Nonlinear Programming Problem
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Nonlinear Program: Minimize the cost function subject to equality constraints and inequality constraints.

Lagrange-Function:

Optimal solution: which satisfies the Karush-Kuhn-Tucker conditions ESA UNCLASSIFIED -For Official Use
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Graph shows a time optimal transfer trajectory in a rotating frame; the red box marks GEO +-75km, green + red mark GEO +-150km; every crossing of the blue trajectory through the boxes marks a GEO crossing. Graphs show the quaternion history over three revolutions during: 2. Segment the entire history suitably and choose degree of Chebyshev polynomials in order to minimize the required number of coefficients while achieving a maximum error that is below the performance requirement,

3. Empirical study shows that CP of degree 8 is an efficient compromise between increased number of coefficients and increased number of segments to improve the approximation.

Note:

Naturally, the true anomaly is the better independent variable.

Chebyshev Polynomials

1. Sequence of orthogonal polynomials, • Maintenance, bug-fixes, enhancement, licensing depend primarily on academic interests and/or passions,

n+1 (x)=2x T n (x)-T n- 1 (x) d. x is the normalized independent variable, x  [-1, 1], x x x x x x T x x x x x T x x x x x T x x x x T x x x x T x x x T x x x T x x T x x T x T
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• Industrial grade software products are very scarce (coding standards, documentation, support, verification status),

• NLP solver performance characteristics are driven by particular interests and not to provide a complete, flexible, state-of-the-art optimization environment,

• Most NLP solvers have ONE state-of-the-art solution strategy implemented (with variations),

• Development competition is driven by Math Problem Library performance, rather than "real life" engineering problems,

• Many solvers do not achieve sufficient optimality performance when it comes to large, sparse problems.

 ESA proposed the development of a new NLP solver that meets industrial grade requirements.

Some Key Features 4. WORHP-eNLP is available as Stand-Alone solver and as NLP solver for ASTOS.

5. The eNLP team setup is geared towards commercial/industrial as well as academic use, 6. WORHP-eNLP has taken the lead when it comes to optimality performance, 7. Current efforts are geared towards pushing WORHP-eNLP higher up in the top tier when it come to computation speed and efficiency (Hessian update, Filter, linear algebra, memory management, etc.).

8. www.worhp.de -"We Optimize Really Huge Problems"

  ESA Presentation | Dr. Sven Erb | 02/03/2011 | Slide 7 Selected Applications ESA UNCLASSIFIED -For Official Use Launch Vehicle • Maximum P/L performance, • Optimal control under constraints: lift-off conditions, pad clearance, azimuth, heat flux, dynamic pressure, axial acceleration, ground station visibility, separation conditions, stage drop zones, • Minimum GLOW, design optimization, engine sizing, • Look-up tables with aero data, etc. Reentry Vehicle • Maximum safety for vehicle, population, infrastructure, • Optimal control under constraints: Heat-flux, dynamic pressure, deceleration, visibility, impact/drop/landing point, • Optimization of TPS, L/D, design, • Completely different regime compared to Launcher. Satellite transfer / stationkeeping • Minimize transfer time, • Optimize the thruster control: thrust direction and thrust on-off, • Nonlinear environment with challenging ratio of thrust level vs. perturbations, • Constraints: "the standard", thruster tech characteristics, sun orientation, GEO crossing, • Minimize fuel-consumption for restricted final time Summing it Up 1. Trajectory optimization problems with Optimal Control properties! 2. Context somewhat similar, 3. Particular applications differ quite substantially with respect to: a. type of suitable equations of motion, b. applicable set of constraints, c. type of objective.4. Problem formulations are generally nonlinear, 5. Apart from the optimizable control, there is a set of design parameters that is also optimizable.

  Presentation | Dr. Sven Erb | 02/03/2011 | Slide 12 ESA UNCLASSIFIED -For Official Use is to provide commercially viable life extension services for fuel depleted, operational GEO telecom satellites, 2. OLEV docks with client satellite and takes over station-keeping tasks from the client. ConeXpress2: 1. ConeXpress will be a smaller-than-small platform for GEO applications  Launch costs are lowered by flying as additional payload to GTO,  Transfer from GTO to GEO, repositioning and station-keeping is performed with lowthrust electric propulsion. of simple control laws, 2. Superposed or consecutive, 3. With coast arcs/thrust arcs, Strategy suggested by J.E. Pollard for GTO-GEO: 1. Phase: Primarily increase semi major axis a to final value 2. Phase: Decrease eccentricity and inclination to zero; a = const. control in order to avoid intermediate crossing through the GEO belt.

  least squares method to optimally fit the Chebyshev polynomial to the entire attitude history of the quaternions,

  2. Chebyshev Polynomials (CP) of first kind: a. Degree 0: T 0 (x)=1 b. Degree 1: T 1 (x)=x c. Degree n: T

•

  polynomial fit by use of straight forward least squares method,• Ensure continuity and smoothness across segment bounds. Most existing solvers are sandboxes for academic research,

  Figure 4-1: Modularity

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Benchmark Tests with CUTEr Problem Library As of Spring 2010 (old):

  . CUTEr tests for eNLP project are run via AMPL (918 test cases available, http://www.princeton.edu/~rvdb), 2. Fully automated process; problems solved with various high-performance benchmark solvers: 3. With 96.1% WORHP-eNLP is the top performer (versatility), 4. Not leading in computation speed yet, but similar to KNITRO, IPOPT, 5. WORHP-eNLP shows superior capabilities for large problems, 6. Further, WORHP-eNLP has been tested and applied to aerspace application cases including interplanetary trajectories.

	10.00% 20.00% 90.00% 100.00% 10.00% 30.00% 40.00% 50.00% 60.00% 70.00% 80.00% [%] solved Problems		Latest confirmed record (mccormck, 256 GB memory): > 400,000,000 variables with > 800,000,000 constraints Solved!
	WORHP SNOPT filterSQP KNITRO ipfilter	ipopt	LOQO MINOS Lancelot

Some very recent numbers: Conclusions 1

  . TEC-ECM is making excellent experience with the Direct Transcription approach for solving Optimal Control Problems in a versatile and application driven environment, 2. TEC-ECM keeps expanding the application range in its domain, 3. Development of new NLP solver in Europe provides performance boost, extension of capabilities and added-value for users.

Optimize control in order to minimize transfer time (= fuel, in case of permanent thrust),

Optimize control in order to perform a time optimal sub-synchronous transfer, ESA UNCLASSIFIED -For Official Use ESA Presentation | Dr. Sven Erb | 02/03/2011 | Slide 19

Error quaternion (residual rotation) as measure for the quality of the polynomial fit:Q error (t) = Q cp (t)' * Q input (t),

Spacecraft and Mission Model Description for GTO-GEO Transfer

Growing the Complexity 7. Optimize control so that it complies with attitude constraints and can be uplinked to the spacecraft.

• Ensure sun-pointing of solar array for power generation,

•

Limit slew rates of spacecraft to comply with GNC specs.,

• Optimized manoeuvre plan / attitude history needs to be parameterized and uplinked to spacecraft,

• Amount of parameters needs to comply with data rate of communication system and duration of ground contacts. 

Refinement of Segmentation