








Figure 4. ENVISAT \OTAmodel

obtained by FHR. IWF observations were blocked by
clouds, unfortunately.

Tab. 1 shows three attitude states derived from the mea-
surement campaign. All states show that the main rota-
tion is about the body-fixed z-axis (yaw motion), as illus-
trated in Fig. 14. However, the ISAR-derived states (IDs
1.0 and 2.0) indicate a change in rotation vector between
the first and the second passage. The SLR-derived state
(ID 3.0) indicates a perfect yaw rotation because SLR
measurements allows only the determination of the ro-
tation period.

In the next section, the LOTA software will be used for
numerical rebuilding of the two ENVISAT passages in
order to resolve these attitude state discrepancies.

5. ENVISAT NUMERICAL PASSAGE REBUILD-
ING

LOTA has been used to numerically rebuild the two
observed ENVISAT passages and to generate synthetic
measurement results (light curves, SLR residuals, and
ISAR images) which could be compared directly with the
real measurement data. By iteratively adapting the used
initial attitude state (see Tab.2), an optimized solution
could be found which fits best with the measurements and
closes as well the gap between the two passages.

Figs. 15 and 16 show a comparison between observed and
simulated light curves for the two passages. These plots
reveal that the light curves simulated with tOTA are not
correct, at least for a complex shape like ENVISAT. This
is caused by the simplification of using just one unique
light reflection parameter for the whole surface of the
spacecraft.

Fig. 17 shows an excellent agreement between observed
and simulated SLR residuals for the second passage.
LOTA simulations also revealed why no SLR data could
be recorded during the first passage: the laser retro-
reflector was not visible for ZIMLAT. This was also con-

Figure 5. ZIMLAT telescope at AIUB, Switzerland

Figure 6. SLR station Graz of IWFE, Austria

Figure 7. Tracking and Imaging Radar (TIRA) of FHR,
Germany
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Figure 10. ENVISAT SLR residuals, second passage
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Figure 8. ENVISAT light curve, first passage

0.8

20:34

20:36 20:38 20:40
2016-09-21 - Time in UTC

20:42

Figure 9. ENVISAT light curve, second passage
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Figure 11. ENVISAT ISAR image, first passage
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Figure 12. ENVISAT ISAR image, second passage
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Figure 13. ENVISAT passages over ZIMLAT

Table 1. ENVISAT attitude states derived from observations

State ID Time (UTC) Source  Attitude angles [deg]  Angular velocities [deg/s]

(roll, pitch, yaw angle) (roll, pitch, yaw rate)

1.0
2.0
3.0

18:53:21.9  ISAR 151.2,-58.3,-102.1 -0.704, -0.135, -1.486
20:32:22.9  ISAR 95.6, 69.6, -31.4 -0.096, -0.110, -1.6377
20:31:18.6 SLR 117.0, -46.3, -69.8 0.0, 0.0, -1.6774

Table 2. ENVISAT attitude states derived with 1OTA

State ID Time (UTC) Source  Attitude angles [deg]  Angular velocities [deg/s]

(roll, pitch, yaw angle) (roll, pitch, yaw rate)

1.1
2.1
3.1

18:53:21.9 (OTA 147.0, -76.0, -102.0 0.04, 0.025, -1.659
20:32:22.9 LOTA 116.8, 53.3,-23.7 0.11, -0.069, -1.655
20:31:18.9 lOTA 108.1, -48.8, -58.0 0.06, 0.020, -1.659

Cross-track

Along-track

Zenith

Figure 14. ENVISAT main rotation axis
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firmed by the results of FHR.

Figs. [I§] through [2T] show an almost perfect match be-
tween simulated ISAR images and the images recorded
by FHR. The figures produced by tOTA include also de-
pictions of the apparent optical view/orientation towards
the observer in order to facilitate the interpretation of the
simulated radar images.

The full evolution of the individual attitude rates from
the first passage to the second is depicted in Fig. 22] The
yaw rate is almost undisturbed at —1.648 + 0.014 deg/s,
while the roll and pitch rates show clear oscillations with
aperiod of 451 secs —roll rate: 0.03240.082 deg/s; pitch
rate: —0.12740.154 deg/s. The total mean tumbling rate
of ENVISAT during these two passages was 1.66 deg/s.

