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“The goal of my

research is to develop ~—
simple yet rigorous
methods to solve

problems of engineering
significance”

é”s’:’c&;fd‘c’&i{" R
Sigurd Skogestad euesor

grsgzme&‘zz'vzg
Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), N7491 Trondheim, Norway

Start here...

@ About me - CV - Powerpoint presentations - How to reach me - Email: skoge(@ntnu.no
@ Teaching: Courses - Master students - Project students - New Master projects
@ Research: Publications - My Group - Ressarch - Ph D _students - Academic tree

"The overall goal of my research is to develop simple vet rigorous methods to solve problems of engineering significance”

"We want to find a self~optimizing control structure where close-to-optimalo operation under varying conditions is achieved with constant (or slowly varying) setpoints for the
controlled variables (CVs). The aim Is to move more of the burden of economic optimization from the slower time scale of the real-time optimization (RTO) layer to the faster
setpoint control layer. More generally, the idea is to use the model (or sometimes data) off-line to find properties of the optimal solution suited for (simple) on-line feedback implementation”

"News"...

@ Aug. 2023: Tutorial review paper on "Advanced control using decomposition and simple elements" . Published in Annual reviews in Control (2023). [paper] [tutorial workshop]
[shides from Advanced process control course at NTNU

@ Aug. 2026 (IFAC World Congress): "Advanced PID architectures for tracking changing active constraints” - including happy cows case study . [paper and Simulink

@ February 2026: Ratio control- Theoretical basis and practical implementation {Journal of process control. 2026). Finally: The first theoretical treatment on when and how to use
ratio control

@ November 2025 Advanced PID control as agents for the future (video). Informal presentation (20 min) by Sigurd at Departnent of Engineering Cybernetics, NTNU

@ 2024: Recent work on feedback-based optimization from the PhD theses of Lucas Bernardino and Risvan Dirza. This is very interesting and has a lot of potential, I think.
@ 13 June 2024: "PID is the future of advanced control". Plenary lecture IFAC PID-2024 conference, Almeria, Spain [Slides

@ 03 May 2024: "Putting optimization into process control". Invited lecture at STU, Bratislava, Slovakia. [Youtube video] [Slides

@ Oct. 2023: Workshop on dividing-wall distillation (with presentations), Trondheim

@ 05 Jan. 2023: Tutorial paper on "Transformed inputs for linearization, decoupling and feedforward control" published in JPC. [paper] This is an amazingly effective and simple approach - it is used in
practice - and here is its theoretical basis

@ 08 Dec. 2021 Plenary talk on "Nonlinear mput transformations for disturbance rejection, decoupling and linearization" at Control Conference of Africa (CCA 2021), Magaliesburg, South Africa (virtual)
video and shdes

@ June 2019: Best paper award at ESCAPE 2019 conference in Eindhoven, The Netherlands

@ July 2018: PID-paper in JPC that verifies SIMC PI-rules and gives "Improved" SIMC PID-rules for processes with time delay (taud=theta/3)

@ Feb 2017: Youtube vidoes of Sipurd giving lectures on PTD control and Plantwide control (at University of Salamanca, Spain)

@ 06 08 June 2016: IFAC Symposium on Dynamics and Control of Process Systems, including Biosystems (DYCOPS 2016), Trondheim Norway.
+ Videos and proceedings from DYCOPS-2016

@ Aug 2014: Sigurd recieves [FAC Fellow Award in Cape Town

@ 2014: Overview papers on "control structure design and "economic plantwide contro]”

@ 0LD NEWS

Books...

@ Book: §. Skogestad and 1. Postlethwaite: MULTIVARIABLE FEEDBACK CONTROL-Analysis and design. Wiley (1996; 2005)
@ Book: §. Skogestad: CHEMICAT AND ENERGY PROCESS ENGINEERING CRC Press (Taylor&Francis Group) (Aug. 2008)
@ Bok- 8. Skopestad: PROSESSTEKNIKK - Masse- og enerpibalanser Tapir (2000; 2003; 2009).

More information ...

@ Publications from my Google scholar site

@ Download publications from my official publication list . or look HERE if you want to download our most recent and upublished work
@ Important publications from other authors

@ International conferences - updated with irregular intervals

@ Proceedings from conferences - some of these may be difficult to obtain elsewhere

@ ESCAPE history - Please send corrections if something is missing or wrong
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Fluid Phase Equilibria, 13 (1983) 179—188 179

Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands
1980-83: Industry

o EXPERIENCE IN NORSK HYDRO WITH CUBIC EQUATIONS OF STATE
whic Equations of Stte | #
- rn»?‘,“z{y 'Simplr,' systems SIGURD SKDGESTAD

rd Skogestad. - difficull + elecbrolyles fen.
g sy ,(;m,;’“;n’km Norsk Hydro, Research Centre, N3901 Parsgrunn, Norway
,Research Centre, (

, Norway . ~for most applicaions we e ¢

CUBIC EQUATIONS OF STATE
(g SRK)

ABSTRACT

The paper presents some specific applications of cubic equations of state (EOS) in Norsk
Hydro and points out some aspects of such equations that one should be aware of when
using them or when developing new equations. Is is emphasized that the use of EOS to
calculate vapor-liquid equilibrium is inherently empirical. Activity coefficients predicted’
far some systems by the Soave-Redlich-Kwang (SRK) equation of state are presented. The
limitations of the van Laar equation for activity coefficients which may be derived from
SRK at infinite pressures does not necessarily apply at finite pressures. The shortcomings
of the SRK equations of state are pointed out and suggestions are given on how to develop
an extended SRK-equation.

