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USING ACCURATE EPHEMERIDES OF SOLAR SYSTEM OBJECTS FOR AUTONOMOUS NAVIGATION Y. Duchemin, J. Berthier, J-E. Arlot, V. Lainey IMCCE, Observatoire de Paris / PSL Research University - Paris, France IRSEEM / ESIGELEC - Rouen, France ABSTRACT The future of space missions will be dependent on the improvement of autonomous celestial space navigation methods. Nowadays the deep space exploration uses the starry sky background for attitude determination by imaging and determining the coordinates with an embedded star catalog. Two different approaches are necessary in order to find the position of an interplanetary spacecraft (s/c) through an autonomous navigation. The first one is when you have an approximation of the position using the latest position known, and the second, the most complicated, is when you are lost in space. To achieve these goals we need to have an accurate model of the space environment with usable targets at any time, namely planets and asteroids in the good frame reference with a sufficient accuracy for our purpose. The ephemerides must be computed before the mission with in order to estimate the number of objects suitable for the position determination by the use of a 3D positioning algorithm. In a first step, our method proposes to use the virtual observatory ephemeris to know the number of visible useful objects and to determine the resulting accuracy of the calculated position of the space probe. The next step will be the making of a simulation allowing to determine the parameters to be improved in order to get a more accurate position of the probe. Index Terms— Autonav, ephemeris, deep space, exploration, cyber-physical system



board ephemeris and measures in order to make corrections without the intervention of the ground segment, to apply a consistent trajectory. A process under control loop aims to keep the right trajectory, but also provides a significant improvement of the initial model used for the constitution of the trajectory kernel. Therfore it will be possible for the control center to download the new correcting terms and to improve model established with terrestrial resources, dependant on a multicore architecture that will be a reliable dynamical flight analysis. 2. EXPLORATION METHOD Deep space exploration is fragmented in different perspectives, which are using different method to increase autonomy. Basically the use of star tracker enables the determination of the probe attitude, and by this way to keep a global path right in the cruise phase. The star mapping isn’t efficient for the target approach, for example before landing, or fly-by, in this case it is preferable to use an optical mapping method. In the case of a spacecraft being fully lost, it will be possible to find position by the use of very far radio-sources [1]. In this paper, we focused on the position determination during the cruise phase with the aim to avoid multiple and regular contacts with the ground segment. 2.1. Mission Travel



1. INTRODUCTION Autonomy is an unavoidable need to explore the solar system, but also to help modeling an environment not easily observable from the ground. This requires the ability to bring a probe as close as possible to the target, with the help of accurate ephemeris pre-computed by the mission planning. Communications with the ground segment are highly restricted to one-off analysis checks. Unfortunately we often have a deficient model during the mission, in particular if this one is extended. Currently, in order to correct the trajectory we can only upload an improved version of trajectory data, or frequently check the path and send new commands to fit to the planned trajectory. We estimate the level of error between on-



During the probe travel, the ground segment has the responsibility to verify, and if necessary to correct the current trajectory by uploading new navigation parameters. For cost reduction purposes, but also with a lack of added value in many cases, the probe should be able to reach the objective without any assistance. The deviation far from the nominal trajectory is often estimated by stochastic filter solution (Kalman [2] or particle filter). The choice of the computation method is clearly dependant on the available on board ressources. Commonly the bayesian estimators are used for determining dynamic states equations [3, 4], in other words to estimate a clean correction parameter to the system from an initial model, in our case the nominal trajectory. The most



a 10th visual magnitude. The real improvement is in a specific embedded catalog of dynamical objects, which allows to solve the spacecraft position in three dimensions at any time [7]. 2.2. Virtual Observatory The Virtual Observatory Solar System Portal (IVOA, ivoa.net, IMCCE / Observatoire de Paris / CNRS) [8] is an Internet application for exploring our solar system. In our case this tool is very useful for a first step in deep space exploration mission simulation. A first target determination will allow to create the points trajectory database required to keep the objective, and to obtain a good error estimation of ephemeris using theories mostly made from ground observations. Fig. 1. Autonomous navigation



2.2.1. Optical chain



renowned is probably the Kalman filter (or modified like Extended Kalman filter, or Uncented Kalman Filter) [5], but the choice will dependant on the onboard computing resources. xt+1 = Axt + But + wt



(1)



yt = Cxt + zt



(2)



