ESTCUBE

Introduction

ESTCube-1 is a one-unit CubeSat launched on May 7, 2013 on board the Vega VVO02
rocket [1, 2]. Its primary mission is to perform the first in-orbit experiment of electric
solar wind sail (E-sail) technology by measuring changes in the spin rate caused by an
lonospheric plasma stream on a charged tether. The E-sall is a propellantless propul-
sion system concept that uses thin charged electrostatic tethers for turning the momen-
tum flux of a natural plasma stream such as the solar wind into spacecraft propulsion.
ESTCube-1 will deploy a 10 m long tether using centrifugal force which is provided by
spinning up the satellite to 360 deg-s~'. The satellite is required to determine the at-
titude with an accuracy better than 2°. In order to spin-up the satellite and to estimate
the E-sail effect, a precise attitude determination system (ADS) has been developed.
The ADS uses three-axis magnetometers, three-axis gyroscopic sensors and two-axis
Sun sensors, a Sun sensor on each side of the satellite. The attitude of the satellite
IS estimated on-board using a Kalman filter. According to pre-launch simulations, the
system is able to determine the attitude with an expanded uncertainty (k=2) better than
1.2° [3].

Due to the fact that there is only a single chance to deploy the tether, the ADS has been
thoroughly tested and characterised in-orbit to minimise the risk of mission failure. Here
we present validation of the ESTCube-1 ADS. The system is validated by comparing
the on-board attitude determination results and the attitude determined from on-board
Images. For both methods we present uncertainty budgets in Tables 1 and 2.
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Figure 1 : Images taken by ESTCube 1.

Table 1: On-board attitude determination uncertainty budget

0Astp — Simulation-based uncertainty estimation by standard deviation in parts of
the orbit where the experiment will be performed and images are taken [3]

0As,n — Sun direction model accuracy [4, p. 39]

0Amag — Magnetic field model accuracy [5]

0Ao — Orbital model accuracy [6]

0Aprec — Earth spin axis precession [7, p. 27]

0Anyt — Earth spin axis nutation [7, p. 28]

Quantity Standard Uncertainty
uncertainty contribution, deg

0ASTD 0.57° 0.57

0Asun 0.01° 0.01

0 AMag 390 nT 0.001

dAor 6 km 0.13

0 Aprec 0.06° 0.06

S Anut 0.002° 0.002

Combined standard uncertainty 0.6

Expanded uncertainty (95% confidence level, k=2) 1.2

Table 2: Image-based attitude determination uncertainty budget

0 Cres — Camera resolution
0 Cens — Lens distortion
0 Cse) — Point selection uncertainty

0 Ctime — Time uncertainty
Quantity Standard Uncertainty
uncertainty contribution, deg

0 CRes 0.04° 0.04
0Clens 0.02° 0.02
0 Cse 0.23° 0.23
5CTime 100 ms 0.4

Combined standard uncertainty 0.5

Expanded uncertainty (95% confidence level, k=2) 1
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The combined expanded uncertainty (k=2) from both uncertainty budgets is 1.6°.
To validate the system, images of the Earth were taken during on-board attitude determi-
nation sessions. Images are used as an independent source of the attitude. Differences
between the on-board attitude and the attitude from images are presented in the follow-
ing table.

Sample 11 2 3 4 5 6 7 8
Difference, deg 0.52 0.71 1.96/1.78 1.37/1.74 /1.541.57
Fulfils mission requirement? Yes Yes Yes | Yes Yes Yes Yes Yes
Within uncertainty budget? Yes Yes | No No | Yes No | Yes Yes

Conclusions

The ESTCube-1 attitude determination system fulfils the mission requirement to
determine the attitude with an accuracy better than 2°. In three samples the dif-
ference is slightly bigger then the uncertainty. Most likely it is because 6Asrp, which
is calculated by simulating attitude determination with various disturbances and sensor
emulation, does not represent actual sensors and their in-orbit performance. For ex-
ample, uncertainty of sensors was emulated by applying Gaussian noise to modelled
signals without simulating influences like the temperature, the Solar irradiance or the
Earth albedo. Uncertainty of on-board attitude determination is also influenced by tech-
nical problems of one of the Sun sensors.

References

m [1] Slavinskis, A., Kvell, U., Kulu, E., Stnter, |., Kuuste, H., Latt, S., Voormansik, K., Noorma, M. High
spin rate magnetic controller for nanosatellites. Acta Astronautica, 2014, 95, 218-226.

m [2] Latt, S., Slavinskis, A., llbis, E., Kvell, U., Voormansik, K., Kulu, E. et al. ESTCube-1 nanosatellite for
electric solar wind sail in-orbit technology demonstration. Proc. Est. Acad. Sci., 2014, 63(2S), 200—209.

= [3] Slavinskis, A., Kulu, E., Viru, J., Valner, R., Ehrpais, H., Uiboupin, T. et al. Attitude determination and
control for centrifugal tether deployment on ESTCube-1 nanosatellite. Proc. Est. Acad. Sci., 2014,
63(2S), 242—249.

= [4] Montenbruck, O., Pfleger, T. Astronomy on the Personal Computer. Springer Verlag, 2nd edition,
1991, ISBN: 0-387-57700-9.

= [5] Maus, S., Manoj, C., Rauberg, J., Michaelis, |., Luhr, H. NOAA/NGDC candidate models for the 11th
generation International Geomagnetic Reference Field and the concurrent release of the 6th
generation Pomme magnetic model. Earth Planets Space, 2010, 62, 729-735.

= [6] Dong, W., Chang-yin, Z. An Accuracy Analysis of the SGP4/SDP4 Model. Chinese Astronomy and
Astrophysics, 2010, 34, 69—76.

a [7] Wertz, J.R. Spacecraft Attitude Determination and Control. Kluwer Academic Publishers, 1978,
ISBN: 978-9027712042.

Acknowledgements

European Uni

pea
Europea S lF nd Investing in your future

¢ DoRa

/AFICHIMEDES

We are thankful to the European Space Agency that has supported ESTCube-1 via
the European Space Agency Plan for European Cooperating States (PECS) project
"Technology demonstration for space debris mitigation and electric propulsion on
ESTCube-1 student satellite”. The research and travel of A. Slavinskis was sup-
ported by the European Social fund’s DoRa Doctoral Studies and the Internationali-
sation Programme.

Figure 2 : Artist’s impression of the E-salil