& NTNU




1983-87: PhD student at Caltech STUDIES ON ROBUST CONTROL

OF
1. PID (IMC) DISTILLATION COLUMNS
2. Robust control
3. Distillation
4. Control structures (architectures)
Thesis by

Sigurd Skogestad

California Institute of Technology

Pasadena, California

1987
(Submitted January 26, 1987)

@ NTNU



1984 AMERICAN CONTROL CONFERENCE
San Diego, California
June 6-8, 1984

IMPLICATIONS OF INTERNAL MODEL CONTROL FOR PID CONTROLLERS

Manfred Morari

Sigurd Skogestad Daniel F. Rivera

California Institute of Technology University of Wiscomsin

Department of Chemical Engineering Department of Chemical Engineering
Pasadena, Califormia 91125 Madison, Wisconsin 53706
252 Ind. Eng. Chem. Process Des. Dev. 1986, 25, 252-265

Internal Model Control. 4. PID Controller Design

Danlel E. Rivera, Manired Morarl,* and Sigurd Skogestad
Chemical Engineering, 206-41, California Institute of Technology, Pasadena, California 91125

For a large number of single input-single output (SISO) models typically used in the process industries, the Internal
Model Control (IMC) design procedure is shown to lead to PID controllers, occasionally augmented with a first-order
lag. These PID controllers have as their only tuning parameter the closed-loop time constant or, equivalently, the
closed-loop bandwidth. On-line adjustments are therefore much simpler than for general PID controllers. As a
speclal case, PI- and PID-tuning rules for systems modeled by a first-order lag with dead time are derived

analytically. The superiority of these rules in terms of both closed-loop performance and robustness is demonstrated.
_ NTNU



2001

SIMC PID tuning rule

[19] 5. bﬂkﬂgﬂﬂtﬂﬂ* Prﬁhahryfth;a heslt[sim}‘;ln.a} PIrD tuning rules in the
world. AIChE Annual Meeting, Reno, Nevada, November 2001
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Tuning parameter:
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Main Lesson: Understand what you are doi

Probably the best beer in the world.

ricrrrly
——

"_

<

JOURNAL OF
e CONTROL
ELSEVIER Journal of Process Control 13 (2003) 291-309

www.elsevier.com/locate/jprocont

Simple analytic rules for model reduction and PID
controller tuning™

e O

ng and b_gﬂ___s_sttematic

Abstract

The aim of this paper is to present analytic rules for PID controller tuning that are simple and still result in good closed-loop behavior.
The starting point has been the IMC-PID tuning rules that have achieved widespread industrial acceptance. The rule for the integral
term has been modified to improve disturbance rejection for integrating processes. Furthermore, rather than deriving separate rules for
each transfer function model, there is a just a single tuning rule for a first-order or second-order time delay model. Simple analytic rules
for model reduction are presented to obtain a model in this form, including the “half rule” for obtaining the effective time delay.




1996
Robust control

Berkeley, Dec. 1994

Analysis and Design

Sigurd Skogestad
lan Postlethwaite

" i
T

Sigurd Skogestad
[an Postlethwaite

 Multivariable
- Feedback |

SECOND EDITION
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2000. Process engineering

= Sigurd Skogedad

Mas==- og energibalanser

2. utgave < tapir akademisk forlag

2000, 2003, 2009

2000

CHEMICAL ano
ENERGY PROCESS
ENGINEERING

2009



Process systems engineering

* About getting the big picture without loosing the details

e Studying and combining different length scales (nm to km)
e .. different time scales

e Also: ... combining physical models and data
 (Classical solution: Make «boxes»

 Getrid of the boxes? Tempting, but it’s not a good idea

My view: Break the optimization problem into smaller parts - and make use of process
control for solving

® NTNU



Process control: Hierarchical decision system
based on time scale separation

Scheduling
(weeks)

Site-wide optimization

(day)

Y\ |
|
Local optimization|

(hour)

/ CV1 (economic setpoints)

Control E
layer :

| CV2 (stabilization setpoints)

Hegulatory E
control

CV = Controlled variable (with setpoint)



Scheduling
(weeks)

Economic MPC: No setpoints 1,

Site-wide optimization

(day)

Manipulates directly on physical MVs (valves)

Optimal in theory. But

* Requires model or everything

* Slow (no clear time scale separation)
e Often not robust

In summary:
* Not recommended, except for small
problems where time scales overlap

MPC = Model predictive control



Scheduling
(weeks)

Better: MPC in supervisory layer

Site-wide optimization

(day)

* MPC

e General approch, but we need a dynamic model

L 4 \ |
\ I
Local optimization|
e MPC is usually implemented after some time of operation (hour)

|
* Not all problems are easily formulated using MPC /:/l(CV’I

DUPErvISory

wun” | | MPC

(minutes)

Control !

layer | Cv2 |

Regulatory i
control ;
(seconds) | !

