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MODELLING AND ATTITUDE CONTROL DESIGN FOR AUTONOMOUS IN-ORBIT ASSEMBLY

This paper presents the developments carried out to model the evolution of the satellite dynamics, during the autonomous in-orbit assembly of the primary mirror of its large telescope. These tools are key developments for the demonstrator of In-Space Assembly in Simulation (dISAS) of the H2020 project PULSAR (acronym for "Prototype of an Ultra Large Structure Assembly Robot"). For reasons of consistency between simulation tools and control law design tools, SPART was chosen and was extended to take into account flexibility. The generated models are used for the design of the attitude controller, which must ensure a pointing accuracy specification despite the inertia variations, the flexibility of the overall spacecraft and the torque perturbations generated by the robotic arm motions.

INTRODUCTION

One of the key challenges for future space missions is the autonomous in-orbit assembly of large structures, when they cannot be self-deployed as a single piece. The H2020 project PULSAR (acronym for "Prototype of an Ultra Large Structure Assembly Robot"), which started in February 2019 and finished in April 2021, aimed at developing and demonstrating key technologies for in-space assembly of the primary mirror of a large telescope thanks to three demonstrators. Even if a specific application has been identified for this project, some developments could extend to other needs, such as the assembly of solar panels for power plants, light sails to reach the outermost regions of the solar system. The demonstrator of In-Space Assembly in Simulation (dISAS) [START_REF] Rognant | Autonomous assembly of large structures in space: a technology review[END_REF] of PULSAR met two main objectives:

• provide a set of tools for the specification, execution and visualization of assembly of large structures by simulation, in order to validate their feasibility

• and provide a concrete application with the orbiting assembly of the primary mirror of a telescope

The design process used to develop the attitude control system is summarized on Fig. 1. An important phase was first to obtain a model of the complete satellite system, sufficiently representative of the dynamics of flexible appendages and of the inertia changes during the assembly phase. This step then allowed to make a pre-study of the achievable performances of both the deployment system and the attitude control system in the presence of disturbances and according to the available actuators. The paper mainly focuses on the modeling tools for the dynamics of the complete satellite system used for dISAS, which is explained in the first section. In the second section, our main concern will be the design of efficient attitude controllers for the deployment phase.

DESCRIPTION OF THE SIMULATED SCENARIO

The demonstration scenario was chosen to simulate a spacecraft (S/C) platform in microgravity, with a succession of a priori planned assembly tasks. In the initial setup, the sunshield is already deployed, and the robotic arm is in its storage configuration. This manipulator ensures the assembly of the primary mirror around its central tile (already placed), by moving along a rail and extracting each segmented mirror tile (SMT) from container. A first pre-assembly of the 3 top tiles (SMT by SMT docking) takes place in an intermediate frame, called "the pre-assembly frame", before being mated with the primary mirror central tile. The assembly of the primary mirror goes on by alternating preassemblies of SMT (up to 5 tiles) in the pre-assembly frame and strokes of the arm integrating these pre-assemblies to the primary mirror under construction (see Fig. 2). The demonstrator is a set of software components allowing the accurate simulation of large structure assembly. It is divided into three distinct layers:

• The first layer is used for the sequencing of the assembly scenario. It is composed of two main components: the ground segment and the on-board sequencer. The ground segment is a simple user interface that sends high-level requests (ie "do a pre-assembly", "put the arm in storage pose", etc. ) to the sequencer for launching and monitoring the evolution of the different parts of the scenario. The stages of the scenario are described by behavior trees within the sequencer, which aims at coordinating the Control layer for the execution of the requests. To perform this, The Sequencer C++ library is instantiated in a TASTE/ESROCOS component. This layer is not described in this paper.

• The second layer is the Functional (or Control) one. Each core component (algorithms for control, perception and planning) is implemented as an ESROCOS application and can be reused for different purposes. ESROCOS is a framework for developing robot control software applications, conceived to support the development of space robotics. Moreover, the ROS middleware is used to communicate seamlessly with the hardware and the simulated hardware. The Attitude Control System (ACS), whose development is presented here, is one component of the functional layer : it uses a Matlab-generated C library for maintaining the spacecraft attitude during the different phases of the mission.

