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Vi Overview

» Cononline Overview
— Consensor: “software sensor”
— Concontroller: Pl controller bank
— Monitor
» Real-time simulations
— Startup
— Tailout
— Setpoint change

* Future research
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N Project Motivation: Approaches to
Gmm Cooling Spray Control

Onsortiu

1) Manual control:
— Operator sets of water flow rates

— Difficult at high casting speeds when response times must be
short

2) Casting-speed-based control:

— Set water flow rates according to casting speed

— Results in non-optimal cooling during transient conditions
3) Conventional feedback control:

— Limited measurement opportunities

— Pyrometers etc. can be unreliable in spray zones

4) Software-sensor-based control:

— Create “software sensor,” an accurate, real-time computational
model to base control on
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o Overview

Onsortium

Parameters (updated

every heat
from level 2)
e.g. steel e.g. caster and
Surfac_:e temperature composition mold geometry
setpoint
Water flow Measurements (updated
—t d every second
rate comman e.g. mold heat removal
rate, casting speed
| I Software Sensor ]
-»|Controller[ T ) Monitor
»|(CON1D subroutine)
Slab temperature,
shell thickness
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... Computer Architecture

a<:?>:|i;.ogrtium
Current control logic
o— CommClient | Level2
v
Model Computer CommServer | Controller Computer
Consensor _
\ (CENT OS Linux) (Slackware Linux)

shared - "I P S shared
memory/~ | CommClient ommServer memory

N

AXServer Concontroller
4—» TCP/IP connection 7'\
Shared memory connection l Monitor Computer
Monitor ,
(Windows)

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab «  Bryan Petrus, BG Thomas, & Joseph Bentsman 6




o\

N —
"uous
\"=2sting

“Onsortium

Consensor Overview: CON1D

* Fundamentally based
transient finite-difference
model:

arY
%)

T

: o°’T  Jk
p steel Cp steel E T

— = steel
— Msteel ax2

aT
* CON1D predicts:
— shell thickness
— temperature distribution
— heat flux profiles
Suitable for real-time
model

— Can simulate entire caster
in < 1 second
— “Restart mode”: Can stop

simulation at arbitrary
point, continue later
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Consensor Overview

» Multiple “slices”

— Each second, simulate
each slice for 1 second

— 200 slice simulation for 1
second each takes ~
same time as 1 slice
through entire caster: <
0.5 seconds

Consensor

— stores and manages 200
CON1D slices

— Interpolates between
slices to estimate full
shell & temperature
profile
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o Concontroller Overview:

&= Spray Zones
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« Zone-based PI control: 10 individual PI
controllers, one for each spray zone

« Controller Algorithm: At each second of time:
1. Obtain surface temperature profile from CONONLINE.

2. Forall 10 zones:

i. Compute the zone-based surface temperature average T, for
current zone. And form the tracking error T, = T, — T,

ii. UseT,, to compute the water flow rate command =

Nominal_flow + Aflow(t),
Aflow(t) = k,T,,, (1) + k[ T, (s)ds

3. Send all water flow rate commands to Consensor,
Caster, and Monitor
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Setpoint Methodo

1.

Speed-based spray

flow setpoints — current
Nucor spray practices

Temperature setpoints
(zone-averages) based

on steady states for
flows in (1)
Vary (2) based on
casting conditions
» Casting speed
* Mold exit temperature
(mold heat flux,
superheat)
Operator-chosen
temperature setpoints

L |
Pattern 1 | Pattern2 | Pattern 3 Pattern 4
(i/min) (in/min) (in/min) (in/min)
(gal/min) (gal/min) (gal/min) (gal/min)
Zone 1, Speed 1 0 0 0 0
Zone 1, Flow Rate 1 0 0 0 0
Zone 1, Speed 2 15.7 15.7 15.7 15.7
Zone 1, Flow Rate 2 26 24 26 23
Zone 1, Speed 3 315 315 315 315
Zone 1, Flow Rate 3 26 24 26 23
Three types of setpoints
1200
Real
1150 Fthired 4
Zone-based averaged
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Monitor Overview:
Parameter Screen
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Caster Frofie | [ Caster Paramelers Units [Nucor v
NORTH CASTER PARAMETERS
Cast length 773179 in Running mode CASTING
Meniscus to strand tail 0.0 in Casting mode CASTING
Meniscus to heat interface 6101292 in Spray pattern 4
Castingspeed  114.57 ipm
Steel Composition (%)
Heat S85180 C Mn S P Si Cr Ni Cu Mo Ti Al v N Nb w
Grade 1005RC 0.0500 | 0.2000 | 0.0000 | 0.0100 | 0.0200 | 0.0400 | 0.0400 | 01300 | 0.0100 | 0.0000 | 0.0300 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Tundish weight 12.65 ton
Tundish temp 2818.99 deg F
Tundish superheat 34.00 deg F
SEN depth 106.17 mm ‘ ‘ Mold water inlet temp 96.85 deg F
EBF
Mold heat removal 23.26 BTUfin2
Mold water temp change  74.55 deg F
Mold heat removal 139 BTUfin"2 Slab thickness 89.2 mm Mold heat removal 1.39 BTUfin*2
NNF SNF
Mold water temp change  £5.19 deg F Slab width 503 in Mold water temp change 6636 deg F
Mold heat removal 24.98 BTUfinw2
Mold water temp change 7529 deg F
WBF
Host_130.126,177.165 Fort 31341 Bytes 62036 Count 3 Cast Mode CASTING Model 203435 Controller 283485
e
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.. Real-time Simulations