17 MPC = Model predictive control ©@NTNU




Research question: Alternative simpler solutions to MPC

 Would like: Feedback solutions that can be implemented
without a detailed models

Scheduling
(weeks)
[ ) MaChine |ea rning? Situ—wid('((fl).pj,;mizati(m
— Requires a lot of data
— Can only be implemented after the process has been in operation ’TAVI_\
Local optimization| RTO
(hour)

* But we have "classical advanced control“ (ARC) based on single- e
s | MPC or ARC

loop PIDs L [
— Extensively used by industry Conrol
— Problem for engineers: Lack of design methods 5
* Has been around since 1940’s
e But almost completely neglected by academic researchers
— Main fundamental limitation: Based on single-loop (need to choose

pairing)

PID layer

ARC = Advanced regulatory control



How we design a control system for a complete
chemical plant?

* Where do we start?

« What should we control? and why?
* efc.

* efc.

@ NTNU



1st International PSE symposium, Kyoto, Aug. 1982

Computers & Chemical Engineering Vol. 7, No. 4, pp. 331-365, 1983 0098-1354/83 $3.00+ .00
Printed in Great Britain. @© 1983 Pergamon Press Ltd.

SYNTHESIS OF CONTROL SYSTEMS FOR CHEMICAL PLANTS
- A CHALLENGE FOR CREATIVITY -

George Stephanopoulos
School of Chemical Engineering

National Technical University of Athens

LE STEPHANOPOULOS

42, Patission Str., Athens 147, Greece




Two main problems

1. Controlled variables (CVs)

—  What should we control?
— How to put optimization into the control layer

2. Control structure

— Nominal

— Change in active constraints




1. Controlled variables (What to control?)

trol system. What 1s not obvious at
all,is
" how to translate the coperational
requirements into concise and
meaningful control objectives ".

This is «feedback-optimizing control» where the main task is CV-selection.

CV-selection was my main research objective for many years

Start from overall economic objective (with constraints).
Optimal CVs:

* Active constraints

e Self-optimizing variables

Main Lesson: Understand what you are doing and be systematic

25

@ NTNU

CV = Controlled variable




2000

JOURNAL OF

PROCESS
CONTROL

7
o

LSEVIER Journal of Process Control 10 (2000) 487-507

www.elsevier.com/locate/jprocont

Plantwide control: the search for the self-optimizing control
structure

Sigurd Skogestad *

Department of Chemical Engineering, Norwegian University of Science and Technology, N-7491 Trondheim, Norway

Received 1n revised form 14 March 2000

Abstract

Plantwide control is concerned with the structural decisions involved in the control system design of a chemical plant (C.S. Foss.
Critique of chemical process control theory. AIChE Journal 19(2). 1973) 209-214; “Which variables should be controlled, which
variables should be measured. which inputs should be manipulated. and which links should be made between them?” In particular.
the first issue about which variables to control has received little attention. It is argued that the answer is related to finding a simple
and robust way of implementing the economically optimal operating policy. The goal is to find a set of controlled variables which.
when kept at constant setpoints, indirectly lead to near-optimal operation with acceptable loss. This is denoted ““self-optimizing™
control. Since the economics are determined by the overall plant behavior, it is necessary to take a plantwide perspective. A sys-
tematic procedure for finding suitable controlled variables based on only steady-state information is presented. Important steps are
degree of freedom analysis, definition of optimal operation (cost and constraints), and evaluation of the loss when the controlled
variables are kept constant rather than optimally adjusted. A case study yields very interesting insights into the control and max-
imum throughput of distillation columns. «© 2000 Elsevier Science Ltd. All rights reserved.



2004

Available online at www.sciencedirect.com

Computers
smuu@nmm' & Chemlcal
Engineering

www.elsevier.com/locate/compehemeng

ELSEVIER Computers and Chemical Engineering 29 (2004) 127-137

Near-optimal operation by self-optimizing control: from process
control to marathon running and business systems™

Sigurd Skogestad”®

Depariment of Chemical Engineering, Norwegian University of Science and Technology, N-7491 Trondheim, Norway

Recewved 7 August 2003; received in revised form 2 June 2004; accepted 20 July 2004
Available online 11 September 2004




Translate unconstrained optimum to feedback problem

c = «self-optimizing» CV

Fig. 2. Feedback implementation of unconstrained optimum.




Optimal operation - Runner

Optimal operation of runner

* Cost to be minimized: ] = T (total time)
* One degree of freedom: u = power

e What should we control?




