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ABSTRACT 

“Bering”, after the name of the famous Danish explorer, 
is a Near Earth Object (NEO) and main belt asteroids 
mapping mission envisaged by a consortium of Danish 
universities and research institutes. To achieve the ambi- 
tious goals set forth hy this mission, while containing the 
costs and risks, “Bering” sports several new technological 
enhancements and advanced instruments under develop- 
ment at the Technical University of Denmark (DTU). The 
autonomous on-board orhit determination method is pan 
of them and it is described in this paper. 

Key words: Navigation, orhit determination, advanced 
stellar compass. 
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1. INTRODUCTION 

n e  scientific rationale of “Bering” is described in (I ) ,  
(2) & (IO). The mission profile and conceptual space- 
craft configuration and operations are presented in ( 5 ) ,  
(1 I )  & (14). In short, “Bering” is a deep space mission 
to map the populations of the NE0 and of the main belt 
asteroids and to derive information about the associated 
transportation mechanism. 

Composed by a fleet of two spacecraft, “Bering” will ini- 
tially fly inward the solar system to map the NE0 popu- 
lation and to fly-hy Venus to obtain the energy to fly out 
to the main asteroid belt The conceptual mission profile 
is sketched in fig.1. 

Navigation is the Achilles’ heel of deep space. Being 
performed on ground, it imposes considerable constrains 
on the system and the operations, it is very expensive to 
execute, especially when the mission lasts several years 
and, above all, it is not failure tolerant. These drawbacks 
arc aggravated when more than one spacecraft are to he 
controlled. Therefore, in order to reduce the costs and 
complexity of the mission while increasing the flexihil- 
ity, science ream and robustness, the autonomous on- 
hoard orbit determination method developed at DTU is 
baselined for “Bering”. 

0-7803-8142-4/03/$17.0002003 IEEE 

Figure 1. The “Bering” mission pmfile 

This method, devisedhy the authors, does not require any 
a-priori knowledge of any kind. The solution is robust, 
elegant and fast and it is possible because of the techno- 
logical breakthrough of advanced star trackers, like the 
micro-Advanced Stellar Compass (pASC) into which it 
is implemented. 

2. WHAT IS NAVIGATION 

Space navigation is the process by which the position and 
the velocity, over time, of a spacecraft are estimated with 
respect to a reference frame at any epoch. Up to date, the 
space navigation is performed from ground. The mea- 
surements, taken by the tracking stations, are processed 
and propagated with the results of the integration of the 
equations of motion, that take the known forces acting on 
the system into account, to forecast the spacecraft state. 
Then, the predicted and the nominal trajectories are com- 
pared to check whether corrective actions are called for. 
This is usually the case because emrs  of various origins 
influence the prediction of the state as well as the defini- 
tion of the nominal profile. A new course is then eval- 
uated, the orhit corrections are planned and transmitted 
to the spacecraft to he, normally, executed in open loop. 
Hence, the measurements and estimations need to he very 
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accurate. 

The most common method of ground based deep space 
navigation rests on radar tracking. Ground tracking sta- 
tions normally use all the available data and orbit mod- 
els. Hundreds or thousands of measurements are always 
available and filtering techniques, like the least square 
method or Kalman filters, are used to process them and 
to improve the accuracy. These methods manipulate a 
wealth of measurements of different nature: a) range 
measurements; b) Doppler shift; c) angular measure- 
ments. The latter are seldomused for deep space because 
they degrade with scale. 

Ground tracking drives the mission costs and are not r~ 
bust towards loss of contact, space segment degradations 
etc.. The costs are both direct and indirect. Direct costs 
are those related to the use and operations of the ground 
stations for extended periods of time. Indirect costs are 
those associated with the increased complexity of the 
spacecraft due to the constraints imposed at system level 
to guarantee that the vehicle can always be tracked from 
ground and to reduce the risk of loss of contact. The ro- 
bustness of the mission against mishaps mainly relies on 
preventing hazardous situations. This is achieved by con- 
straining the system design, the trajectory planning and 
the attitude maneuvers. 