Equation (1) describes the system state equation in which the terms A, B are matrices, t a time step, and u entry. The following equation (2), the term C is also a matrix reflects the output of the system. The variables w , z are respectively the intrinsic noise, and noise measurement. So we have a system of the type y = f (x + z), which allows to estimate the output state at t1 by using ytn measures. The efficiency of the filter depends on the quality of the estimator, to match at best the system state equation (1). Nevertheless, according to the system response, the type of noise and the probability of dispersions, it is possible to use stochastic model described by the recent hidden Markov models or other models which won’t be developed here. The main idea is to obtain a main centralized system that will be easier to integrate, for instance for testing on a cubesat mission. The most important drawback in this case is the really poor robustness to faults, which can come from computational resources or hardware [6]. Using less memory but more computations, a mission analysis will determine the preferred solution. A good way to obtain this result is to have a control loop integrated in the system, but not only to create a regulated process, automatic system in this case. If we want to obtain a performant autonomous system we must have a multiple levels communication system, that includes a navigation parameters correction in realtime. The attitude parameters continue to be estimated with a quaternion expression, by the use of star catalog. The gain to prepare these catalog will be based on the Gaia astrometric catalog which the expected precision is around 7 µas for



Before using IVOA, we need to have a good navigation camera model. The numerical approach enables us to simulate an optical chain for picture acquisition, the same image will be used for both attitude and position determination. We have here two parts: on the one hand, the stars tracking algorithms which won’t be described here as many methods can be used, so we postulate that we have a good attitude determination to give a quaternions form. On the other hand, the problematics of the position, the goal being to obtain different camera parameters, firstly for the spectral sensivity that will give the expected magnitude for target detection according to the field of view (or more exactly dependant on the focal ratio). Some past missions have proven that a wrong model, in other words when the correlation of the signal does not match reality, significantly alters the self-navigation ability. So we suggest a simplified numerical model of a chain of acquisition, with which it is possible to modify the main parameters like pixel size, FoV, CCD response, and more. S(x,y) = B(x,y) + D(x,y) · t + G(x,y) I(x,y) · t + w



(3)



B(x,y) =



1 X b(xi , yi ) N i



(4)



D(x,y) =



d(x,y) − B(x,y) δ ti



(5)



I(x,y) = HP SF · e
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(6)



The equation (3) gives the theoretical flux for a charaterized target. The response is a model of star based on a point source diffraction pattern, dependent on the wavelength (λ) and the integration time (t), an example is given on figure 2. The intensity is given by the equation (6) where H is the heigh of the point spread function (PSF) and ˆI is the image background considered here as constant. The equation (4) represents the typical noise for sensor and it can be decreased by adding



multiple pictures. The dark current expressed on equation (5) is basically computed with the integration time (t) correlated to image (i). The external noises are represented by a global estimator w. 1



quired. In orderl to reduce the residuals inside the embedded ephemeris, we need to have as many objects as possible, so figure 3 shows closest, in the main belt, part asteroids cataloged to date over 701,000 (ASTORB).The apparent magnitudes (Mv) are shown by a colored scale.
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Fig. 2. Optical model Thus, estimating the resulting stream on the sensor surface allows us to consider the signal to noise ratio (SNR) by equation (7). This SNR is associated to the signal S(x,y) , where the pixels’ coordinates become a region of interest and are noted (x0 , x1 ; y0 , y1 ) describing a statistical level, written σ. The ratio between σ and the signal S, basically presented as contrast, shows the magnitude limit relative to a noise ratio in time function (integration) for the system. During space travel, we consider this region as unresolved in order to overcome at first phase effects that would have a negligible impact on the precision required for the position. QE indicates the quantum efficiency, which informs about the ratio of the energy given to a photon wavelength and absorption by the substrate, as a function of time. S(x,y) · QE · t SN R = p S(x,y) · QE · t + D(x,y) + w2



(7)



2.2.2. Virtual observatory A request is sent to the IVOA, by the use of vo.imcce.fr portal, this helps us to determine the number of targets (dynamical moving objects) expected in the field of view. The path of the probe having been previously estimated, it is possible to establish benchmarks for the resetting of the nominal track. For each of these milestones we prepare a compound data sets parameters specific to target objects, which will be compared with data evaluated during the different phases. At the beginning of the mission the probe has elements from the ground segment, it is assumed that the accuracy meets the nominal conditions related to the injection space. Attitude control is done by the inertial data and the reporting of stars. A first comparison may be done by looking for bright objects such as a planet, or why not the sun. For the travel phase moderate position accuracy (order of magnitude arround 100 Km) is re-



Fig. 3. Astord view with TOPcat The relation (8) proposed by Minor Planet Center (MPC), allows to estimate an asteroid average diameter. The expected albedo value is approched by I, If which are respectively the normally, and incident flux. The parameter Mo is the target absolute magnitude. 1329 × 10−0.2Mo θ= p I0◦ /If



(8)