Optimal operation - Runner

A. Sprinter case

e 100 metersrun.J =T
e Active constraint control:

— Maximum speed ("no thinking required")

— CV = power (at max)




Optimal operation - Runner

B. Marathon runner case

e 40kmrun.J =T (total time)
* What should we control? CV =7
* Unconstrained optimum:

A
J=T U
0




Optimal operation - Runner

Self-optimizing control: Marathon

* Any self-optimizing variable (to control at constant setpoint)?
— C,= distance to leader of race (not optimal and not always feasible)
— C,= speed (not always feasible, similar to controlling cost J=T, speed = 42 km/T)
— C3= heart rate
— ¢, = «pain» = level of lactate in muscles

Gy =B

)
T L




Optimal operation - Runner

Conclusion Marathon runner

s select one measurement

" a

Measurement o T

Feedback c = heart rate combination

Controller < [:H}
u ! >
Ym C c=heart rate
— opt
d %o -l
J/"L\Z\\ y n¥

* CV = heart rate is good “self-optimizing” variable
« Simple and robust implementation

« Disturbances are indirectly handled by keeping a constant heart rate

« May have infrequent adjustment of setpoint (c,)




The ideal “self-optimizing” variable is the gradient, J,
c=AJ/Au =Ju

— Keep gradient at zero for all disturbances (c = J_=0)
— Problem: Usually no measurement of gradient

cost J

*|.J. Halvorsen, S. Skogestad, Indirect on-line optimization through setpoint control, in: AIChE 1997 Annual Meeting, Los Angeles; paper 194h. B |H\ | r l \ |) | l I
*|.J. Halvorsen, S. Skogestad, J.C. Morud, V. Alstad, Optimal selection of controlled variables, Industrial & Engineering Chemistry Research 42 (14) (2003) 3273-3284



2. Control structure (archltecture)

primary questlon, which is also the
essence of the subject of this paper,
can be stated as follows:

" what are the design rules gui-
ding the synthesis of an infor-
mation flow network from mea-
surements to manipulations, <.e.
the structure of control loops?"

The discussion so far should have 1982
alerted the reader to the realization
that,

" the synthesis of process control

systems i8 a problem to be sol- | took the other view:
ved in an envivonment of incom-

plete information ". * Try to change control structure
Conseguently, the solutions reached . .
should be " robust " to any uncer- design from an «art» to a «science»

tainties involved. In other words we e |t has taken me 40+ years...

other words, synthesis of a control e ..and I'm still working on it
system for a chemical process is to a
large extent still an " art " and this
paper will treat it as such.




Annual Reviews in Control 56 (2023) 100903

2023

Contents lists available at ScienceDirect

Annual
Reviews in

Control
Annual Reviews in Control
journal homepage: www.elsevier.com/locate/arcontrol

Review article :.)

. ., . . Check for
Advanced control using decomposition and simple elements s
Sigurd Skogestad
Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), Trondheim, Norway
ARTICLE INFO ABSTRACT
Keywords: The paper explores the standard advanced control elements commonly used in industry for designing advanced
Control structure design control systems. These elements include cascade, ratio, feedforward, decoupling, selectors, split range, and

Feedforward control more, collectively referred to as “advanced regulatory control” (ARC). Numerous examples are provided, with

a particular focus on process control. The paper emphasizes the shortcomings of model-based optimization
methods, such as model predictive control (MPC), and challenges the view that MPC can solve all control
problems, while ARC solutions are outdated, ad-hoc and difficult to understand. On the contrary, decomposing

Cascade control
PID control
Selective control
Override control

Time scale separation the control systems into simple ARC elements is very powerful and allows for designing control systems for
Decentra_[izedcontro[ COIT]]J[EX pr»»_..,.,.» RPN 'S, O S E R RN D RSN . WATILL sl V. A3 sl e »I»__,.nts presented i.l'l
Distributed control the paper, Acknowledgments alternatives and
Horizontal decomposition improveme teaching of ARC
Hierarchical decomposition methods ar [ gratefully acknowledges fruitful discussions and inputs from Kris-

Laye_red decompos_lt_lon ter Forsman, Cristina Zoticd, Adriana Reyes-Liia, Lucas Ferreira

Vertical decomposition . . . . ) .

Network architectures Bernardino, Dinesh Krishnamoorthy, Risvan Dirza, Nicholas Alsop,

Mark Darby, Ivar J. Halvorsen, Sigifredo Nino, James B. Rawlings,

William Tubbs, Evren Turan, John C. Doyle, Jose Luis Guzman and Adriana Revec-l 11a

Main Lesson: Understand what you are doing and be systematic

Meaaima wearams Lemaaa taaa oA manEis masata s A4 ] 4 eriaesaas Sea SeM ek s ara marames s

system structure over the last 40 years, since I started my Ph.D. work
on process control at Caltech in 1983.

Dinesh Krishnamoorthy Kalur




Standard control elements (Bristol: «ldioms»)

Idicmatic control in the synthesis of
plant control systems. Bristol coined |[
the notion of "idiomatic control" (Bri-
stol, 1980), in an attempt to stimula-||
te a fresh "look” at the reasoning :
that has led to so many successful (or
not) creative control designs. As he
himself has stated,"... was motivated
after observing some mystifying new
designs of Shinskey", and his main
question had to do with identifying
the role and purpose of several new
designs. He concluded that the various
designs of process control systems are
built-up of idioms, i.e. conceptual
structures with a standard purpose.
Characteristic examples: of idioms are:
feedback, feedforward,decoupler, cas-
cade,| ratio; multiple output loops

( load balancing, range extending) ,re-
dundant loops{( backup loops, integral
takeover), switced controls (auctione-
ering, selector systems, variable
structure), and many others."” Idioms




