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About the project

" ControllnSteel is a dissemination activity focusing
advanced automation and control running till 2022-11

= We selected around 45(+5) former RFCS research
projects for a scientific analysis

" Mission goals were

" 1. Analyze and understand dynamics of the problem-, solution-
and impact space which also includes barriers and issues, as

well as physical interaction channels

= 2. Perform dissemination events, e.g. conference sessions and
workshops to effectively distribute knowledge from and about

these former projects

= 3. Provide a roadmap for future research

CONTROLNSTEEL
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Conceptual approach towards project evaluation

Problem space

Pickling
Line

Rolling
Furnace )
Mill

Project 1

Furnace

Rolling
Mill

Coating

Project 2

Ecologic
Footprint
Safety
Delays for
Availability
of data

Project 1

Impact space

Product

Quality
@

o°
-
%
C}
ot

Maintenance
Training

Delays for
HW

Process
Quality

Throughput

Availability
of data

Project 2

Barriers & issues space

Solution space

Internal
Concentration Model
Sensor Control
First
Principle Dead-Time
Model Prediction
Project 1
Temperature
Plant Models
Data

Optimization

Galerkin
Transf

Project 2
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Taxonomy for problem space
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Taxonomy on automation solution techniques

MIMO =  Source 1: Solution Taxonomy of ControllnSteel

SISO

Open-Ioop = Source 2: Gartner Hype Cycle

Classical statistics

nternal model control = Source 3: Research on automation methodology for non-steel process industries

Model-predictive control

Canonical

Model-based

Iterative learning control

Machine learning control

Koopman space | g--------------- =  Koopman space: high potential for substantial breakthrough for single
— aggregate control, not considered yet

Machine learning

Decision trees

Dayesian statistics, #--------m----- = Uncertainty, dramatically underrepresented in current
— (steel) research projects

Linear programming

Solution T2

Quadratic programming

Mixed-integer programming = €=-==========--- - Key teChnOIOgy fOr eCO|OgIC
Sl based optimization

Optimization

Agent-based
Fourier
Galerkin
Wavelet
Transformative
Taylor

Laurent
Autoregressive
Performance Visioll

monitoring Harris
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Taxonomy for impact dimensions

Root cause
Customer satisfaction

Emerging technologies
Waste reduction
Novel approach -

Throughput

Power

Emission -
Worker performance
Worker safety
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Graph theory for connecting the projects

Property vector
= Taxonomies J

= T, - problem space £\ (2) = [(Sxo(2), far (i), ...] = Ta(7)

= T —solution space | o [
’ P fxi (1) = Tx(, J) Project number

" [;—Impact space Taxonomy number

" Algorithm for retrieving
conditional probabilities out of P(j,Tx|m=1withm e T,) = Z Z Z i (2)0k;0myr

taxonomy entry combinations i€Il k€T reT, ,justcounting,
because we have the
J Internal edges per taxonomy data“
= Semantic graphc onstructor, dx : Ex(2) = L, MIfag =Ta(5,5)}
formal edge definition br : Br(i) = {(A\7(0))|A € (1,2,3) An(i) € T}

TTop level taxonomy connectors



CONTROLNSTEEL

Structure of this talk

process-abstraction process interaction interaction-abstraction

Tempering thermodynamic 1

thermodynamlc 1
Hot m z interaction: physical

m Finishing
l
thermodynamic i
Aggregate Cold interaction: chemical ’

L omins JH4

]

Roughing

Transport to other location

Transport within process

Storage

il =, Taxonomy approach and graph connection

-
—
e

v,-,
. P —

-

e — 2T~
e

s —

o
g
QP
e
N,
o f‘ﬁ_‘* o
TS

e B R ™ Mgl
- <

9l I
A )
\ { q
\ '8l
\ A A
% J,’ ¥ g‘ ‘
/ }
L ¢l
N 4
\’,' ;“..
b

Tl .
v e o
e . P < - e T~
-t r e . - s el .
S e G - A e S, & e ——

s

o
———

e T e e W
—— g
i T N.% ’!
- : P A
e e - TP NG
A

W
e ~

N TSR o
- — < I = < -— -~
- e I~ S e s
— - e
= ne)
/0".!. y . - i
_— S - - -, s
- P o T - -
o e = - e

