In addition, a time series -8 £
analysis has been done with using two g g
different power spectral density methods. Y| e &
The periodogram method [9], and Welch’s = .8 §
method [10], which divides the signal in %”é %
overlapping segments, and averages the B2 =
modified periodograms of each segment - a;%
and scales it. 2 °
a:: -
S g
. > E
The light curves of one upper stage Hlen W
. ) . ble =2
and two objects with high area-to-mass < 2 i
ratio (HAMR) have been measured. The * g
object properties are listed in Tab.1. The % =
details of the light curve measurements are =P f:
listed in Tab.2. =
<) )
~ =
: : s g
The object with the COSPAR num- CItl3 =
ber 1988-034D, is a Block DM-2 upper LS <
stage. Lanched at 26th of April in 1988, at S g
Baikonur, the upper stage was used for a o =
Proton K rocket, employing Kosmos 1940 = A 9
satellite. It has a gross mass 17,300 kg, e
unfueled a mass of 2,300 kg. The upper 'S %
stage itself has a complex inner structure, g é =
but when employed their shape may be Bl
well approximated by a cylindrical shape. i
The properties of the object are listed in 5 é o)
Tab.1. Fig.1 shows two light curves which g =
P
where measured in April 2008, separated 3 % % =
by 12 days, both times the observation AA S8
started shortly before midnight.  The 9 § &
object is in a geostationary transfer orbit S8 § 2
and was observed close to apogee both 5 ; Eﬁé
times. Details on the observation of the % X =32
light curves are listed in Tab.2. —|—  F 12
a 5=
ZF =5
Al BT
nlb 9O g
Sg <2
Furthermore, objects with high area-to- Ol= g~
mass ratios (HAMR) have been observed. ~ 53 3
HAMR have first been detected in 2004 = - S
by T. Schildknecht [4, 5]. Those objects S
are extremely sensitive to orbital perturba- .i § :; o
tions. It is suspected that they are multi <3 =8
layer insulation (MLI) materials. Two ob- o 8
jects of the internal catalog of the Astro- = 9
nomical Institute of the University of Bern % 55"
(AIUB) have been selected, with the inter- =3



63"7% International Astronautical Congress, Naples, Italy. Copyright (©2012 by the International Astronautical Federation. All rights reserved.

14

135 i% 1

k)
é%

E3

!

|
i*

[
w

i
e N
Noo
4

magnitude
iy
=
[9))
R

o %%%%%%ﬁ%%ﬁ ?:g

10
et 20

o
(= ™1

time since
54561
(min)

(a)

15

145

14

magnitude

-5 0 5 10 15 20 25 30
time since

54573

(min)

(b)

Figure 1: Light curves of Block DM-2 1988-034D.
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Figure 2:
E07337C.

nal names E07337C and E07047A. Those
objects are not listed in any other publicly
available catalog and do not have COSPAR
numbers, consequently. No information on
material, size, shape, attitude or origin are
available so far. Tab.2 lists the information
on the observed light curves of both objects.
The light curves are displayed in Fig.2 and
3, respectively.

ITI. SIMULATED L1GHT CURVES

A comparison of the measured light curves
with simulated ones have been done. In the
simulation setup the osculating elements 30
min to one hour prior to the start epoch of
the light curves are used, as well as the ex-
tracted main periods are used to simulate
rotations around the main axis of inertia.
In the simulation the orbit and attitude mo-
tion are integrated in a fully coupled system
over the time interval, in which the light

curve was measured. For objects, for which
several light curves are measured within the
same night, the orbit attitude motion is in-
tegrated over the whole night. Geocentric
equations of the orbital motion read as:

where Z is the geocentric position and ve-
locity vector of the object, G the grav-
itational constant, Mg the Earth mass
and V (Z) the Earth gravitational potential,
which has been taken into account to order
and degree six, third body perturbations of
Sun and Moon (k=1,2) are taking into ac-
count as well as radiation pressure as accel-
eration causing orbital perturbation. The
dynamic equations of motion a rigid body
can be calculated using Euler’s equations:

h
L) =N Aa-ax ), (1)

n
Ia/j = 2 mk(rzéag — zk’azkﬁ),

k=1
Ty = Z Z,%
a,Byy

where @&(t) the angular velocity body rate.
I,z is the net tensor of the moments of iner-
tia, with mass my, located at position z,3,
9 is the Kronecker delta. ), 7 represents
the sum of the h disturbance torques. For
the kinematic equations, quaternion repre-
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Figure 3: Light curves of HAMR object EQ7T047A.