Example: Ratio control

Ys

R:(FQ/FI)S

Fy (meas.) Fye
/}t{\ 2
\Z/

| |
[ ]
|
| |
[}
[ | o
! >
1
[ ]
|
] -,
' F5 (meas.)
[ ]
|
|
[}
[ z2
|
P Fy, o
1 _H_
|
| |
1
L]
Y A
Y
(meas.)
Product I* =

Composition y

with setpoint set by feedbac

2026

Journal of Process Control 160 (2026) 103675

Contents lists available at ScienceDirect

Process Cortrol

Journal of Process Control

journal homepage: www.elsevier.com/locate/jprocont

Ratio control: Theoretical basis and practical implementation

Sigurd Skogestad

Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), Trondheim, Norway

ARTICLE INFO

Keywords:

Control architecture

Control structure design
Feedforward control

PID control

Advanced regulatory control
Distributed control

ABSTRACT

Despite its widespread use in the process industry, a theoretical basis for ratio control has been lacking. It is
sometimes described as a special case of feedforward control, but this interpretation is misleading. Feedforward
control requires an explicit process model, whereas ratio control does not. Instead, ratio control relies on
physical insight: For systems that satisfy the scaling assumption, maintaining constant ratios between extensive
variables when there are throughput changes, results in constant intensive variables. Moreover, the ratio
setpoint can be generated by an outer feedback loop, again without requiring a process model. The paper
further discusses practical aspects of ratio control implementation, including more advanced schemes, such as
dual ratio eontrol for handling actuator saturation and cross-limiting eontrol.




Active constraint switching

changing active constraints imply
changing controlled outputs and thus
changing control structure. Then, how
is one to synthesize not only the
"best" control system for the cracker,
but also allow flexibility for its
changling structure?

Two kinds of constraints:
 On CVs (e.g. max pressure)
* On MVs (e.g., fully open valve)

Standard logic elements for switching:
e CV-CV switching: Selectors
e MV-MV-switching:

1. Split-range control

2. Split-parallel control
3. Split-VPC

MV = Manipulated Variable

CV = Controlled Variable



Understnding and Rules are useful for «reverse
engineering» existing control systems




Exa mple (Stephanopoulos, 1983)

u=max(u,,u,,u,)

S=Motor speed {n

MoOTOR

COMPRESSOR

What is this?




2020-2023

Selector (“override”) Rules
min / max

Y1s ) W
é c, n > | =| max | =] Hs
S P -
Yas — selector(s) rocess
™
< =] MIN | = LS

Figure 17: CV-CV switching with selector on MV (input u).

Rule 1 (max or min selector)
e Use max-selector for constraints that are satisfied with a large input
e Use min-selector for constraints that are satisfied with a small input

Rule 2 (order of max and min selectors):

* |If need both max and min selector: Potential infeasibility (conflict)
* Order does not matter if problem is feasible

e |Ifinfeasible: Put highest priority constraint at the end

* Limitation: require pairing each constraint with a given input (not always possible)

“Systematic design of active constraint switching using selectors.” Dinesh Krishnamoorthy, Sigurd Skogestad. Computers & Chemical Engineering, Volume 143, (2020) B P | T P | l I

43 “Advanced control using decomposition and simple elements”. Sigurd Skogestad. Annual Reviews in Control, Volume 56, 100903 (2023)


https://www.sciencedirect.com/science/journal/00981354
https://www.sciencedirect.com/science/journal/00981354/143/supp/C

Exa mple (Stephanopoulos, 1983)

U

u=max(u,,u,,ug)

#_
Conclusion;
* u,=Speedtoget F=F_.
S=Motor speed in ° u, =Speed to get p=p,,,
* U, =nominal speed (unconstrained optimum)
Gus out > °
MOTOR [ * u=max(uy,u,,uy) = Speed setpoint
| (2)
COMPRESSOR

What is this? Use Rule 1.

HSS = MAX-selector. Rule 1 gives:

* Constraint on Flow (F) and pressure (p) are
satisfied by high speed

High motor speed increases F and p:

* So must have constraints: F > F_, and p>p_,.




Exa mple (Stephanopoulos, 1982)

Fig.10 indicates the contrecl system
synthesized by Umeda,Kuriyama and Ichi-
kawa(1979) for a hypothetical plant,
where raw materials A and B are used
to produce C.How did they come up with

such a control system and is it com-|
lete for the intended analysis?It |

C produgt

A recycle Purge
g
compressor %
-~ . {_.?
e

DISTILLATION

One immediate problem: No level control in flash

B recycle

Important concept to understand control system:

* Where is the TPM (throughput manipulator)? Fig.10 The control system synthesized

by Umeda,Kuriyama and Ichikawa
« TPM=total reactor feed (F,+F;) PO fictitigus Slant

* The ratio F,/F; determines which is in excess producing C from A and B,
* Radiating inventory control around TPM (F,,, Fgo)
* Note: TPM inside reycle (F,, Fg) rather than at feed (F,,, F;,) avoids potential “snowballing” (Luyben).

Umeda, T., T. Kuriyama, and A. Ichikawa, “A Logical Structure for
Process Control System Synthesis,” Proc. IFAC Congress, Helsinki,
(1978).

