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Study Objective 

This study aims to investigate the possibility of on-board DA computation (e.g. on LEON-4 
hardware) using techniques such as auto-coding. The proposed application is real-time relative pose 
estimation of a chaser spacecraft and attitude prediction of a tumbling target object including 
uncertainty propagation. 

Background and Study Motivation 

Current space processors (LEON-3, LEON-4) run at speeds of hundreds of MHz, providing limited 
computational power on spacecraft. This constrains the level of spacecraft autonomy because even 
relatively simple autonomous operations require complex computations to be performed in near real 
time. 

Differential algebra techniques have become increasingly popular in various aerospace engineering 
applications over the past 5-10 years. They allow computing polynomial expansions of functions 
representing a dynamical system in terms of initial conditions or parameters. The calculation of these 
polynomials is computationally expensive, but can often replace many iterations of a pointwise 
computation. 
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This project will investigate the possibility of on-board 6DoF state estimation and 
uncertainty propagation using Differential Algebra techniques on an on-board 
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In particular, in ground based uncertainty propagation and sensitivity analysis this has been shown to 
reduce the overall computational cost significantly when compared to alternative techniques in a wide 
variety of fields ranging from particle accelerator physics to astrodynamics [1,2]. Another interesting 
application of DA in engineering are high order DA Karman filtering techniques [3]. 

A challenging problem in onboard autonomous GNC is the relative pose estimation of a chaser 
spacecraft and the attitude prediction of a tumbling uncooperative target. The problem involves non-
linear propagation of the 6DOF pose (translational and rotational state). In particular, the following 
steps are required: 

• time update of state and covariance of 6DOF motion including all couplings 

• measurement update, and 

• state vector prediction (in particular the inertial attitude of the tumbling target). 

Due to the natural uncertainty in the image processing and in the MCI properties of the target, the 
need to handle uncertainties in these steps arises automatically. 

The goal of this study is thus two-fold: First, to identify and develop possible DA algorithms that can 
help with the three steps of relative pose estimation and prediction described above. The proposed 
application problem is the rendezvous with an uncooperative target. For reference, we provide data 
for ESA's e.deorbit mission [4] as a typical mission of this type. The goal is to obtain fast and accurate 
algorithms that provide a measure of the uncertainty of the target state suitable for real-time on-board 
operation on space hardware. 

Second, to implement these DA algorithms on board using the LEON-4 space hardware. While 
LEON-4 is the currently most relevant processor for this application, assessments based on an ARM 
processor can also be envisaged where they better fit the needs of the DA-based algorithms. The 
resulting implementation will be tested in a processor in the loop (PIL) test-bench using a scenario to 
be agreed at the beginning of the study. Of particular interest is the scenario of Envisat described for 
reference in the Annexes. 

Proposed Methodology 

The following study logic is proposed, though universities are free to propose different approaches if 
these would better achieve the study objectives: 

1. Design of DA-enabled versions for the chaser relative pose estimation and tumbling target 
translation and attitude prediction. This may involve e.g. the use of high-order DA Kalman 
filters as well as DA constraint satisfaction techniques. 

2. Development and implementation of the required routines for on board DA computation in a 
language suitable for the targeted hardware (e.g. by translation of ESA DACE Fortran code) 

3. Development of a DA auto-coder to generate low-level code for DA computations from a 
high level language such as C++ (e.g. by extending the ESA DACE C++ interface) 

4. Implementation of on board version of the DA-enabled chaser relative pose estimation and 
tumbling target translation and attitude prediction routines 

5. Testing of the code in PIL model using the testbed provided by the agency 

In case the research project is successful, HIL (HW-in-the-loop) tests with the model in the Annex at 
ESA’s laboratories are envisaged as follow-on activities. 



 

ACT Contribution 

The agency and specifically the ACT plans to contribute in several ways, depending on the needs and 
expertise: 

• ESA DACE DA computation package in source and binary form for desktop computers 

• Providing expertise in the implementation and adaption of DA algorithms in general and ESA 
DACE in particular, 

• Providing expertise in relative pose estimation and attitude prediction (via TEC-ECN) 

• Providing complete PIL and HIL testbeds for testing (provided either on site at the agency or 
shipped to university partner, via TEC-ECN).  
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Annex A: Chaser Actuator Specifications 

The chaser is considered equipped with a propulsion system that includes one main engine, that is 
functionally used to deliver the deorbit burns (each lasting 20 minutes), and an imprecise number of 
control thrusters, that are used to provide 6 DoF controllability (translational and rotational about all 
axes). 

The main engine is considered as having the properties shown in Table 1. 

Property Value Notes 
Nominal thrust 450 N  
Thrust uncertainty ±10% of nominal thrust pulse-to-pulse error 
Thrust noise 2% of nominal thrust  
Thrust direction error 1 degree half-cone angle 

Table 1: Properties of Main Engine 

The control thrusters is considered as having the properties shown in Table 2. 