• The last layer corresponds to the simulated hardware. A 3D simulation engine, called Webots, is used to create a virtual environment in microgravity for the assembly mission. The key components of the spacecraft (SMT container, arm, rail, tile, solar panels, etc.) are simulated so that they mirror their real counterparts (same behaviour, representative model, same interface).

Webots projects follow a specific structure allowing the simulator to append new simulation elements (scenes, robots, textures, etc.) to its stock library at start-up. The user can then create simulations with this library of elements through the graphical interface or directly by editing files. Webots worlds are described in cross-platform .wbt files based on the VRML language. This type of file contains a list of all the components (robot, objects, light, etc.) that need to be added to the simulation. These components are described into .proto files. The proto specifies everything about the component: its type (robot, device, etc.), its visual representation (geometry, texture), its physics (mass distribution, friction coefficients, bounding objects, etc.), and its sensors/actuators properties.

SYSTEM MODELLING

Existing modelling tools for satellite dynamics

As the continuous-time ACS control structure is designed and validated using Matlab tools, the modelling step cannot be based on Webots models. The modelling tool must be able to represent the various dynamic couplings in both translation and rotation which exist between the S/C subsystems, namely:

• the main hub, which is assumed to be rigid,

• two flexible solar panels,

• a sunshield, which is represented through its four support beams; these flexible beams are cantilevered on the four sides of the main hub,

• 36 SMT: they are first stored in 6 stacks in a SMT container directly attached to the main hub; once assembled, their connection interfaces normally induce flexibility, that is not taken into account in the study,

• a manipulator arm; the modeling tool must take into account the selected assembly scenario, which consists in pre-assemblies and iterative integrations on the mirror under construction -as explained before.

Physical properties of these subsystems were deduced from a technology review and a mission analysis (https://www.h2020-pulsar.eu/listings), with a clear reference to similar missions like the James Webb Space Telescope (launch is currently scheduled in 2021).

In this context, two modelling tools are used:

• the first one is the Satellite Dynamics Toolbox (SDT -https://personnel.isae-supaero.fr/danielalazard/matlab-packages/satellite-dynamics-toolbox.html [START_REF] Alazard | SDT v1.3 satellite dynamics toolbox[END_REF]), based on a multi-body modelling approach. This toolbox allows to build generically a parametric linear model of a satellite composed of a rigid hub, rigid appendages and/or flexible appendages [START_REF] Alazard | Linear dynamic modeling of spacecraft with various flexible appendages and on-board angular momentums[END_REF][START_REF] Gonzalez | Flexible multibody system linear modeling for control using component modes synthesis and double-port approach[END_REF]. With such an approach, any connection of a rigid or flexible appendage on a rigid hub can be modelled by a simple feedback (see Fig. 3). Thus, it allows to split the geometric and dynamic parameters of each substructure and each link into specific blocks.

Figure 3: Cantilevered connection of (rigid or flexible) appendages on a rigid hub.

• the second one is the open-source NPS-SRL/SPART (https://spart.readthedocs.io/en/latest/ ), which can derive easily the nonlinear dynamics of a rigid robotic manipulator. It is explicitly dedicated to kinematic trees, only composed of rigid links and joints [START_REF] Virgili | SPART: An open-source simulator for spacecraft robotic arm dynamic modeling and control[END_REF][START_REF] Chevallard | Mission design and modeling of space manipulators for in-orbit servicing missions[END_REF].

The implementation of these tools on the PULSAR use case are presented in the following section.

System description

Geometry, mass and stiffness properties For better consistency between simulation tools and control law design tools, SPART was chosen. Indeed, it uses the Universal Robotic Description Format (URDF), directly exported from Webots, to describe a multibody system. But SPART counts some limitations :

• only fixed, revolute, continuous, and prismatic joints are considered,

• continuous and revolute joints are treated equally. Joint displacement, velocity, and effort limits are not taken into account,

• joint dynamics (e.g. damping) are not modelled,

• and the URDF format cannot take into account the flexibility of sub-bodies.

To overcome these limitations:

• the standard description of the URDF has been extended by integrating a stiffness tag for each link (see Fig. 4),

• the URDF parsing functions of SPART have been modified to store these modal properties as well as joints characteristics. 