@ NTNU



Some more recent work on putting optimization into the
feedback control layer

* Find: Selectors are not «ad-hoc» engineering tricks




Selectors are implicit in constrained optimization.
Use input ¢to Minimize cost /subject to constraint g = 0

d
Unconstrained gradient = Y
du
/ Constraint sensitivity = dg/du

Ly=Jy+Xgl=0

Lagrange multiplier A = 0
* Or: A1 =max(4y,0)

Ag: from constrained optimization with g=0




2021-2024

General: Feedback solution that automatically tracks active constraints by
adjusting Lagrange multipliers (= shadow prices = dual variables) A

g (measured constraint)

A

_ Constraint control :
SP=0 — (n._slower PI/I-controllers) Primal-dual feedback control.

T e General method
0

MAX * Makes use of «dual decomposition»
0 of constrained optimization
)\ | Dualvariables « Selector on dual variables A

* Problem: Constraint control using
gy, dual variables is on slow time scale

Unconstrained

SP=0 —» optimization ) Gradient ) . _ .
(n, PID-controllers) Gu estimation Can be f|xed. using ove-rrlde at
Ly=J,+)g, =0 = bottom of hiearchy (Dirza)

ul Primalvariables

y

g (measured constraint)

* «Optimal Resource Allocation using Distributed Feedback-based Real-time Optimization». Risvan Dirza, Sigurd Skogestad, Dinesh Krishnamoorthy. IFAC Adchem Conference, 2021
* D. Krishnamoorthy, A distributed feedback-based online process optimization framework for optimal resource sharing, J. Process Control 97 (2021) 72-83, B | q I | q l I
¢ R. Dirza and S. Skogestad . Primal—dual feedback-optimizing control with override for real-time optimization. J. Process Control, Vol. 138 (2024), 103208.




2012-2024

Alternative (less general): Feedback solution with «direct» constraint control
(Similar to selectors)

SP=0 ——»

Constraint controllers

g (constraints paired with ul)

A

(fast PID-controllers) SP=0
T E——
ul
MAX/ f——=2— o5 [©] NT | (changes!)
MlN Ju2
Ju
Gradient
estimation
Ul u, 1

y

g (measured constraint)

* Jaschke and Skogestad, «Optimal controlled variables for” polynomial systems». S., J. Process Control, 2012

¢ D. Krishnamoorthy and S. Skogestad, «Online Process Optimization with Active Constraint Set Changes using Simple Control Structure», I&EC Res., 2019
¢ L. Bernadino and S. Skogestad, Decentralized control using selectors for optimal steady-state operation with active constraints, J. Proc. Control, 2024

J,1 ), = NTJ, reduced gradients
(«self-optimizing variables»)

KKT: L, = Jy,+ X g, =0
Introduce N: NTg,, =0

Assume: Pair each constraint with one u (MV)
Selector on primal variables (inputs)

@ NTNU
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Assume: Have at least as many inputs as constraints

Journal of Process Contral 137 (2024) 103194

Can then have fixed pairings between constraints and unconstrained CVs!

(with N fixed)

Journal of Process Control 137 (2024) 103194

Contents lists available at ScienceDirect

Journal of Process Control

CVi =g

SP=0

K

?rrf ¢ V:]J-'

SP=10

g
K.l\

iy
select ——

1 0
2
U
journal homepage: www.elsevier.com/locate/jprocont
Decentralized control using selectors for optimal steady-state operation with (&= SP=10
. . . R 2
changing active constraints CV, e = En, “”x

Lucas Ferreira Bernardino, Sigurd

Skogestad ~

Department of Chemical Engineering, Norwegian University of Science and Technology, Sem Scelands vei 4, Kjemiblokk 5,

101B, Trondheim, 7491, Trondelag, Norway

ARTICLE INFO

ABSTRACT

Keywords:
Optimal operation
Decentralized control

We study the optimal steady-state operation of processes where the active constraints change. The aim of this
work is to eliminate or reduce the need for a real-time optimization layer, moving the optimization into the
control layer by switching between appropriately selected controlled variables (CVs) in a simple way. The

select ———

Selectoes challenge is that the best CVs, or more precisely the reduced cost gradients associated with the unconstrained g g ]
degrees of freedom, change with the active constraints. This work proposes a framework based on decentralized &
control that operates optimally in all active constraint regions, with region switching mediated by selectors. Iy

A key point is that the nullspace associated with the unconstrained cost gradient needs to be selected in
accordance with the constraint directions so that selectors can be used. A main benefit is that the number
of SISO controllers that need to be designed is only equal to the number of process inputs plus constraints.
The main assumptions are that the unconstrained cost gradient is available online and that the number of
constraints does not exceed the number of process inputs. The optimality and ease of implementation are
illustrated in a simulated toy example with linear constraints and a quadratic cost function. In addition, the

SP

proposed framework is successfully applied to the nonlinear Williams-Otto reactor case study. u”-e +1
K" ,
* Similar to selectors in ARC
0
[ o7 CcV
SP=10
L. Bernadino and S. Skogestad, Decentralized control using selectors for optimal Hn,

steady-state operation wit

h active constraints, J. Proc. Control, 2024

Fig. 3. Decentralized control structure for optimal operation according to Theorem 2.