3. AUTONOMOUS NAVIGATION 

Autonomous navigation is the process by which the 
spacecraft's orbital parameters are estimated on-hoard the 
vehicle without relying on aid and guidance, i.e. inter- 
vention, from the ground segment. Hence, autonomous 
navigation cuts the need for a constant communication 
link to earth. It permits to relax system and operation 
requirements and to build more flexible and agile space- 
crafts. The costs can he considerably reduced and the 
robustness augmented. In principle, ground and space 
based navigation could use the same techniques and in- 
struments. However, in practice, this is not possible be- 
cause the resources, especially power, mass and volume, 
available on-board a spacecraft are limited. Thus, the 
equipment used on ground cannot be installed on-board. 
Furthermore, particularly in case of contingency, much 
less resources are available to the system to recover the 
knowledge of its status. Therefore, a different approach 
based on flyable hardware has to be devised. 

4. THEpASC 

Optical systcms provide the right tack to design an in- 
strument for deep space autonomous navigation. Indeed, 
they are intrinsically more accurate and less demanding, 
in terms of power and mass/size budgets, than the radar 
systems and are easier to operate and more robust be- 
cause they passively acquire the signal coming from the 
observed body rather than actively track it. 

The micro-Advanced Stellar Compass @ASC), is a 4'h 
generation star tracker, featuring full autonomy of all ma- 

Figure 2. The plSC 

jor functionalities. The pP.SC is described in details in 
(7), so for this context it is sufficient to repeat a few of 
the instruments performance characteristics. 

The pASC consists of two r.eparate fimctional blocks, the 
Data Processing Unit (DPU) and the Camera Head Unit 
(CHU), both shown in fig. 2. Despite its miniature size 
and mass, the pASC supports two fully redundant pow- 
erful DPUs built in. Each of which may drive up to four 
CHUs. The pASC uses a cross strapping board to ac- 
cess the CHUs so that the user may configure any of the 
CHUs to any DPU as the situation may demand. This 
configuration has been chosen, partly to achieve a use- 
ful lifetime of over 30 years in space, partly to allow for 
more complex processing should the need arise, say if the 
mission demand very high data availability on special oc- 
casions like kick motorfiring or precision manoeuvering, 
in which case one DPU can be configured with one or two 
CHUs and the other with the rest. 

The use of a multi CHU pASC increases the reliability 
and relaxes several constraints from the basic spacecraft 
attitude control, like the avoidance of sun or planet blind- 
ing. 

4.1. pASC Factsheet 

The functionality and budgets of the pASC are hereby 
summarized. 

e Fully autonomous operations 

o Fully resilient to sun illumination 

o Radiation tolerant design (>bOkRad) 

e Separate cameras and processor 

e Full coldhot redundancy 

o High reliability (>99.9998% 3 years redundant con- 
figuration) 

In-line imaging capability 

e Identification and isolation ofnon-stellar objects 

o Compact Data Processing Unit @PU) 
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- 100x100x60mm 
- Low mass: 400g 

- LOW power: <3.9W @ 4 CHU 8~ 22Hz update 

be maintained until it can be ruled out by other observa- 
tions; c) more than one non-stellar object can be expected 
in each image, therefore the number of possible solutions 
increases rapidly with observations. 

rate 
A different approach is used by astronomers studying the 
minor planets of the solar system and searching - among 
the rest - for objects that may collide with the Earth. This 
technique sifts asteroids in selected area of the night sky 
by taking two images of the same field during the same 
night with a time interval of few hours in between. The 
imaees are then scanned to detect movine obiects. From 

- Up to 22 true solutions per second 

- Fast recovery from attitude “lost in space” 

- “Deep Space Navigation” (DSN) module 
(LIS) (<30ms, typical 10ms) 

Comnact Camera Head Unit (CHU) 

- 5Ox50x50mm 
twoobservations, the knowledge of the o&&er position 
and some hvootheses about the nature of the obiect (i.e. 

