Satellite dynamic model
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MultiComplex Numbers

MultiComplex numbers (C n ) are extensions of complex numbers in higher dimensions

Same formal representation as complex numbers can be used: The co-state dynamic is computed using the complex method to evaluate the part  we compare the non-perturbed dynamic with one taking into account the Earth perturbation during the escape phase and also the solar pressure radiation. no perturbation of mars at arrival.
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Satellite parameters:

 Initial mass 1000kg, Electrical motor thrust: 100mN, Isp: 1630s

The perturbation model is the following: 

Interplanetary example result

The overall performance is quite similar:

 final mass of 763.21kg for the non-perturbed model and 760.276 kg for the perturbed model

 but the thrust profile present significant switching change this example show the need to re-optimize a classical patch-conic approach when using electrical propulsion if we want to catch a precise thrust profile On an optimal solution, whatever the initial state and controls are, the remaining controls must constitute an optimal policy with regard to the state resulting from the first controls
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Differential Dynamic Programming (DDP)

• DDP is a local method that applies Bellman's principle within a 'tube' of the current trajectory  quadratic expansions of the objective function

• Main steps :
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Differential Dynamic Programming (DDP)

• DDP is a local method that applies Bellman's principle within a 'tube' of the current trajectory  quadratic expansions of the objective function

• Main steps : 
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

  Provide to the mission analysis engineer, an efficient tool for designing orbit transfer in interplanetary and earth mission using low (continuous) thrust propulsion system  calculate the optimal orbit transfer control strategy for minimum time/maximum mass to orbit problem  enabling various boundaries condition at initial and final time to handle all the major constraint of the transfer scenario  departure on [a,e,i,  t 0 ] or [x,y,z,V inf ] with t 0 fix or free  rendezvous on [a,e,i], [a,e,i,  ], [a,e,i,  ], [x,y,z] ou [x,y,z,V inf ]  RDV with rotating target (final longitude function of time)  Engine characteristic and thrust define by user  Easy to use software with an Graphical User Interface Use of the maximum principal (indirect method)  Advantage • low number of optimisation parameters • quick calculation • good quality of the solution  Drawback • Necessary condition to be derive by analytical calculation • high sensitivity of the solver convergence to the parameter initial guess for multiple revolution and bang bang control • extremum solution (min or max) and only necessary condition  gravitational model: Central body  Enough in most of the case: most of the time the thrust acceleration is higher than one order compare to any other perturbation  Use of Gauss equation in equinoctial form [p, ex, ey, hx, hy, l] which give nice equations from numerical point of view and engineering feeling for parameters initial guess.

  introduce J the cost function for an optimal orbit transfer type problem and apply minimum principal The general form of the cost function can be written

  on the state at tf.



  Satellite mass at departure is 1500 kg. Thrust = 0.33 N and the exhaust velocity to 37278 m/s, which give an Isp of 3801.29 s  Earth departure date December, 12/2008, the trip time 1965 days.  Propellant consumption 508.04 kg (508.7 in CNES paper) to be confident on the the solution  The mathematical formulation only provide necessary condition  it give an extremum solution: minimum or maximum  it give local solution Difficulty example Test case from ref [1] Max mass transfer 8 tons satellite GTO-GEO  8 tons satellite GTO-GEO transfer

>

  Many local sub optimal solution close to optimal solution which give place to suboptimal algorithm or close loop technique (like Liapounov control for example) Indirect method drawback management The advantages of indirect method compare to direct one are a low number of optimisation parameters which will give a rather quick calculation of the solution and the high quality of the solution The main drawback is the need of a good initial guess of the optimisation parameters to allow the convergence of the solver and to be able to have an analytical formulation of the problem. It restricts the method to analytical model and make difficult for example the introduction of a full force perturbation model or multi body environment. Indirect method drawback management Initial guess of the optimisation parameters  Use of averaging technique  Use of equinoxial dynamic simplify the multi revolution solving problem  Use of of smoothing technique on the bang bang control  Use of multistart procedure for difficult case  Use of continuation technique (start from simplified sub problem exchange on thrust and time,etc) ease by the graphical interface Restriction of the method to analytical model  Use of numerical Automatic Differentiation with innovative muticomplex technique September 2009 All rights reserved © 2008, Thales Alenia Space Corporate Communications numerical differentiation using complex number Numerical differentiation using complex number & multicomplex number: base on property of holomorphic function (differentiable function in complex domain). This properties are describe by the Cauchy-Riemann equations: x + ih, for small h the first order development of f((z)=f(x + ih) is:



  More detail in ref: Lantoine, G., Russell, R. P., and Dargent, T., \Using Multicomplex Variables for Automatic Computation of High-Order Derivatives." Paper AAS 10-218, Feb. 2010. AAS/AIAA Space Flight Mechanics Meeting, San Diego, CA. Dargent, T., \Automatic minimum principle formulation for low thrust optimal control in orbit transfers using complex numbers," Sept. 2009. International symposium on space fights dynamics, Toulouse, France Third-body perturbation, All planets & Moon of solar system available with high precision ephemeris  Solar Radiation Pressure with eclipse model  Gravitational Fields with Spherical Harmonics decomposition Model



  The satellite model: Initial mass 4415kg, Electrical motor thrust: 88mN, Isp: 1630s The perturbation model is the following:  Third body perturbation: Moon and Sun,  Solar pressure radiation with a solar arrays surface of 100 m², visible surface absorptivity coefficient 0.7 and specular coefficient 1 Earth harmonic spherical decomposition 70*70 using gravity model WGS84been made one with the non-perturbed dynamical model and one with the perturbed dynamical model. In the first case minimal time transfer is 179.37 days and in second case the transfer time increase to 181.28 days this increase is mainly due to luni-solar out of plane perturbation which impact inclination evolution. da ys (tota l tra nsfer= 181.3 da ys) departure from the Earth the 25/12/2010 00:00:00 on a hyperbolic branch with Vinf = 2000 m/s and arrival at Mars the 20/05/2013 00:00:00 with Vinf = 0 after 877 days of travel.

  model Thrus t duration pe rturbe d model 10644 h DV tota l 4381 m/s Red non perturbed mode l Thrus t dura tion non perturbed mode l 10514 h DV total 4319.4 m/s Differential Dynamic Programming  Created by Mayne and Jacobson (1969), further developed by Yakowitz, Shoemaker, Whiffen…  Rely on Bellman's Principle of Optimality  DDP applies this principle in the neighbourhood of the current trajectory using quadratic approximations of the objective function



  Classical formulation integrates partials Jx, Jxx, Ju, Juu, Jxu using Ricatti-like equations or integrate State-Transition Matrices (STMs) computationally intensive !!  Our formulation allows to use two-body analytic first-and second-order STMs: mapping the perturbations in the spacecraft state from one time to another  Effect of perturbations can be approximated Trajectory is divided into phases connected by linkage constraints  Phases composed by stages, constraint and initial functions  One stage is characterized by propagation, constraint and cost functions
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Mars Sample Return mission type

General Problem Formulation Thank you !