System configuration

The URDF file can only describe the initial configuration of the system before deployment. So to update the dynamic properties of the system at each step, a second file (a csv file) is used to describe the successive configurations characterized by the number of tiles present in the tile-container, in the pre-assembly site, on the primary-mirror and on the end-effector RAS. This file can be generated by the assembly sequencer and is used to update the dynamic properties of the system. A nonlinear second order dynamic model can thus be generated for the 85 configurations of the deployment. Fig. 5 shows the evolution of the system during the deployment scenario defined during the preliminary design phase.

Figure 5: Display of 4 models generated from the URDF files and the sequences description.

System equations

Non-linear second order equation of motion

The SPART toolbox provide us functions to evaluate the different term of the following equations of motion of a rigid multibody system:

H 0 H 0m H T 0m H m H(x 0 ,q) ẍ0 q + C 0 C 0m C T 0m C m C(x 0 ,q, ẋ0 , q) ẋ0 q = τ ext τ m τ (1) 
where x 0 and q respectively correspond to the spacecraft base pose vector and to the joint configu-ration vector. H(x 0 , q) ∈ R (6+n)×(6+n) is the symmetric, positive-definite Generalized Inertia Matrix (GIM), C(x 0 , q, ẋ0 , q) ∈ R (6+n)×(6+n) is the Convective Inertia Matrix and τ ∈ R 6+n is the generalized forces (joint-space forces). The indices * 0 and * m respectively refer to the contributions of the base and the joints.

To integrate the dynamics model of any flexible appendages connected at point P to the spacecraft base, we could consider the generic second order implemented in the toolbox SDT:

H p 0 L T p L p I ẍp η + 0 diag(2ξ i ω i ) η + 0 diag(ω 2 i ) η = τ p ext 0 (2) 
where η are the modal coordinates' vector, ω i the i th flexible mode's angular frequency, ξ i the i th flexible mode's damping ratio, L p the vector of modal participations at the connection point P, H p 0 the spacecraft base GIM expressed at the point P, and τ p ext the external forces expressed at the point P. This expression is written in the appendage reference frame. Thus, the integration of the flexibility modelling functions coded in SDT into SPART now allows to evaluate the following extended model components:

  H 0 H 0m H 0η H T 0m H m 0 H T 0η 0 I     ẍ0 q η   +   C 0 C 0m C 0η C T 0m C m 0 C T 0η 0 C η     ẋ0 q η   +   0 0 K η   η =   τ ext τ m 0   (3) 
where the contributions of the flexible degrees of freedom and joints degrees of freedom to the base state are formally assessed.

SPART Extension validation

To validate this extension, we carried out several tests consisting of the comparison between the linear models directly obtained by SDT and the linearized models obtained with SPART. A first model only composed by the base, the payload and a sun-shield beam was useful to assess the computation of the generalized inertia matrix, the convective inertia matrix and the generalized stiffness matrix. The exact equality of rigid behaviours (the DC gain of the two -SDT and SPART-direct dynamic models of the global spacecraft), the exact eigenvalues correspondence of the SDT/SPART inverse dynamic models of the global satellite system (base + payload + the 4 sun-shield beams + the 2 solar panels), and the superposition of the singular values of their frequency responses are means to assess the new developments on SPART (see Fig. 6).

ATTITUDE CONTROLLER DESIGN

During the deployment phase, the main issue consists in preserving a reasonable pointing accuracy of the satellite to maintain the link with the ground station, despite the slow evolution of the inertia and frequency modes of the system and the torque perturbations that are generated by the robotic arm motions. During the observation phase, the inertia matrix stops varying significantly. However, the desired pointing accuracy becomes more stringent and the fully deployed primary mirror tends to generate badly damped and rather low frequency torque perturbations. To address these two phases a modular attitude controller structure, described in Fig. 7, is used. It consists of five blocks:

1. Gain-Scheduled PID controller with Anti-Windup: This is the central element of the control system. In nominal conditions, the PID controller ensures good stability properties during the deployment phase with a low integral contribution (PD type behavior) and enhanced performance properties (pointing accuracy) during the observation phase with higher integral action (and possibly lower stability margins). Mainly during the deployment phase, the gains will be adapted to the varying inertia of the system. Mainly during the observation phase, the integral gain will be adapted to the control activity by an anti-windup device to account for the limited torque capacity of the reaction wheels.