I. I .  

- Low mass: 280g the possible distance and velocity), families of solutions 
are computed and the ephemerides are forecasted. Then, 

iect is found. one solution is confirmed. This method is 
- High tolerance to bright objects (>SO% moon the regions of interest are observed again and if the ob- 

in f.0.v.) 
- Bias free mounting 

High accuracy 

- NEA < 0.6” @ 2Hz 
- R A <  1.5”@2Hz 
- Bias < 2” over the full temperature range 

5.  ON THE ORBIT DETERMINATION METHODS 

Lf the knowledge of the spacecraft position was limited 
to be able to point the antenna to Earth, then it would 
be sufficient to pcriodically upload the spacecraft trajec- 
tory in a format that allows a polynomial propagation. 
However, this approach requires the spacecraft to be in 
constant or frequent contact with Earth. Hence, it is not 
robust against long periods of no visibility, is not redun- 
dant and it does not materialize the savings related to the 
cuts of the ground tracking. 

To achieve full autonomy, the “lost in space” problem 
shall be solved owboard anywhere at any time. 

The difficulty, in solving the initial orbit determination, 
arises from the fact that the observations, performed with 
optical instruments, give only the direction of the object 
as seen by the observer and do not h i s h  any direct in- 
formation about the distance. The position of the body 
is therefore not given and the velocity is obviously not 
determined. Hence, it becomes necessary to observe the 
object again at another time. However, during the time 
between observations also the observer moves and his 
motion shall be taken into account to be able to deter- 
mine the orbit of the object. The solution of this problem 
presents some difficulties. Kepler, Laplace and Gauss 
solved the problem. Whether the methods devised by 
Laplace and Gauss really work and whether they have 
ever really been used successfully is questioned by some 
authors (13). Anyway, neither of them is suitable for au- 
tonomous navigation because: a) at least three observa- 
tions of the same object are necessv  over a period of 
time that spans from hours to days; b) the object detected 
and used to determine the orbit of the spacecraft is not 
immediately identified, hence any realistic solution shall 

clearly unsuitable for autonomous navigation because: a) 
it is based on some a-priori knowledge; b) it is not robust; 
c) it requires a considerable processing time. 

5.1. Deep Space 1 

The first attempt to increase the on-board autonomy by 
shifting the navigation from ground to the spacecraft was 
done recently by JPL on-board the Deep Space I (DS-I) 
mission (see (3) for the details). The principle adopted 
by DS-1 for autonomous orbit determination is triangula- 
tion. If two asteroids could be observed at once, atriangle 
could be construed. As the positions of the asteroids are 
known, the position of the spacecraft can be computed. 
In practice, this was achieved by pointing the optics to 
specific targets at pre-defined times. The nominal trajec- 
tory - known owboard - was compared with the mea- 
sured position and the corrections computed and applied 
in order to maintain the pre-defined orbit. The major crit- 
icisms toward this approach are: a) the inability to solve 
autonomously the lost in space problem; b) the need to 
run expensive and dedicated campaigns of observations 
to improve the knowledge of the orbital parameters of 
some asteroids; c) the need to have at anytime a well de- 
fined and controlled trajectory; d) the lack of robustness 
in isolating the asteroid. 

6. OPERATIONAL SCENARIOS 

The method devised by the authors overcomes these lim- 
itations and features the following capabilities: a) fully 
autonomous and on-board preliminaly position determi- 
nation based on a single image; b) fully autonomous and 
on-board accurate orbit determination based on several 
observations; c) full sky coverage up to 40AU. beyond 
the solar system, the method degrades gracefully. 

The method takes advantage of one of the pASC charac- 
teristic feature: the capability to track all the stars in the 
FOV above a certain magnitude and to point out any lu- 
minous object not being a star (12), i.e. any non-stellar 
objects including the planets. This list of objects, that 
provides the apparent right ascension and declination on 

’ 
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Figure 3. Ecliptic scan and detection ofplanets 

the firmament, is matched to the very accurate planetary 
ephemerides stored in the pASC to measure the space- 
craft position. 