—~—— _— v
e

Part 1.
Ultra-short introduction

E - ' -3 ‘ q""— - .‘ l". » ‘-

i o egonr il S TR DS e SR B s
s R - _’ A ":‘_.T) ,!"' s g -‘@"-’J.“ " ‘q‘, g ’.-:' w."

5 > i a L. 4 ¥ RO - P - [ o

2 SR A L " 7} - .’., ﬁ.., _* al - o kg, -

B o T i - e gl

- '. .,‘- < x ..' - o) g ) 5.: e el 4

— - ! sl e - - - - .

WorkeaSafety P a rt 3 .

' Defect Root Causes

3| Approach ;
35\ / 2 @

T e Results and application

Quality Improyament —ntormal mbdehconirol— m
14.5@0 Customer Satisfaction e X a e S
- . . o 0.0
Emmission Reduction | \ Worker Performance

2 . 5 c' .'n‘ O

Power Consumpti d Improvement
2.5 3.0

Waste Redutii F;eguction

2.0

3/6/23



CONTROLNSTEEL

Graph connecting the taxonomies per project

Internal edges Cold rolling
per taxonomy .

Waste Reduction
1

Customer Satisfaction
1

O Proplem space

Quality Improvement

Impdct space Flatness

Top level taxonomy connectors

CEFLA
&
Enabling Technologies ost Reduction .
0.5 0.5

Jiution space

Model-predictive control
Internal model control



Impact distribution per project

FlexGap
Quality Improvement
Novel Approach Defect Root Causes
Enabling Technologies Cost Reduction
Customer Satisfaction Yield Improvement
\9)
Worker Performance Power Consumption
Worker Safety Waste Reduction
Emmission Reduction
SISCON
Quality Improvement
Novel Approach Defect Root Causes
Enabling Technologies Cost Reduction
Customer Satisfaction Yield Improvement

coooo~ S
N B~ O\ OO
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Worker Performance Power Consumption

Worker Safety Waste Reduction

Emmission Reduction

Deftiree
Quality Improvement
Novel Approach Defect Root Causes
Enabling Technologies Cost Reduction
Customer Satisfaction Yield Improvement
SESNR P o LT o o Py
DR N RO\
Worker Performance Power Consumption
Worker Safety Waste Reduction
Emmission Reduction
SHAPEHPM
Quality Improvement
Novel Approach Detect Root Causes
Enabling Technologies Cost Reduction
Customer Satisfaction Yield Improvement
SESPRE S T T T T AT g
POV NMRO®
Worker Performance Power Consumption
Worker Safety Waste Reduction

Emmission Reduction

DYNERGY Steel

Novel Approach

Enabling Technologies

Customer Satisfaction

Worker Performance

Worker Safety

SOPROD

Novel Approach

Enabling Technologies

Customer Satisfaction

Worker Performance

Worker Safety
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Quality Improvement
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Cost Reduction
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Power Consumption
Waste Reduction
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ldentification of missing activities

...............................................................

: Autoencoder mmm

= | ow number occurences

Laurent N

---------------------------------------------------------------

Waveiet . EE—— * EITHER Technique is not helping many problems and
i — was not considered out of good reasons

Galerkin —

Laplace / Z-Transform n—
Agent-based I

" OR Techniqgue was simply not covered by research

Rule-based

Mixed-integer solver ﬁ

Quadratic programming I

Linear programming  E——— "  Example: Laurent expansion never actually mentioned,
Semi-definite solver | —
perhaps not of relevance

Heuristic
Harris s . o o
Visioli " Example: Bayesian statistiscs has not been ,,embraced” in
.............. .......................................................... Steel prOdUCtiOn researCh yet, despite maSSive Successes in
: Bayesian StatIStICS. :

C|aSS|Ca|Stat|5t|CS ..................................................... other bra nches !

