
             
       

 

  

   

   

   

   

   

 
 
 
 
  
  

 
 

             
       

 

 

 

 

 

  

 
 
  
 
  
  
  
 
  

             
       

 

  

   

   

   

 
  
  
 
 
 
  
 
 

Development of a Multi-phase Optimal Control 
Software for Aerospace applications (MPOPT)

Master thesis in Mechanical Engineering

An open-source, extensible, pseudo-spectral collocation
based multi-phase nonlinear optimal control problem
(OCP) solver package named MPOPT is developed in
Python programming language as part of the thesis.
• Main features of the solver are :
o Customizable collocation approximation (Legendre /

Chebyshev polynomial based/User defined)
o Novel adaptive grid refinement schemes
o NLP solution using algorithmic differentiation
o Sophisticated post-processing module

Examples of software usage : Results

Multi-stage rocket ascent trajectory optimization : Delta-III Rocket

             
       

     

     

    

    

    

    

    

 
 
 
  
 
  
 
 
 
  
 
  
 

         

         

         

Optimal Altitude profile Launch vehicle velocity Mass decay profile

Thrust vector direction Table: Comparison with similar software

Multi-phase Optimal 
Control Problem (OCP)

Pseudo-spectral Collocation
(Global or Multi-segment)

Nonlinear Programming 
Problem (NLP)

Solve and retrieve solution

Global, multi-segment collocation e.g. : van der Pol Oscillator (2D)

    

  

  
  

 

         

         

              

                

    

   

   

   

 
  

  
  
 
  
 
 
  
        

       

       
       

   

   

   

 
 
 
  
 
  
 
 
  
 
 
  
 

         

Accurate transcription of continuous time OCP into an NLP
is a challenging exercise. Grid refinement overcomes this
problem by adapting the location of collocation nodes so
that the solution is robust.
Three promising adaptive schemes are developed

Solve OCP

Re-compute segment 
widths based on 
present solution

*

*

*
*Popular optimal control software

    

   

   

   

 
  
  
  
 
 
  
 
  
        

       

       
       

    

   

   

   

 
 
 
  
 
  
 
 
 
  
 
  
 

         

Global collocation : Chebyshev-Gauss-Lobatto (CGL) Multi-segment collocation : Legendre-Gauss-Radau (LGR)

Overview

Method and usage

Van der Pol Oscillator (2D) : OCP

Solution under 10 lines of Python code

Case study : Reusable rocket trajectory optimizationAdaptive grid refinement schemes

Iterative adaptive 
schemes

Add segment width as 
optmization variables

Until convergence

1. Heuristic method

2. Equal residual segments

3. Merge/split method

             

             

             

             
             

                          

                          

                     

                                    

                  

                 

Control slope defines 
Pivots (1, 2, 3,4, 5) -> 
pivots decide refined 

segments

Residual in dynamics is 
maintained equal in all 

segments -> New 
segment widths

Consecutive segments 
with acceptable residual 

are merged and other 
segments are split 

Non- Iterative 
adaptive scheme

Solve for the optimal 
solution, grid at one go

                
       

 

  

  

  

   

   

   

   

 
  
  
 
 
 
  
 
 

                

              

               

                
       

 

 

 

 

 

 

 

 

 

 
 
  
 
  
  
  
 
  

                

              

               

Payload to orbit

Booster to launchpad

SpaceX Falcon9 Telemetry: NROL-76

                
       

 

    

    

    

    

    

    

    

    

 
 
 
 
 
  
  
 

          

Optimal booster thrust profile: MPOPT

Initialize segments 
with equal width
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