2. Robotic Arm System Torque Observer: Since the main perturbations generated by the robotic arm system essentially act as matched disturbance torques, they can be efficiently compensated, if a good estimation of these torques is available. The objective of this block is thus to provide such an estimation with the help of a robust observer.

EKF Estimator:

This block plays a key role in the structure since it provides on-line estimations of the current attitude and angular velocity of the satellite by sensors fusion of the Star Trackers and Gyroscopes.

4.

Allocator: This block distributes the control commands in dynamic sense between the 6 reaction wheels and manages the actuator redundancy. It is used to generate the torques that must be applied to the satellite to counter the disturbances and to track the reference attitude trajectory.

ACS Reference:

This block is outside the scope of the attitude control system. It provides the reference attitude trajectory to be tracked: desired attitude angles and angular velocities. 

Interest of modeling tools for the controller design phase

This section describes the tools and the design strategy used to tune a standard proportional-derivative controller for the deployment phase which can handle inertia variations and also take into account the flexible modes of the mirror and solar panels.

During the deployment phase, the pointing precision is not stringent but should although be kept as small as possible despite perturbations so that the observation phase will start with acceptable initial conditions. The design requirements are a 0.12 rad/s controller bandwidth and an absolute pointing error (ARE) of 1.7 10 -3 rad. Note that many and possibly unknown perturbations apply during this phase. One of the strongest might be those induced by the robotic arm. However, its overall effect is not to be considered as extremely adverse since at the end of the phase, the arm retracts to the central body and the induced torque perturbations go back to 0.

A very brief open-loop poles analysis is performed to evaluate the effects of the gyroscopic couplings, the variations of the inertia coefficients of the overall system along the family of 85 models covering the whole deployment phase. The open-loop system is composed of two main subsystems, the satellite dynamics and the reaction wheels. Thus, for different configurations during the deployment phase, the relation (3) obtained from the extension of SPART could be rewritten as follows :

H ωs ωs + H ωsp 0 p0 + H ωsωr ωr + H ωsη η + ω s ∧ h = 0 (4) H T ωsp 0 ωs + H p 0 p0 + H p 0 η η = 0 (5) 
H T ωsωr ωs + H ωr ω r = τ r (6) H T ωsη ωs + H T p 0 η p0 + η + C η η + K η η = 0 (7) 
where the states ω s , p 0 , ω r and η respectively correspond to the angular rates of the platform, its displacement, the angular rates of the reaction wheels, and the flexible modes. Moreover, h denotes the total kinetic momentum:

h = h s + h r = H ωs ω s + τ rs (8) 
where τ rs denotes the torque applied to the platform by the set of reaction wheels:

τ rs = H ωsωr H ωr -1 τ r = P r τ r (9) 
From the above equations, after a few matrix manipulations, one obtains the following control oriented model:

J s ωs = -τ rs -τ η -ω s ∧ H ωs ω s + τ rs (10) 
with

J s = H ωs -H ωsωr H ωr -1 H T ωsωr -H ωsp 0 H -1
p 0 H T ωsp 0 and τ η = F(s) ωs . The multivariable LTI system that describes the effects produced by the flexible modes on the input torque as a function of the angular acceleration is given by:

F(s) = A F B F C F D F =    0 I 0 -U -1 K η -U -1 C η U -1 V T VU -1 K η VU -1 C η -VU -1 V T    (11) 
with the notation

U = I -H T p 0 η H -1 p 0 H p 0 η and V = H T ωsp 0 H -1 p 0 H p 0 η -H ωsη
By the way, a family of 85 models covering the whole deployment phase is available to tune controllers and perform preliminary analysis. For each model, the inertia matrix J s and the LTI transfer F(s) are evaluated as detailed above.

