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OPTEC - Optimization in Engineering Center 

Center of Excellence of KU Leuven, since 2005 
    70 people, working jointly on methods and applications of optimization, 
    in 5 departments: 

  Electrical Engineering 
 Mechanical Engineering  
 Chemical Engineering  
 Computer Science 
 Civil Engineering 

Many real world applications at OPTEC...     



OPTEC Research Example: Time Optimal Robot Motion 

Robot shall 
write as fast 
as possible. 
Global solution found 
in 2 ms due to  
convex reformulation 



Overview 

 Optimization in Engineering Center OPTEC 
  State of the Art in Optimal Control Algorithms (ACADO) 
 CasADi: A Framework to WRITE Optimal Control Algorithms 



    Optimal Control Problem in Continuous Time 

How to solve these nonlinear problems reliably and fast? 



Sequential Approach (Single Shooting): Eliminate States 

Pros: 
 Only control degrees of freedom (for NMPC) 
 Can couple with “Vanilla NLP” solver 
Cons: 
  Sparsity of problem lost 
 Unstable systems cannot be treated 

Historically first “direct” approach (“single shooting”, Sargent&Sullivan 1978) 



Simultaneous Approach: Keep States in NLP 

Variants:  
Direct Multiple Shooting and Collocation 

Pros: 
  Sparsity of problem kept 
 Unstable systems can be treated, nonlinearity reduced 
Cons: 
  Large scale problems 
 Need to develop (or use) structure exploiting NLP solver 



Nonlinear Program (NLP) in Multiple Shooting 

Structured parametric Nonlinear Program 
  Initial Value        is often not known beforehand (“online data” in NMPC) 
 Discrete time dynamics from ODE simulation (we will need sensitivities!) 



Sequential Convex Programming (SCP) 

  Summarize problem as                                            with convex     and  

      Step 1: Linearize nonlinear constraints at      to obtain convex problem: 

      Step 2: Solve convex problem to obtain next iterate.  
                   Obtain new value of parameter       and go to step 1) 

 Convergence to (and tracking of) local minima under mild assumptions [1]  

[1] Tran Dinh, Savorgnan, Diehl: Adjoint-based predictor-corrector SCP for parametric 
nonlinear optimization. SIAM Journal on Optimization (in print)  



ACADO Toolkit  [1] 

 ACADO = Automatic Control and Dynamic Optimization 

 Open source (LGPL) C++:   www. acadotoolkit. org  
  Implements direct multiple shooting [2] and real-time iterations [3]  
 User interface close to mathematical syntax 
 Automatic C-Code Export for Microsecond Nonlinear MPC [4] 

 Developed at OPTEC by B. Houska, H.J. Ferreau, M. Vukov, ... 
  ~3000 downloads since first release in 2009 

[1] Houska, Ferreau, D., OCAM, 2011 
[2] Bock, Plitt, IFAC WC, 1984 
[3] D., Bock, Schloder, Findeisen, Nagy, Allgower, JPC, 2002 
[4] Houska, Ferreau, D., Automatica, 2011 



Rocket Example in ACADO Language 



ACADO Results Plot (after few milliseconds) 



 Moving Horizon Estimation (MHE): Get State by Least Squares Optimization 
 Nonlinear Model Predictive Control (NMPC): Solve Optimal Control Problem 

NMPC Practice: Estimation AND Optimization 

NMPC Prediction Horizon 

MHE Estimation Horizon 

Gauss-Newton in ACADO:  
  ocp.minimizeMayerTerm() ocp.minimizeLSQ();  



ACADO Code Generation for Tethered Airplanes 

  22 states, nonlinear, unstable 
  2 controls 
  1 s horizons in past / future  

     4 ms execution time for one optimization problem (on i7 2.5 GHz) 

     [Note: NMPC today 100 000x faster than 1997] 



MHE+NMPC Experiments (Aug 22, 2012) 



Overview 
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Optimal Control Problem (OCP) Solvers 



Computer Algebra System for Algorithmic Differentiation 



CasADi 
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CasADi Users 



Benchmarking CasADi vs AMPL Solver Library  



CasADi Usage in Leuven: Complex Plane Orbits 

 Within ERC Project HIGHWIND, running from 2011-2016 



 Due to high speed, wing tips are 
most efficient part of wing 

  Best winds are in high altitudes 

Could we construct a wind turbine  
with only wing tips and generator? 

What is the Optimal Wind Turbine ? 
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Crosswind Kite Power 

  Fly kite fast in crosswind direction 
  Very strong force 



Crosswind Kite Power 

  Fly kite fast in crosswind direction 
  Very strong force 

But where could a generator be driven? 



One Variant: On-Board Generator 

  attach small wind turbines to kite 
  cable transmits power 

Question:  
       what are the optimal periodic orbits ? 



CasADi Usage in Leuven: Complex Plane Orbits 

 Complex aerodynamic models 
  Periodic boundary conditions 

 Connecting two tethers can increase the power output 
significantly… 

 …but leads to even more complex models and optimal control 
problems 



Single vs. Dual Airfoils: Optimal Large System 

Complex OCPs solved with CasADi, Collocation, IPOPT,  
from [Zanon et al., submitted] 



Visualization of Single vs. Dual Airfoils 



Summary 

 Optimal Control Tools now 100000x faster than 1997, and ACADO 
Code Generation is currently tested in a variety of fast real world  
applications (cranes, airplanes, vehicles, induction motors, …) 

  But non-standard problems need non-standard solvers: CasADi 
allows the user to easily write competitive state-of-the-art optimal 
control algorithms specifically designed for one problem class 

 CasADi distributed under permissive LGPL license and used by a 
growing number of people in and outside Leuven (e.g. Jmodelica) 



Appendix 



CasADi Performance 



Complete CasADi Code for OCP Solution 



ACADO Code Generation for Benchmark CSTR 

CSTR Benchmark by [Klatt, Engell, Kremling, Allgower 1995] 



ACADO Code Generation for Benchmark CSTR 

CSTR Benchmark by [Klatt, Engell, Kremling, Allgower 1995] 

   CPU Times for ACADO: 

From  [Houska, Ferreau, D., Automatica, 2011] 

NMPC now 100 000x faster than 1997 (200x by CPU, 500x by algorithms) 



(SCP Real-Time Iteration Contraction Estimate) 

Contraction estimate for primal dual errors [1]:  

Depends only on nonlinearity of equalities, independent of active set changes! 

[1] Tran Dinh, Savorgnan, Diehl: Adjoint-based predictor-corrector SCP for parametric 
nonlinear optimization. SIAM J. Opt. 2013 (in print) 



Optimal Control Family Tree 

(curse of 
dimensionality) 

(bad inequality 
treatment) 


