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Control and Operations!
•  Goals!

–  Control for operability !
–  Operations for economics!

•  Design Tools!
–  Similar optimization techniques!

•  Is combination elusive? !
–  Optimal feedback controllers with economic objectives, or!
–  Real-time dynamic economic optimization!

  Edgar, CompChE 2004 
! !!



Control and Operations!
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Control and Operations!
Is this a good idea?!

Is it just a question of time scale separation and computational 
complexity?!
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Controllers with economic objectives!
Often the wrong idea!

Automotive and aircraft control!

•  Control designed according to 
stringent safety specs!

•  Control layer must not be 
confused by fuel efficiency!

•  Operations and control are 
strictly hierarchical!
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TECH FOCUS

Crash-Free Commutes
There are about 33 000 traffic deaths annually in the United
States and 39 000 in European Union countries. Ninety
percent of roadway deaths could be avoided simply by making
cars smarter, according to Alberto Broggi and Azim
Eskandarian of the IEEE Intelligent Transportation Systems
Society. Their solution: Get rid of the drivers and let the cars
drive themselves. Learn more 

BRIEFINGS

Thai Team Wins Programming Competition
Schools in Asia and Europe took the top three places in the IEEEXtreme
programming competition. First place went to the cuSAT team from
Chulalongkorn University, in Bangkok. This fifth annual online competition was
the biggest ever. Read more

PEOPLE

Student Sets Up Tech Paper Reading Program

Reading and analyzing technical papers plays an important part in an engineer's
career. But dealing with technical papers plays only a small role in an
engineering student's curriculum. IEEE Student Member Cathy Wu, a senior



Controllers with economic objectives!
Idea that did not catch on!



Outline!
•  Purpose of Feedback!
•  MPC Practice!
•  “Separation theorem” for Control and Operations!
•  Importance of real world problems!



Early History of Control!

Objectives:!
•  Stability  (Maxwell, Routh, Stodola, Hurwitz,..)!
•  Remove effect of uncertainty (Bode, Nyquist, Nichols,...)!

•  Know what you don’t know!!



Controller Synthesis – Linear Systems!
LQ optimal control: Wiener, Kalman!
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Controller Synthesis – Nonlinear Systems!
•  Pontryagin, control vector parametrization, !
     Dynamic Programming (Hamilton-Jacobi-Bellman )!

1969 1981 



Controller Synthesis – Linear Systems!
In the spirit of Bode and Nichols!

•  Quantitative Feedback Theory QFT!
    (Horowitz, 1963)!

•  Inverse Nyquist Array !
     (Rosenbrock , 1969)!

•  Characteristic Loci!
     (Kouvaritakis & MacFarlane, 1974)!

=> Ideas did not catch on !



Erik Ydstie – CAST Award 2007!



Theory-Practice Gap!

Main theme of CPC I in 1976!

Explosive development of theory !
had taken place!

•  Industry did not understand theory!
•  Academia had no clue about !
     real controller design!

Exceptions: Aström, Gilles, Balchen,…!



CPC 1 Editorial (Mort Denn, Alan Foss) !
The status of chemical process control has been a subject of 
intense controversy in recent years. We are now two decades 
into the era of modern control theory, and many theorists, 
pointing to the apparent advanced applications in the aerospace 
industry, wonder at the slow pace of application in the process 
industries. Control practitioners conventionally argue that the 
modern theory is not relevant to chemical process control and 
that classical techniques and designer experience will always 
lead to a satisfactory and perhaps optimal solution. Publications 
by members of these groups have done little to establish a 
satisfactory dialogue; few practitioners have more than a 
superficial knowledge of modern control theory, and modern 
control researchers have produced few convincing examples of 
successful process applications.!



Theory-Practice Gap: Model Uncertainty!
•  Control Objective did not address robustness / uncertainty 

directly. Indirect effect of tuning parameters was not 
understood (Horowitz, Shinnar, J. Doyle,…)!



Theory-Practice Gap: Model Uncertainty!



Theory-Practice Gap: Model Uncertainty!



Theory-Practice Gap resolved!
H! optimal control and Structured Singular Value µ:                                   
Zames, Helton, Doyle, Stein, Francis, Safonov, Khargonekar, Tannenbaum,…!

C P 
e
-

v

H!: 

Set 

Optimization for set     of inputs  



Theory-Practice Gap resolved!