Consider now a fully autonomous deep space mission. 
During the normal cruising phase the measurements of 
the position and velocity can be done periodically with 
a Frequency that is to be defined by the required accu- 
racy and type of orbit. Since the time and the spacecraft 
dynamical state are known, the on-board autonomy can 
choose what are the optimum planets to he observed to 
update the navigation. This principle is similar to the one 
adoptedhyDS-1 but inthiscase thesystemis farmorero- 
bust and simplified because the target is chosen on-board 
rather than being a specific one planned on-groundhefore 
launch. 

Should the need arise or after exiting the hibernation, the 
recovery of the dynamical state can be performed rather 
simply by scanning the ecliptic. Indeed, the analysis 
has shown that anywhere in the solar system some of 
the planets are always visible:Moreover, such maneuver 
would be quite simple as it only requires the knowledge 
of the inertial attitude that is measured by the pASC. 

It is important to stress that such capability could be im- 
plemented and be of great interest also to any deep space 
spacecraft controlled from ground. Indeed, in case ofper- 
manent and unplanned loss ofcontact, the on-board FDIR 
could foresee a se!ffon‘enting mode in which the space- 
craft is instructed to autonomously determine its position 
and to point the antennae toward Earth. This would re- 
quire the following steps: a) scan the ecliptic with the 
CHU of the pASC to detect at least one planet and to 
measure the spacecraft position (fig 3); b) get the Earth 
ephemerides from the pASC; c) compute and command 
the rotation necessary to point the antenna to Earth. 

The pASC and its DSN module offers several bene- 
fits. The system is scalable and extreme accuracy can be 
achieved by adopting different optics. For instance, with 
a focal length 12.5 times longer than the standard CHU, 
ground tests have shown an accuracy of 50mas (milli- 
arcsec) in the determination of the angular position of the 
planet that is an improvement of at least a factor of 20 in 
the measurement of the position. 

The exploitation of the multi CHU philosophy of the 
pASC allows the same instrument to be used for widely 
diverse purposes at the same time. E.g. 3-axes accurate 
attitude determination by removing the intrinsic larger er- 
ror about the CHU horesight, contemporary observation 
of diverse part of the sky and objects, ultra high accuracy 

Table 1. Percentage of visi,biliq of the planets for  two 
different limiting magnitudes 

Planet m, = 6  m, = 7  
Mercury 39.0% 62.3% 
Venus 88.5% 92.3% 
Earth 80.5% 87.6% 
Mars 24.0% 38.2% 
Jupiter 94.7% 96.1% 
Saturn 93.2% 95.4% 
Uranus 21.9% 55.3% 
Neptune 3.9% 10.7% 
Pluto 0% 0.03% 

attitude andlor position measurements - by using differ- 
ent optics ~ or may be used for high accuracy trajectory 
determination of other detected objects, such as e.g. as- 
teroids. 

Another beauty of this method is that the CHUs do not 
need to he inter-calibrated to be pointed accurately to 
a specific target or to reconstruct the measurements be- 
cause the information is directly available and obtainable 
in the ineltial frame. 

Other applications of the multi CHU pASC useful to 
“Bering” and deep space missions are described in (8). 

. 

(9) (4). 

7. PRELIMINARY ANALYSES AND GROUND 
TEST!; RESULTS 

The key elements of the DSN module have been de- 
signed, implemented in the {pASC and tested. 

The main goals of the tests were to assess: a) the ro- 
bustness of the method to solve the lost-in-space prob- 
lem; b) the preliminary accuracy achievable with a single 
planet and single observation; c) the visibility of the plan- 
ets throughout the solar sysom and d) that the implemen- 
tation of the DSN module into a pASC does not degrade 
the performance and attitude measurements. 

The visibility was verified by computing the planet mag- 
nitude m, for different pha:;e angles and distances. The 
results are given in table 1. 

The two major planets are not visible when the spacecraft 
is quite far from the Sun, well beyond Uranus and almost 
in lower conjunction, i.e. Sun-planet-spacecraft are al- 
most aligned. Jupiter, Saturn and the Sun are aligned ap- 
proximately every 2 I years. So frequent is the risk of not 
having both ofthem not visible. 