Decision trees

Neural network #

Koopman

Adaptive control ﬁ

Machine learning control
Iterative learning  ————

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
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SISO (PID)
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0 Novel Approach
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" Machine Learning Control
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Impact evolution as function of time

Impact Dimension: Emmission Reduction
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Go further than the books...

Var(x) Cov(xg,x1) ... Cov(xg,xn_1) 0.
Cov(X) - Cov(xy,xp) Var(xq) ... Cov(xi,xN_1) g
COV(ZBN_l, .’,B()) COV(ZEN_l, .’131) Var(a:N_l) § -
1 o0 —(t—-0b 'y S
CWT[ZE(t):I (CL, b) — 1 f Qf(t)’(p ( ) dt 100 150 200 2?0 300 350 400
‘@‘5 — 00 a
T 2000- liiiiiiiir
C' = Cov{CWT|z(t)|(a,b)} A=S'CS i\ ilii
o] i f
s | i|||
" Application case in steel: Anomaly detection at the o l"'"lu
continuous caster 500- l'"l"".
!!!.'.
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Mixture-Density Network with Uncertainty Prediction

Suboptimal model answer, but perfect assumption of uncertainty

o

— 50 , ,
= Good Approximatign
(v
T;, P,6t, A, : J
+ 30 \
exp(—AAL), c LA J
5 20
exp [—NN(123) At], 4@ N J

o 10 \ \
S y RN

" Physics-informed approach with NN- n 0 +

f Scale predictor
Crossreterence —10- Camera measurement
= Control application case: Prediction of 0 2 4 6 3 10 12 14

scale for iterative learning control for # lest case

water flow
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Counterfactual ML and MDNN-based reasoning

10 Perturbation theory & sensitivity
analysis
8-
Test vectors

? T = {tW @ .t

) =l )

2-

0 B lI — . 5 - __Il mB

IIlI II II . Stochastic perturbation
_2-
0 0 20 40 50 E(’Iz,k) = t(®) + E5A,ke,\Atk

Counterfactual: Let ML ask the
* Control application case: automatic feedforwarad ,What-if?“ Question

setup of water pressure for descaling helps as
optimizer for MPC
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The object oriented input data point can also be marked
by a semantic description operator:

r={x}*|x| £uy; tz; P(z,u,0); SD(x) = " Temperature”
Today this appears like wasting storage.

With increasing plug n-play demand of new sensors and
actuators as well, as data provenance, this solution will
become more and more status-quo.

CONTROLNSTEEL

Semantics
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Autoencoder Network

r(t+ 1)

Koopman Space

r(t+ 1)

[fthe Koopman opeaator can be found, the dynamics in

latent s C(eﬁs—fullll near

Thecontrol solution then reduces to linear systems

CONTROLNSTEEL
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Summary

" ControllnSteel is a systematic, semantic analysis of 45(+5) former RFCS research projects
" |t shows the progress achieved by modern control solutions
" |t also allows to scientifically investigate the path to impact per method

= Assorted successful methods have been shown

" Promising and recent techniques are yet missing and potential chances for future projects
" |nclusion of uncertainty

" Physics-informed approaches especially building upon expert knowledge

" Koopman approach
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T (t) = Tyexp (—at)

Physics-information CONTROLNSTEEL
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Impact vectors of research projects

Novel approach

Enabling technologies

Customer satisfaction

= Example: RFCS SOPROD, _
because coordinator was the
- - Worker performance

: Worker safety

Emission

Waste

same :
E Power
= Allows to define project by ; Throughput
one or mUItiple pOintS (!) “““““ E\

Yield

Costs

Defect root cause

Quality

Statistical methods
Evolutionary approaches

g Data analytics
---- Machine learning

= Automatic Python code that
i agen
convex optlmlzatlon
S|
IMC

ILC

runs on top of our assessment