   Zames (1996): 
–  Feedback reduces the e"ect of model uncertainty 
–  Model uncertainty limits the performance of feedback 

Axelby Award for Best Paper in IEEE TAC, 1990 



Optimal Feedback Control - Conclusions!

•  Uncertainty/robustness determine achievable performance!
•  Optimal feedback control was largely a failure until 

robustness (considerations) were made explicit in the 
objective function and/or the design process.!



Outline!
•  Purpose of Feedback!
•  MPC Practice!
•  “Separation theorem” for Control and Operations!
•  Importance of real world problems!



Model Predictive Control Theory!
Propoi, A. I. (1963) Automation and Remote Control!
“Use of LP methods for synthesizing sampled-data automatic 

systems”!

•  On-line use of simulation models for control!
•  On-line optimization!
•  Moving (receding) horizon!



Technology: Digital Control Computer!
IBM 1800 (introduced 1964) 

[wikipedia] 



Model Predictive Control Engineering 

Cutler & Ramaker (1979) 
AIChE National Mtg.  
based on Cutler (1969) 



Typical Implementation!

•  LP determines (x,u) targets!
     (was always standard in DMC, see also Pannocchia &    !
      Rawlings, AIChE J 2003)!

Real Time 
Optimization 

LP Plant PC MPC 



Typical Implementation!

•  PC should remove uncertainty and nonlinearities!
•  MPC may use linear (even static – cf. M. Morshedi) model!
•  MPC tuned loosely (open loop response speed) to tolerate 

model uncertainty!
•  MPC mostly used for constraint management!



Model Predictive Control - Conclusions!

•  MPC is a type of optimal feedback control!
•  Uncertainty / robustness limit achievable performance!
•  If uncertainty is not dominant one may!

–  move economics into MPC objective!
–  take constraint handling into RTO / D-RTO layer!



Control and Operations!
Is this a good idea?!

Is it just a question of time scale separation and computational 
complexity? NO!
•  The separation of RTO and Control is determined by 

uncertainty. RTO is sensitive to uncertainty.!
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RTO – State of the Art 

Data Reconciliation & Parameter 
Identification  

• Estimation problem formulations 
• Steady state model 
• Maximum likelihood objective  
 functions considered to get   
 parameters (p) 

Minp  !(x, y, p, w) 
s.t. c(x, u, p, w) = 0 

x " X, p " P 

Plant 

DR-PE 
c(x, u, p) = 0 

RTO 
c(x, u, p) = 0 

APC 

y 

p 

u 

w 

Real-time optimization  
• Steady state model for states (x) 
• Supply setpoints (u) to APC  
 (control system) 
• Model mismatch, measured and  
 unmeasured disturbances (w)  

Minu  F(x, u, w) 
s.t. c(x, u, p, w) = 0 
x " X, u " U 

9 

Biegler, 2011 



Dynamic On-line Optimization:  
Plant 

DR-PE 
c(x, x’, u, p) = 0 

D-RTO 

c(x, x’, u, p) = 0 

PC 

y 

p 

u 

w 

m 

Integrate On-line Optimization with APC (Engell, 2007)  
• Consistent, first-principle dynamic models 
• Consistent, feed-forward optimization 
• Increase in computational complexity  
• Time-critical calculations  
Essential for:  
• Feed changes 
• Nonstandard operations 
• Optimal disturbance rejection 

Plant 

DR-PE 
c(x, u, p) = 0 

RTO 
c(x, u, p) = 0 

APC 

y 

p 

u 

w Biegler, 2011 
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Estimate d and compute new uopt(d)!

Probem: Complicated and!
sensitive to uncertainty!

1. ”Obvious” solution: "
Optimizing control ="
”Feedforward”!
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2. In Practice: Feedback implementation!

Issue:!
What should we control?!
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What should we control?!

•  CONTROL ACTIVE CONSTRAINTS!!
–  Optimal solution is usually at constraints, that is, most of the degrees of 

freedom are used to satisfy “active constraints”, g(u0,d) = 0 !
–  Implementation of active constraints is usually simple. !

•  WHAT MORE SHOULD WE CONTROL?!
–  But what about the remaining unconstrained degrees of freedom?!
–  Look for “self-optimizing” controlled variables! !
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Optimal operation – Runner!

–  Cost: J=T!
–  One degree of freedom (u=power)!
–  Optimal operation?!
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Solution 1: Optimizing control!

•  Even getting a reasonable model 
requires > 10 PhD’s  !  … and 
the model has to be fitted to each 
individual….!