sentation is used:

dq
—=05-Q-¢ 2
o 7 (2
0 w3 —W2 W1
0= —W3 0 w1 w9
w2 —W1 0 w3
—W1 —wW2 —Ws3 0

No controll torques are present. The grav-
itational torque is simulated:

where E = Aios - # is the position vector of
the object transformed to the body system
by the inertial to body transformation ma-
trix Agps, G is the gravitational constant,
Mg the mass of the Earth, m = Y7, my, the
total mass of the object, pgray is center of
mass relative to the geometric center in the
body reference frame.
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The radiation force, affecting orbit and atti-
tude (the latter in case of extended HAMR
objects and at shadow pathes even for ob-
jects with uniform reflection properties [6]),
is determined for flat surfaces as the follow-
ing [17]:

—

AE Ag
rad — —

—m;m'lj(s) (4)

for 0 < arccos(SN) < m/2. m is the total
mass of the object, E is the solar constant,
A% the astronomical unit, o the geocen-
tric position of the sun, ¢ velocity of light,
S the direction of the radiation source, A is
the area of the illuminated surface. & is the
position vector to the center of pressure of

(3)

the surface. For flat surfaces function P it
is determined as the following:

P = SN[(1—C.)S +2(C.- SN + %Cd)]\:f] (5)

Cs+Cq=1-0C,

Cs,d,a are the coefficients for specular, dif-

fuse reflection and absorption, and N the
normal vector of it for a flat surface. For
the cylinder barrel of area A = 2rh ,with
radius r and height h, and symmetry axis
N , P is defined as:

1 5
P =[(1+5C)sin(¢) + =Ca] - S +
4 . T >
(—gcs sin(¢) — gC’d) -cos(p) - N (6)

¢ is the angle measured from the sun direc-
tion to the symmetry axis of the cylinder.
The light curves of the objects are simu-
lated. The magnitude theoretically mea-
sured by a ground based sensor (neglecting
atmosphere), is determined as the follow-

ing:

mag = magg — 2.5 log ( 2G(O_', §)> . (7
X
The quantity magg is the magnitude of the

sun, O the direction from the sensor to the

object, G(O,S) is the reflection function.
A is the area of the illuminated area. For
flat facets the reflection function is defined

{

0+8

< =2 . v
1 for cos(0.25deg) < ToRS] N

0 else
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i‘%é where 0 < arccos(SO) < /2. v is the spec-
o L g ular reflection parameter. The dimension of
<)
—~| 3 3 - O S E= the sun has been taken into account, where
) o5 g . . . .
g 2 < : 0 2 ; = E Re is the radius of the Sun, ze is the dis-
A R e z = tance from the object to the Sun. No limb
— <] .
A | oo ;B;; 29 darkening effects have been accounted for.
S ) . .
E; 2 R s For the cylinder barrel, with A = 2rh, we
=S sSie = g g $= get the following reflection function:

00 ~ = .80
N N e e <
TSP R0 oy =g C
Sl~Fl¥ S~ E= G = sin sinw[—d(sinﬁ—k
A EE R MR

g 05 v-Cs-zg
. 2 (r—0) cos(0) ) + 7575 i | @
o] 5 g .
g 72 = L
- 2RNBRH g § 1 for 89.75deg < acos(%i%| - N)

o OO —
© T gs th < 90.25deg
,%Bl\@v—iOOOOOO :j'g 0 else
SRR
g A A A B = *é 1) is the angle between the sun and the sym-

N e < < < § g metry axis, w the angle between the ob-

oo oo oo o 8 ..

S SIS H A A - S server and the symmetry axis in the plane
vieeeeee E < containing the symmetry axis in the body
= I =3 E fixed coordinate system. 6 is thi angle be-
= JUT222 ‘é g tween the observation direction O, from the

S . . Lo

ST T e e =g station to the object, and the direction of

= 2
%5 —~ o o ™ s % g the sun to the object S in the plane orthog-
TEB8EERE Z § onal to the symmetry axis of the cylinder.
) 1 1 1 1 1 1
Zlzolzmee i
A@RE=SSE BE2

=3 IV. RESULTS
A= 2= =
£ 5 ;ﬁj "g Light curves of all observed objects have
s S Rl % on *5#“559 been simulated. In the simulations the
'” g 8 = lighting conditions at the exact observation

QYT o~ EIE epochs have been reproduced, the object

ALK R B Yo = o2 . . .