Property Value Notes 
Nominal control authority per axis 50 N  
Control authority uncertainty ±5% of nominal thrust pulse-to-pulse error 
Thrust noise 1% of nominal thrust  
Thrust direction error 1 degree half-cone angle 

Table 2: Properties of control thrusters 

Annex B: Chaser Specifications 

The chaser and its sensor specifications are provided in the following tables: 
 

Characteristic Value Comment 
Mass 1435 kg  
Mass Knowledge 
error 

5% (3σ) The ideal GNC design should be robust to 
this uncertainty. 

Centre of Mass 
knowledge error 

0.1m per axis (3σ) This uncertainty should ideally be 
compensated for in the GNC design.  

Moments of 
Inertia, I 

� 130 1670 −55
25 −55 2570

�kg.m2 Corresponds to platform equipped with 2.8 
m2 solar array. 

Moments of Inertia 
knowledge error 

Iii = 10% (3σ) 
Iij = 20% (3σ) 

Iii are diagonal elements, Iij are off-diagonal 
elements. The GNC design should be robust 
to these uncertainties. 

Spacecraft 
dimensions 

[1450, 1600, 2200] mm  



Solar array flexible 
modes 

Principal solar array modes at 
0.27 and 0.60 Hz.  
 
Translational modal 
participation factors of first 
flexible mode: 
 
𝑀𝑀𝑥𝑥𝑥𝑥=26.7 kg 
𝑀𝑀𝑦𝑦𝑦𝑦=0.0 kg 
𝑀𝑀𝑧𝑧𝑧𝑧=0.0 kg 
 
Rotational modal participation 
factors of first flexible mode: 
 
𝐼𝐼𝑥𝑥𝑥𝑥=0.0 kg.m2 

𝐼𝐼𝑦𝑦𝑦𝑦=0.0 kg.m2 
𝐼𝐼𝑧𝑧𝑧𝑧=912.0 kg.m2 
 
Translational modal 
participation factors of second 
flexible mode: 
 
𝑀𝑀𝑥𝑥𝑥𝑥=0.0 kg 
𝑀𝑀𝑦𝑦𝑦𝑦=0.0 kg 
𝑀𝑀𝑧𝑧𝑧𝑧=30.1 kg 
 
Rotational modal participation 
factors of second flexible 
mode: 
 
𝐼𝐼𝑥𝑥𝑥𝑥=972.2 kg.m2 

𝐼𝐼𝑦𝑦𝑦𝑦=4.8 kg.m2 
𝐼𝐼𝑧𝑧𝑧𝑧=0.0 kg.m2 
 
Damping ratio = 0.1% 

Up to 2 flexible modes could be considered 
for the study. 

Flexible modes 
due to sloshing 

The fuel is contained in 4 
cylindrical tanks, 2 filled with 
MMH and 2 with MON. The 
tanks are all of the same size 
and have a diameter of 0.6 m 
and an height of 1 m. 
The axis of symmetry of each 
tank is parallel to the main 
engine thrust vector axis and 
at a distance of 0.5 m from it. 
The filling ratio of the tanks is 
approximately 80% at the 
beginning of the capture phase 
and approximately 20% at 
EOL. 

Flexible mode characteristics could be 
derived on the basis of the given tank and 
fuel characteristics, as well as on the basis of 
the main engine properties of Table 1. 



Flexible modes 
knowledge error 

The uncertainty on the 
frequency of the flexible 
modes is 20%. 
 
The uncertainty on the 
damping ratio is 
conservatively assumed to be 
20% 

The ideal GNC design should be robust to 
these uncertainties. 

Attitude 
Knowledge error 

0.01 deg (3σ) Assuming combination of star trackers and 
inertial measurement units. The ideal GNC 
design should be robust to these 
measurement errors. 

Angular rate 
knowledge error 

0.004 deg/s (3σ) Assuming IMU. The ideal GNC design 
should be robust to these measurement 
errors. 

Acceleration 
knowledge error 

0.005 m/s2
 (3σ) Assuming IMU. The ideal GNC design 

should be robust to these measurement 
errors. 

Position actuator 
force limit 

50N in each axis The limit on the thruster actuation for 
position control. The ideal GNC design 
should be robust to force actuator saturations. 

Attitude actuator 
torque limit 

20Nm in each axis The limit on the thruster actuation for attitude 
control. The ideal GNC design should be 
robust to torque actuator saturations. 

Table 3: Chaser Model 

 

Figure 1: Chaser Model Dimensions 

Annex C: Envisat specifications 

 



 

Table 4 ENVISAT Mechanical and MCI properties 
 

 

 

Figure 2 ENVISAT dimensions 
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