My =i,

The “select” blocks are wsually max or min selectors (see Theorem 2).
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Region-based MPC with switching of cost function (general)

Standard MPC with fixed CVs: Not optimal

= ~ - '2
R ~ - ~
Real-time d .
_l opﬁmi?.'ﬂion.. . Estimator
-® SN
cvse
e !
Supervisor \ Xaue |
EI- Y Y ! MPC aug S_[atc :
ayer ! cv estimator |
| ]
H
[
! |
! Regulatory ! y
! control !
! |
: |
d ' |

— = Process

Figure 1: Typical hierarchical control structure with standard setpoint-tracking
MPC in the supervisory layer. The cost function for the RTO layer is J and
the cost function for the MPC layer is J¥PC. With no RTO layer (and thus con-
stant setpoints CV*?), this structure is not economically optimal when there are
changes in the active constraints. For smaller applications, the state estimator
may be used also as the RTO estimator.

N
JHPE = X NICVi = CVPIG + Al
k=1

-1
oy —1 oy —1
J T T y T T
Bernardino and Skogestad, Optimal switching of MPC cost function for changing active constraints. J. Proc. Control, 2024 H" = Ju [G) (j F ) G‘] G’ (J I )

Proposed: With changing cost (switched CVs)

= -~ | -

G* Ho~~ > T
| -~

P o R R

™ 4 .

Active set dc

detection

Region-based |
MPC |

Xaug State
CVaq estimator

A|cv 3

_____________________________

____________________

Regulatory
control

d
— Process

Figure 2: Proposed region-based MPC structure with active set detection and
change in controlled variables. The possible updates from an upper RTO layer
(y*, Jy etc.) are not considered in the present work. Even with no RTO layer
(and thus with constant setpoints CV:,’};’, see (I4) and (13), in each active con-
straint region), this structure is potentially economically optimal when there are
changes in the active constraints.

8A 8A
N | CVa= 2= | N oy (14)
TPC = X NICVa - ViR, + IAul, .
k=1 Hy = IJuu Judl |G'V fol



Unconstrained Gradient estimation, fu

* Method 1: From updated * Method 2. From data (similar to «exact

: local method» of self-optimizing control
nonlinear model ptimizing )
Jd
20 19 Linearize the dynamic model 2024 G
x = f(x,u,d) x = Ax + Bu jL kz‘
= . : ,
J =g(x.u) J=Cx+ Du s KX @ & ) & Ym
of of
A o a X=R a a x=% Cm T *
C_a_g D_a_g Ju=H/(m —y")
a Ix X=X B du X=X
Trick, set x = 0,to get estimate of static gradient: o -
From «exact local method» of self-optimizing control (F = Y):
-1 R N LT .
A = (— CAB+ D) u ' = 1|67 (FFT) @[ ¢ (FFT)
h N g where £ = [FW, Wpland F = 27 = G~ G* I s~
J,

« So we premultiply the «simple» H to get the right directions
« and add a constant («bias») which may be viewed as the setpoint c;=Hy*
D Krishnamoorthy, E Jahanshahi, S Skogestad. Feedback Real-Time

Optimization Stratey Usi Novel Steadv-state Gradient Estimate and * Bernardino and Skogestad, Optimal measurement-based cost
ptimization Strategy Lsiig a Wove' steady-state Lradient tsiimate an gradient estimate for real-time optimization, Comp. Chem.

Transient Measurements. Industrial & Engineering Chemistry Research, Engng., 2024

2019 b

@ NTNU



Finally: Something extremely simple: «Transformed inputs v»

- Feedforward and decoupling control with feedback correction
- maybe the simplest version of the «Two-degree-of-freedom» Al-agent of George Stephanopoulos

@ NTNU



Journal of Process Control 122 (2023) 113-133

Contents lists available at ScienceDirect

Journal of Process Control

journal homepage: www.elsevier.com/locate/jprocont

Review
Transformed inputs for linearization, decoupling and feedforward ) .
control Gt «ldeal» transformed inputs:
Sigurd Skogestad **, Cristina Zotica , Nicholas Alsop” .
‘f;eg;alirrrnenr nfocfiia?fngineeﬁn;li‘o:'le?ian ?J'm'lviiiry of Sl:enc?uids Techi?!:gy (NTNU), 7491, Trondheim, Norway G Iven Steady_State mOdeI
b Senior Process Control Engineer, Borealis AB, Stenungsund, Sweden (u W d)
y =9, w,
___________ Travsformed system | d Define transformed input v as right-hand side
: l : v=guw,d)
v [ u=gtwwyd) | — v Then “magically” the Transformed system (from v to y) is
Controller C' ]L; Inverse input 4 Process ' ]
;. Y ; T Tse TSk wog . . .
: transformation | - decoupled, linear and independent of disturbances
: | : y=1v
Semsassmsafessccsesscseesaseeenaaanss ' Implementation:

Fig. 1. Use of transformed inputs v. For example, the transformed input could (1) Use feedback (C=I—contro|lers) to find v that makes y=Vs

be the ratio v = g(u, d) = ﬁ, and the “inverse input transformation” block which — With no uncertainty: v = yg

inverts this relationship would then be u = g~ !(v, d) = vd. The outer feedback (2) Invert gto find u for given v
controller C has the aim of correcting for uncertainty, including for model error =1 :
and unknown disturbances. u=4yg (U, w, d)

— Feedforward control from d (and w) is included

@ NTNU




Conclusion Advanced process control

 ARC («Advanced PID control») works very well in may cases
— Optimization by feedback (active constraint switching)

— Need to pair input and output.
* Advantage: The engineer can specify directly the solution
* Problem: Unigue pairing may not be possible for complex cases

— Need model only for parts of the process (for tuning)
— Challenge: Need better teaching and design methods

e MPC may be better (and simpler) for more complex multivariable cases
— Main challenge: Need dynamic model for whole process
— Other challenge: Tuning may be difficult

Main Lesson: Understand what you are doing and be systematic

ARC = Advanced regulatory control

MPC = Model predictive control



The future

* Both MPC and ARC
 Multi Al agents?




> Optimal centralized
Academic process control community fish pond Solution (EMPC)

Simple solutions tha<
work (selector, PID++
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“The goal of my
research is to develop
simple yet rigorous
methods to solve
problems of engineering

significance”
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Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), N7491 Trondheim, Norway

Start here...

@ About me - CV - Powerpoint presentations - How to reach me - Email: skoge(@ntnu.no
@ Teaching: Courses - Master students - Project students - New Master projects
@ Research: Publications - My Group - Ressarch - Ph D _students - Academic tree

"The overall goal of my research is to develop simple vet rigorous methods to solve problems of engineering significance”

"We want to find a self~optimizing control structure where close-to-optimalo operation under varying conditions is achieved with constant (or slowly varying) setpoints for the
controlled variables (CVs). The aim Is to move more of the burden of economic optimization from the slower time scale of the real-time optimization (RTO) layer to the faster
setpoint control layer. More generally, the idea is to use the model (or sometimes data) off-line to find properties of the optimal solution suited for (simple) on-line feedback implementation”
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@ Aug. 2023: Tutorial review paper on "Advanced control using decomposition and simple elements" . Published in Annual reviews in Control (2023). [paper] [tutorial workshop]
[shides from Advanced process control course at NTNU

@ Aug. 2026 (IFAC World Congress): "Advanced PID architectures for tracking changing active constraints” - including happy cows case study . [paper and Simulink

@ February 2026: Ratio control- Theoretical basis and practical implementation {Journal of process control. 2026). Finally: The first theoretical treatment on when and how to use
ratio control

@ November 2025 Advanced PID control as agents for the future (video). Informal presentation (20 min) by Sigurd at Departnent of Engineering Cybernetics, NTNU

@ 2024: Recent work on feedback-based optimization from the PhD theses of Lucas Bernardino and Risvan Dirza. This is very interesting and has a lot of potential, I think.
@ 13 June 2024: "PID is the future of advanced control". Plenary lecture IFAC PID-2024 conference, Almeria, Spain [Slides

@ 03 May 2024: "Putting optimization into process control". Invited lecture at STU, Bratislava, Slovakia. [Youtube video] [Slides

@ Oct. 2023: Workshop on dividing-wall distillation (with presentations), Trondheim

@ 05 Jan. 2023: Tutorial paper on "Transformed inputs for linearization, decoupling and feedforward control" published in JPC. [paper] This is an amazingly effective and simple approach - it is used in
practice - and here is its theoretical basis

@ 08 Dec. 2021 Plenary talk on "Nonlinear mput transformations for disturbance rejection, decoupling and linearization" at Control Conference of Africa (CCA 2021), Magaliesburg, South Africa (virtual)
video and shdes

@ June 2019: Best paper award at ESCAPE 2019 conference in Eindhoven, The Netherlands

@ July 2018: PID-paper in JPC that verifies SIMC PI-rules and gives "Improved" SIMC PID-rules for processes with time delay (taud=theta/3)

@ Feb 2017: Youtube vidoes of Sipurd giving lectures on PTD control and Plantwide control (at University of Salamanca, Spain)

@ 06 08 June 2016: IFAC Symposium on Dynamics and Control of Process Systems, including Biosystems (DYCOPS 2016), Trondheim Norway.
+ Videos and proceedings from DYCOPS-2016

@ Aug 2014: Sigurd recieves [FAC Fellow Award in Cape Town

@ 2014: Overview papers on "control structure design and "economic plantwide contro]”
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@ Book: §. Skogestad and 1. Postlethwaite: MULTIVARIABLE FEEDBACK CONTROL-Analysis and design. Wiley (1996; 2005)
@ Book: §. Skogestad: CHEMICAT AND ENERGY PROCESS ENGINEERING CRC Press (Taylor&Francis Group) (Aug. 2008)
@ Bok- 8. Skopestad: PROSESSTEKNIKK - Masse- og enerpibalanser Tapir (2000; 2003; 2009).
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@ Proceedings from conferences - some of these may be difficult to obtain elsewhere

@ ESCAPE history - Please send corrections if something is missing or wrong
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