The analyses show that this system, for each configuration has 48 states with 10 poles at the origin (6 rigid modes and 4 poles related to the modeling of the reaction wheel system induced by the integration of the torque to compute the kinetic momentum). The 38 remaining poles result from the flexible modes of the satellite dynamics. They are all very poorly damped at ξ = 0.005. Their pulsations are ranging from 1 rad/s to 87 rad/s (see Fig. 8). Moreover, the gyroscopic coupling effects remain low even for maximum values of wheels kinetic momentum, the inertia diagonal terms remain almost the same whatever the configuration while significant variations appear on the offdiagonal elements (see Fig. 9). Correlations between coefficients that will be further exploited are also revealed in this figure.

Since the required controller bandwidth around 0.12 rad/s remains rather low compared to the pulsation of the first flexible mode which is around 1 rad/s, a simple PD controller is first performed on a rigid model. It is noted that the specifications are nearly met for all axes and could be further improved by taking into account the significant variations of the off-diagonal terms of the inertia matrix. We observe on Fig. 9, showing the evolution of the coefficients of J s as a function of the configuration, that correlations appear. More precisely, choosing J 22 and J 12 as two independent parameters, it is easily seen that J 11 , J 13 and J 23 almost affinely depend on J 22 while J 23 can be approximated as an affine function of J 12 . The above approximations have been performed by a mean square approach first (red plots) and by a linear programming next to minimize the maximum additive error between each coefficient and their respective affine approximations (green plots). An identification of correlations between terms of the inertia matrix and of residual independent variations leads to the following expression:

∀i = 1, ...85, ∃δ = [δ 1 . . . δ 5 ] ∈ B ∆ / J s i = J(δ) = J 0 + 5 i=1 δ i J i (12) 
where all configurations during the deployment phase are covered by a continuous set of uncertain Figure 9: Evolution of the inertia terms (blue) of the overall satellite during the deployment phase and their approximation (red: mean square approach, green: affine approach). matrices depending on five normalized uncertainties in an affine way.The above property is visualized by Figure 10. The objective is now to find the best PD controller such that the uncertain system is stabilized and well damped ∀δ i ∈ [-1, 1] so that the whole deployment phase is covered.

Φ = ω S J(δ) ωS ≈ -τ rs = -P r τ R (13) 
Generalizing the preliminary PD design approach, the choice of a controller with the following structure:

τ r = P † r ω 2 K Ĵ(Φ -Φ c ) + 2ξ K ω K Ĵω s (14) 
Figure 10: Illustration of the mapping of J S with J(δ).

leads to the closed loop plant:

Φ ωS = 0 I -ω 2 K J -1 (δ) Ĵ -2ξ K ω K J -1 (δ) Ĵ Φ ω s + 0 ω 2 K J -1 (δ) Ĵ Φ c (15) 
Then, an empirical but efficient way to ensure a good robustness level of the control law is to select Ĵ so as to minimize the "distance" between J(δ) and Ĵ for all δ ∈ B ∆ . This can be achieved by solving the following linear program:

Ĵ = arg min X max δ∈B ∆ J -1 (δ)X -I (16) 
Since J(δ) depends affinely on δ, it is sufficient to perform the optimization at the vertices of the box.

A specific attention may also be focused on specific points such as the central value J 0 = J(0). This can be achieved by the use of specific weights for such points. Let us denote v 0 the central value of δ(v 0 = 0) and v 1 , v 2 , ..., v q the q vertices of the box B ∆ and w(δ) the associated weight. Then the above minimization problem can be updated as follows: 

CONCLUSION

In this paper we have presented tools to model the evolution of the attitude dynamics of a satellite during an assembly operation. These tools have been used to realize a preliminary design of an attitude controller with strong robustness properties against inertia variations and flexible modes of the structure. Future work will focus on use of these tools also including LFT modelling to analyse the robustness of these controllers to disturbances generated by the robotic arm motions and sensor noises.
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 4 Figure 4: Example of an extended URDF description of a flexible link (sun-shield beam).
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 6 Figure 6: Singular values of the SDT/SPART inverse dynamic models of the global satellite system (base+payload+ the 4 sun-shield beams + the 2 solar panels) in the initial configuration.

4. 1

 1 Final controller structure for the overall project

Figure 7 :

 7 Figure 7: Attitude Controller Structure.

Figure 8 :

 8 Figure 8: Variations on the open-loop transfer matrix during the deployment phase.
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 0 Figure 11: Closed-loop poles location for the full system on the 85 configurations.
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