Since the mission DS-1 (Deep Space 1) launched in 1998, for which NASA implemented its own system ”Autonav”, the use asteroids to give an accuracy of a few kilometers is achievable (3-10 Km) [9]. So, the graph 3 shows that the concentration of asteroids whose distance is less than 2.5 AU (astronomical units) is more favorable to obtain measurements with a larger number of objects. 2.3. Theorical estimations The first step of this work is to define the number of visible targets in order to make an onboard image processing to obtain the distance from these objects and in the same time the estimated position error of the spacecraft. It implies that to have to do an astrometric reduction, and light curve measurement on each detected object identified as an asteroid. The first term a-priori known is the injection speed: vi . It is possible to estimate the distance with the relation dest (t) = vi t+ 21 at2 , where a is obtained from the inertial measurement unit (IMU). Thereby, the figure 4 shows a similar trilateration principle with asteroids [10], we obtain a first approximation of probe position at time t, and meet the terms of the equation



¨ After several stages of integration, we of distance (a = d). expect a kind of residual error: δd(t) = dIMU (t) − dobs (t)



(9)



This approach does not reach an exact solution, but can be further reduced by using the data of the ground segment and can be described as : δdp (t) = δdest (t-1) +



δdini (t-(t-1)) δd(t) + ǫp0(t − 1)



(10)



The equation (10) is based on the relation between the nominal position (dashed line on figure 4) corresponding to the computed trajectory, and the observed position (continuous line) when the ephemeris has already a good estimation (light time, barycentric, and proper velocity corrections) to adjust the probe deviation (δdp ) in the time.



of angles relative to the center of the system. The illustration 4 shows how the angles between each waypoint (tn ) and asteroids (On ) are calculated, with equation 12 from image center. dref is the reference distance, which can be selected as the distance from the center of barycentric mass in this case, a rotational and translational mapping in the camera frame is applied [10]. cos θn =



(dref + tn )(dref + tn+1 ) (|dref + tn |)(|dref + tn+1 )|



(12)



The catalogs provide current ephemeris uncertainty (CEU) determined with the two-body simplified solution [11]. This paper [11] explains that some parameters don’t have a good confidence index, for example we can have an object with a good CEU (< 1 arcsec), and U (uncertain extra parameter) very poor (0 ≤ U ≤ 9). Another important uncertainty is the magnitude which is approximated by the Bowel formula. This fundamental criterion can be verified by the analysis of the pattern evolution during time. The light curve measurement during the navigation phase can give information on the global form and the rotation period, useful for diffraction pattern improvement and centering determination. The proper positioning error is added to the sphere of uncertainty determined recursively. 2.4. Transposition system



Fig. 4. Visual Navigation By this way we can expect to obtain a δdprobe residus with a limited number of objects, the solution comes from the equation (11) identified for each object On . It is advantageous to have n ≤ 3, because in the other case a non linear least square solver (eg. Gauss-Newton) should be used, and requires more calculus resources. The coordinates of the center of the objects (On ) are the variables (xn , yn , zn ), and central spacecraft by (xp , yp , zp ). The true trajectory (Sp ) is computed from Snp , and the estimated probe distance by recursive correction terms where error ǫ at t − t0 , and δ from astrometrical correction on each sample. (xn −xp )2 +(yn −yp )2 +(yn −yp )2 = (Snp )2 −ǫδp tn (11) This first estimate of the cumulative error makes it possible to evaluate a sphere of uncertainty around the probe. The position determination by triangulation requires the measurement



We appreciate that technical developments allow the instruments (payload) to have multiple roles. Today already, the navigation camera is both used as a star-tracker, a marker of interest detector (dynamic objects), along with imager. It is therefore necessary to think smart system architecture so that the different subsets won’t know functional disruption, but also retrains in real time mission data. The figure 5 shows, in a simplified way, a feedback loop in which architecture must be extended to each subsystem. Our next goal is to create algorithms with no intensive computing resources, allowing injection of outgoing data (position and attitude in our case) to boost embedded ephemeris. Nowadays, these systems are known as cyber physical system (CPS). 3. CONCLUSION This study is part of my PhD work on space exploration, and shows that modeling work upstream of the missions, particularly in the design of equipment, is very important for their success. This first step based on the use of classical methods and innovative tools permit to improve the mission preparation. Most of the observation campaigns are conducted from the ground, which is not sufficiently precise for enhancing the flight data. The predictions provided are often very different from the encountered conditions during mission, in particular for the vision systems. GAIA will provide a high accuracy catalog, but in the meantime a redundant method of data



4. REFERENCES INS



Navigation Camera



Attitude



CPU



Position



GPU



Main board



Camera charateristics



Stars catalog



Asteroids catalog



AOCS



Software



Mission planning



Real Time



Hardware



Fig. 5. CPS overview reduction (astrometry, and light curve) for navigation is essential to avoid a continuous ground-segment control. This redundancy system is also a key point in ensuring the accomplishment of objectives and investments in unknown environment.
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