•  Clearly impractical!!

Optimal operation - Runner!
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Solution 2 – Feedback"
(Self-optimizing control)!

–  What should we control?!

Optimal operation - Runner!
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Conclusion Marathon runner!

c = heart rate 

select one measurement 

•  Simple and robust implementation 
•  Disturbances are indirectly handled by keeping a constant heart rate 
•  May have infrequent adjustment of setpoint (heart rate) 

Optimal operation - Runner!



Control and Operations!
Is this a good idea?!

Is it just a question of time scale separation and computational 
complexity? NO!
The separation of RTO and Control is determined by !
•  Uncertainty: RTO is sensitive to uncertainty.!
•   !
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Control and Operations!
Is this a good idea?!

Is it just a question of time scale separation and computational 
complexity? NO!
The separation of RTO and Control is determined by !
•  Uncertainty: RTO is sensitive to uncertainty.!
•  Complexity: Decomposition simplifies verification!
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Validation and Verification (V&V) Requirements!

•  Large system is composed of well defined and well behaved 
(through feedback!) parts!

•  Parts can be readily abstracted for analysis at a higher level of 
the hierarchy!



Outline!
•  Purpose of Feedback!
•  MPC Practice!
•  “Separation theorem” for Control and Operations!
•  Importance of real world problems!



Control and Operations - Conclusions!
Is this a good idea?!

Is it just a question of time scale separation and computational 
complexity? NO!
The separation of RTO and Control is determined by !
•  Uncertainty: RTO is sensitive to uncertainty.!
•  Complexity: Decomposition simplifies verification!
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Research Question!

Uncertainty analysis is central but !
•  toolset is very limited !
•  rarely used !

•  “Mathematical Foundations of Verification, Validation, and 
Uncertainty Quantification” National Academies Report 2012!

•  Software: GoSUM by AIMdyn (Igor Mezic)!



Outline!
•  Purpose of Feedback!
•  MPC Practice!
•  “Separation theorem” for Control and Operations!
•  Importance of real world problems!



Applications by the Automatic Control Lab!

18 ns !Multi-core thermal management (EPFL)"
! ![Zanini et al 2010] !

10 µs !Voltage source inverters !"
! ![Mariethoz et al 2008]!

20 µs !DC/DC converters (STM) ! !!
! ! ![Mariethoz et al 2008]!

25 µs !Direct torque control (ABB) !"
! ![Papafotiou 2007]!

50 µs !AC / DC converters !"
! ![Richter et al 2010]!

5 ms !Electronic throttle control (Ford) !!
! ! ![Vasak et al 2006]!

20 ms !Traction control (Ford) !"
! ![Borrelli et al 2001]!

40 ms !Micro-scale race cars "
! !!

50 ms !Autonomous vehicle steering (Ford)"
! ![Besselmann et al 2008]!

500 ms !Energy efficient building control (Siemens) !"
! ![Oldewurtel et al 2010]!



Computation!
•  Real-time MPC algorithms are highly complex!

–  Codes span many fields: Geometry, Control, Optimization, …!
–  Extremely sensitive to small numerical and coding errors!

•  Uptake requires provision of community-generated toolsets!
–  CVX, ACADO, Hybrid toolbox, JModellica, …!

Multi-Parametric Toolbox (MPT)!
–  Free and open-source!
–  (Non)-Convex Polytopic Manipulation !
–  Multi-Parametric Programming!
–  Control of PWA and LTI systems!
–  > 22,000 downloads to date!

MPT 3.0 coming in 2012 [Kvasnica et al.]  



Control Faculty at ETH!

•  Raff D’Andrea!
•  Lino Guzzella!
•  Heinz Köppel (Asst.Prof.)!
•  John Lygeros!
•  Manfred Morari!
•  Roy Smith!



Flying Machine Arena!

[D’Andrea, IDSC, ETH Zurich] 



Flying Machine Arena!

[D’Andrea, IDSC, ETH Zurich] 



Flight Assembled Architecture!



Flight Assembled Architecture!



Graduate Course Enrollments ETH!

•  Raff D’Andrea!
•  Lino Guzzella!
•  John Lygeros!
•  Manfred Morari!

2008 2009 2010 

MPC 32 44 67 

Linear Systems 34 42 59 

Dynamic Programming 72 101 140 



www.ecc13.ch 

Welcome to ECC13 

The 12th Biannual European Control Conference 