6. ENVISAT LONG-TERM SIMULATION

Long-term attitude motion simulation of ENVISAT have
been conducted to validate the tOTA prediction modules.
The evolution of the inertial angular velocity over time
has been monitored. The following parameters have been
used as input:

e Initial epoch: 2013-07-13, 21:43:12.0 (UTC)
o Initial attitude state: determined from SLR by AIUB

— Euler angles (roll, pitch, yaw):
0 deg, 0 deg, -78.499 deg

— Rotation vector (roll, pitch, yaw rate):
0 deg/s, 0 deg/s, -2.735 deg/s

o Initial orbit state: generated by using TLE and SGP4
model

e Model: ENVISAT 3D model based on refined
SCARAB model

e Simulation time: approx. 400 days

In a first step, due to the high processing time consump-
tion, only the following perturbation sources have been
included in the simulation:

e Gravitational force and torque for the orbit and atti-
tude motion prediction

e 3rd body perturbation for the orbit prediction

e Eddy currents for the attitude motion prediction

Solar radiation pressure and atmospheric drag have been
excluded to decrease the processing time. The obtained
results have been compared qualitatively, see Fig. 23]
with the values determined by AIUB from SLR residuals
measurements acquired for ENVISAT by ZIMLAT tele-
scope during the years 2013-2014. The simulated angu-
lar velocity decreases over time in good agreement with

T T T
ZIMLAT -

Normalized Intensity

18:58 19:00 19:02 19:04 19:06
2016-09-21 - Time in UTC

Figure 15. ENVISAT simulated light curve, first passage

] - S S i E

Normalized Intensity

20:34 20:36 20:38 20:40 20:42
2016-09-21 - Time in UTC

Figure 16. ENVISAT simulated light curve, second pas-
sage

Residuals [m]

20:34 20:36 20:38 20:40 20:42
2016-09-21 - Time in UTC

Figure 17. ENVISAT simulated SLR residuals, second
passage
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Figure 18. ENVISAT simulated optical view (top left) and
ISAR (top right), real ISAR (bottom), first passage, part 1
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Figure 19. ENVISAT simulated optical view (top left) and
ISAR (top right), real ISAR (bottom), first passage, part 2
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Figure 20. ENVISAT simulated optical view (top left) and
ISAR (top right), real ISAR (bottom), second passage,
part 1
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Figure 21. ENVISAT simulated optical view (top left) and
ISAR (top right), real ISAR (bottom), second passage,
part 2
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Figure 22. ENVISAT simulated angular velocities (pas-
sages marked in gray)

the real measurements. However, the SLR measurements
show some indication for periodic angular velocities in-
creases which could not be reproduced with tOTA if solar
radiation pressure is excluded.

After including all external forces and torques in the sim-
ulation, i.e. aerodynamics, eddy current damping, gravity
and solar radiation pressure, the long-term evolution of
the ENVISAT angular velocity shows a zig-zag pattern
indicating that there are phases of angular momentum in-
crease and phases of angular momentum decrease follow-
ing each other periodically, as shown in Fig. 24] This
pattern is driven by the yaw rate mostly, because of the
initial state assumption of roll and pitch rate being zero.

The angular acceleration caused by solar radiation pres-
sure (see Fig. 25) reveals that this periodic behavior is
caused by solar radiation pressure on the solar array of
ENVISAT. When the solar array is illuminated in spin di-
rection, solar radiation pressure increases the spin rate of
ENVISAT, adding angular momentum. Through preces-
sion and nutation, the spin axis changes over time, trans-
ferring components of the spin to the roll and pitch axes
(see drops in yaw rate in Fig.[24). Periodically, the ori-
entation of the solar array w.r.t. the illumination by solar
radiation is flipping. Thus, after adding angular momen-
tum for one period, angular acceleration from solar radi-
ation pressure is directed in counter-spin direction for the
following period, decelerating the rotation.

7. SUMMARY, CONCLUSIONS, OUTLOOK

This paper has described the In-Orbit Tumbling Analysis
tool (LOTA), a software prototype developed by HTG for
ESA, and how the software has been validated in the con-
text of a collaborative measurement campaign, involving
multiple European research partners.

The simulated SLR residuals and ISAR images for EN-
VISAT show a very good agreement with the real obser-
vations. The simulation of light curves for complex ob-

3
R R ZIMLAT/SLR
iOTA (Eddy current + 3rd body + grav.) ——

2.8

Total angular velocity [deg/s]

Date [Year-Month]

Figure 23. ENVISAT long-term angular velocity obser-
vation/simulation
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R R R R Absolute yaw rate ——
Total angular velocity ——

Angular velocity [deg/s]
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Figure 24. ENVISAT long-term angular velocity simula-
tion

35107
3.01078
251078
20107
1.5107°
1.0-1078
5.0-107°

0.0-10°

Angular acceleration [deg/sz]

13-0913-1114-0114-03 14-05 14-07
Date [ Year—Month]

Figure 25. ENVISAT long-term solar radiation perturba-
tions
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jects like ENVISAT has turned out to be difficult, at least
if a very simple light reflection model is used. There-
fore, future versions of tOTA should include more de-
tailed, non-unique light reflection models.

Furthermore, future development of LOTA should address
computation time improvements (e.g. by using GPU
computing or pre-computed aerodynamic databases) and
the implementation of an optimization module for auto-
mated identification of the best match between observa-
tions and simulations.
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