In order to have a preliminary assessment of the perfor- 
mance of the DSN function, several observations of dif- 
ferent planets were carried out at various times and sites. 
The first measurements were done observing Mars and 
the results were quite positive as a Noise Equivalent Posi- 
tion (NEP) of approx. 3 OOOKmwas measured (see fig.4). 
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Figure 5.  Single image position accuracy observing Yenus. The blue points are the measured values with respect to the 
Earth (centre of thefigure), the red line is the sun direction and the dnsh line is the direction to Venus. The dash circle is 
the orbit of the Moon. The threeplots are thepmjections of the measurements over the threeplanes q, n, p, respectively 
fmm IeJi to right. 
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Figure 4. Noise Equivalent Position (NEP) of the mea- 
surements obtained observing Mars. 

At the beginning of August 2002, at the Mauna Kea Ob- 
servatories (HI-USA) two planets were useful, i.e. suffi- 
ciently above the horizon to allow for a reasonable atmo- 
spheric refraction assessment: Venus and Uranus. Venus 
w a s  almost on quadrature thus offering a good geomehy 
but low over the horizon and rapidly setting after sunset. 
Therefore, the images were affected by heavy absorption 
and moderate refraction. Both effects were not fully cor- 
rectable. On the contrary, Uranus was very high over the 
horizon when passing the meridian. However, it was al- 
most on the earth-sun line thus providing a poor geom- 
etry. The results of the Venus observations are shown in 
figure 5 .  Venus is always correctly identified andtbe posi- 
tion of the observer location (Hawaii) computed. The re- 
sults clearly show an offset, bias, of 115,OOOKm (mainly 
in the xy-plane) whereas the 30 dispersion of the mea- 
surements is only 18,OOOKm. The dispersion of the mea- 
surements is coherent with the expectation (single image, 
single determination, no filter, no corrections). Whereas 
the bias is considerably larger than expected. There are 
several possible causes for it and a definitive answer has 
not yet been found. Also Uranus is always correctly iden- 
tified and the position of the earth computed. However, 
the results are quite different than the ones obtained ob- 
serving Venus. The errors are much bigger and there is 
not a well defined bias. As expected, the errors are pretty 
much aligned along the line of sight. However, there is 
also a clear time effect that seems to be related more to 
the observations (raw data) rather than to the computation 
of the position. The cause of this behavior is not yet com- 
pletely understood and the analysis is still in progress. 

A few images of Saturn were taken in February 2003 
from the observing facility at 0rsted.DTU @K). Saturn, 
at the time, offered a good geometry and was high above 

the horizon, thus minimizing the disturbance from the 
atmosphere. The results of the observations are shown 
in fig. 6. Like Venus and Uranus, Saturn is always cor- 
rectly identified. The results show a bias of 485,OOOKm, 
mainly in the direction towards the Sun). The lo disper- 
sion of the measurements is approximately I 1  7,OOOKm. 
These findings differ somewhat from the other two cases. 
The relatively larger dispersion could be explained by the 
small number of measurements. However, the bias is also 
significantly large in spite of the better geometry. Like 
for Venus, there are several possible causes for this and a 
definitive answer has not yet been identified. 

8. CONCLUSIONS &FUTURE WORK 

Despite the observed bias terms, the preliminary results 
are very positive and encouraging: 

The algorithms are simple, robust and precise; . The planet was always correctly identified when in 
the field of view (either Venus, Uranus or Saturn) 
and there was never a false lock in more than 4200 
independent lost in space solutions: 

The position of the observer was always correctly 
computed even though the results show either a bias 
(Venus) and a large error ellipse (Uranus); 

s At ZHz, the DSN module ran smoothly without af- 
fecting the performance of the pASC in measur- 
ing the attitude. The only perceivable effect was 
the dropout of one attitude package every ten min- 
utes in concomitance with the update of the accurate 
ephemerides of all the planets; 

Areas of improvements have been identified to in- 
crease the accuracy, to improve the robustness and 
to reduce or eliminate the dropout. 
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