RHSGSG EEE shapes and rotation periods as displayed
Sloo 00(% 0 0 0 < O = in Tab.1 and Tab.2 have been used.
222239 2S L%

ClEEEsEE SEE

glalF R R O ZR The upper stage Block DM-2 has been

f—?i S99 3 gﬁé g simulated using reflection values of 0.4
o é for the Lambertian and 0.3 for the spec-

~ % % O = @ ular reflection, as simple cylinder shape,
wn -

E o2 £ 25 using the values displayed in Tab.1.The
—

8 § § 5 g e periods, displayed in Tab.2, however, do

Of= = éo ° g" not reveal, around which axis the rotation

NN i ": = took place and lead to the specific light

Z 20 < < < g2 % curve pattern. Furthermore, only apparent
2 i i S5k 2 52 rotation can be extracted. For objects
% g 8 g g lg § = .‘QS near geostationary ring, no investigations
CMAMMAMAEEAE & g 5 of true and apparent rotation can be done.

2 é E For objects Block DM-2 the motion is
< . . .
SRR influenced by the significant offset between
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Figure 4: Simulated light curves of Block DM-2 upper stage 88034D.

the geometrical center and the center of
mass.

Fig.4 shows the simulated light curves
of the Block DM-2 1988-034D object. The
comparison of the simulation results, in
Fig.4 with the measured results in Fig.1
shows, that the general trends in the second
light curve have been captured correctly.
In the first light curve, simulation shows
a similar substructure than the first part
of the measured light curve. However, the
simulation does cover a larger magnitude
range. The drop in magnitude at the end
of the measurement is consistent with a
drop in magnitude of the simulation, a
couple of minutes earlier. In the second
light curve, rapid brightness variations can
be observed in both light curves. The long
term structure of the measured light curve
could not be reproduced.

The two HAMR objects have been sim-
ulated as flat surfaces with the reflection
coefficients of specular reflection of 0.6 and
Lambartian reflection coefficient of 0.26.
The simulated light curves are displayed in
Fig.5 and Fig.6. For object E07337C a size
of 0.05 square meters has been assumed,
for object E07047A of 0.5 square meter.
The sizes have been estimated, to match
the measured magnitudes with the given
reflection properties. Using the periods
determined in the Fourier analysis resulted
in a too rapid rotation, for which the light
curves did not resemble the measured ones.
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Figure 5: Simulated light curve of HAMR ob-
ject EQ7337C.

It can be observed in both cases that the
simulated light curves agree with the mea-
sured ones using periods determined with
Welch’s method, but are a lot more smooth
than the actual measurements. In case of
object E07337C, the brightness variations
in the simulations are larger than in the
observations, compare Fig.2 and Fig.5.
In the measured light curve, Fig.2 the
variations in brightness are only about
one magnitude. This could mean two
things, either that the smallest magnitudes
cannot be observed by the telescope, and
are therefore not detected. The limiting
magnitude of the ZIMLAT telescope is
about the 18th magnitude. Furthermore
it could mean, that the attitude-shape
assumption is not sufficient, meaning that
either a flat plate is not resembling the
true object enough or that the attitude
motion is different. It could mean that the
object is not performing full rotations, but
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Figure 6: Simulated light curves of HAMR object EO7T047A.

more a pendulum motion, swinging back
and forth, without ever completing a full
rotation.

For object EO07047A, the three simu-
lated light curves look smoother than the
measured ones. Although magnitudes
in general agree, peak values are less
frequent in the measured light curves. In
the measured light curves smaller peaks
occur with a significantly smaller variation
in magnitude, those are present in the
simulated light curves, but the differences
in magnitude range are similar to the
highest and smallest magnitudes.

V. CONCLUSIONS

The light curves have been measured of
the upper stage Block DM-2 (1988-034D),
as well as of two high area-to-mass ratio
(HAMR) objects of the internal catalog of
the Astronomical Institute of the Univer-
sity of Bern (AIUB).

The upper stage Block DM-2 has been
simulated as cylindrical shapes, using the
dimensions, that are listed in literature.
The HAMR objects have been simulated
as flat rigid MLI plates. For all shapes,
coupled orbit attitude propagation has
been used during the night, in which the
light curves were measured. The attitude
motion of the upper stage is significantly
influenced by an offset between the geo-
metrical center and the center of mass of
the objects. Additional spin rates have
been extracted from the light curves,

using Fourier transformation, periodogram
method as well as Welch’s method.

When comparing simulated with mea-
sured light curves, rotation periods
determined with either Welch’s or peri-
odogram method produces results that
resemble the measured values. However
the simulated light curves are significantly
smoother than the measured ones and in
general cover a larger magnitude range
than in the measured light curves. Good
agreement can be achieved for the HAMR
objects. For the upper stage, some rapid
features could be reproduced, but longer
periodic variations are missing in the
simulations.
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