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Real-Time?
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Challenges
Large-Scale Models

Real-Time Solutions – Stability
Santos et.al. (2000), Findeisen et. al. (2004)
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Parametric 
Dynamic Optimization

Previous Work – Multiple Shooting  Diehl et. al. (2001),  Sequential Marquardt, et. al. (2004), Guay, et. al. (2006)
This Work – Simultaneous Collocation Approach

Synchronize Computation-Dynamics
1) Preparation – Off-line Nominal Problem
2) Feedback – On-line Fast Correction



Main Idea: Solve Sequence with

Newton’s Method

Expensive Factorization of Sparse KKT Matrix

LargeLarge--Scale Dynamic OptimizationScale Dynamic Optimization

Interior-Point Algorithms – IPOPT (Wächter & Biegler 2006)

DynOpt NLP

Simultaneous Collocation Approach 

Robust Globalization Strategies, Decomposable Structures

Favorable Computational Complexity over Sequential & Multiple-Shooting Approaches –Z, et.al. 2006-



NLP SensitivityNLP Sensitivity

NLP Sensitivity - Existence and Differentiability of Path                 - Fiacco, 1983

- Main Idea: Obtain               by  First-Order Correction -

- Limitation: Approximations Preserve Active-Set             

Optimality Conditions of 

Solution Triplet



RealReal--Time Nonlinear Model Predictive ControlTime Nonlinear Model Predictive Control
Fast Feedback with NLP Sensitivity

KKT System at Solution of  

Augmented KKT System
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Schur Complement Technique

On-Line Calculation

Recursive Feedback Law

Update Every        Sampling Times

Obtain Approximate Solution
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Grade1

Industrial Case StudyIndustrial Case Study

Grade 2

Low-Density Polyethylene – Grade Transitions 



Industrial Case StudyIndustrial Case Study
Material Balances - ODEs

Time Delays - PDEs

Dynamic Model
294 ODEs
100 AEs

Discretize 
(in Space)
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Simultaneous Approach

27,135 constraints, 9630 Bounds

Feedback Delay
6 min



Industrial Case StudyIndustrial Case Study
Optimal Feedback Policy (On-line Computation 351 Seconds)

Plant-Model Mismatch – Add Random Perturbations on Time Delays



Industrial Case StudyIndustrial Case Study
Optimal Feedback Policy vs. Real-Time Approach (On-line Computation 1.04 Seconds)

Fast Close-to-Optimal Feedback 
Large-Scale DAE Models



Industrial Case StudyIndustrial Case Study
Effect of NLP Sensitivity on Warm-Starts  
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ConclusionsConclusions

Retain Detailed DAE Models – Consistency

Accommodate in Real-Time NMPC

Fast Computational Framework for Large-Scale NMPC
Simultaneous Collocation Approach
Interior-Point Algorithms
NLP Sensitivity

Challenging LDPE Grade Transition Case Study
Fast Close-to-Optimal Feedback



Future WorkFuture Work

Real-Time Moving Horizon Estimation 
Z & Biegler 2006 – Dycops 2007
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Nominal Stability of Real-Time NMPC – Diehl, et. al. (2004), Santos & Biegler (2001)

Stronger Perturbations,  Active-Set Changes – Wright (2001), Gondzio (2002)
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