A “Onsortium

» Caster data recorded at Nucor Decatur

— thanks to Terri Morris, Rob Oldroyd, and Alan Hable
« Simulations run in real-time at UIUC

— HP DL380 G5 servers, Intel Xeon processors
« Situations:

1. Casting startup
2. Slab tailout
3. Change in temperature setpoints
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Caster Frofle | [ Caster Parameters Gid [¥] Temperaiure (7] Shell [] Water [] Setpoints Radius [Both v/ Units [Nucor v
/2008 20:68.40 SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY Casting mode
Heat N82380 Grade 1005RS Casting speed 0.00 ipm Slab thickness 89.2 mm Spray Curve 4 Solid Point 590.6 in
19 2 9r 3 1974 5 Inner Radius
£ e LS s
2020 3[4 3] [19% 3 9 ETE Outer Radius
ZONE:  M/S |A 1B Il [l v
o
- 2800
H
- zam0
alu = 2200
o 00 o
3 s —_— & 2000 3
£ 2 £
S il = EREIN
5 < 3
= o {1800 E
3 s H
a EE {10 5
® 3 Z
= < 2
3 12w @
33 s ]
= 1= {1000
0 800
T T T T T T T T T T o0
40
{2200
35
B {220
%) 00 o
3 —
< I £
; 25 = 1800 @
5 < 3
) Py H1em E
St © F
@ >
a RE ] 10 5
w 15 - 5
T 120 @
g 10 & n
= 2 1000 =
. EEL
Ll T T T T T T T T T : 600
0 50 100 150 250 300 350 00 450 500 550
Distance from Meniscus (in)
Host 130.126.177.183 Port 51941 Byles 62036 Count 16 Cast Mok Wodel 16120 Controler 16410
Run monitor

University of Illinois at Urbana-Champaign .

Metals Processing Simulation Lab .

Bryan Petrus, BG Thomas, & Joseph Bentsman

17

6
&
Nucus
asting
cOnsortium

Startup — With PI Control
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/2008 20:68.40 SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY Casting mode
Heat N82380  Grade 1005RS Casting speed 0.0 ipm Slab thickness 89.2 mm Spray Curve 4 Solid Point 5906 in
19 2 97 1974 Inner Radius
| il i -
2020 3|[1324 5] 1983 3 B2 [136 2 Outer Radius
ZONE:  M/S 1A I8 I 1] I
0
-1 2600
H
- zam0
Al = = 2200
o 00 o
3 s —_— & 2000 3
£ 2 £
E i g REEVIE]
5 < -3
= [-% 1600 £
25 H
2 Js0 B {1 5
9w £ (]
= < ]
3 1200 @
3 s ]
b 25 -1 1000
40 800
T T T T T T T T T ap.
40
{2000
35
o -1 2200
w 00 ?
3 —
< I £
I — 5 180 @
a < 3
= o 1600 €
52 ) &
® >
n - 50 [} -1 1400 E
[H Z @
'é‘ 1200 @
ERL & a
- 25 -1 1000
e - 800
Ll T T T T T T T T T ; 600
0 50 100 150 200 250 £ 350 ano 450 500 550
Distance from Meniscus (in)
Host 130.126.177.189 Port 31941 Bytes 62036 Count 16 Cast Mode Model 16120 Controller 16410
Run monitor

University of Illinois at Urbana-Champaign .

Metals Processing Simulation Lab .

Bryan Petrus, BG Thomas, & Joseph Bentsman

18




C— Tailout

Asting
Consortium

Distance (mm)

° S|mu|at|ng recorded Meniscus to Strand Tail Distance
caster data at Nucor oo |
Decatur

* 0.05 % Carbon steel S ol
» Played at 3x speed rime

Cast Speed Mold Heat Removal (BF1)
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Caster Profle | [ Caster Paameters Gid [Z] Temperahre (7] Shell [7] Water [] Setpoints Radius [Bath v Units
/1/2008 20:26:13 SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY Casting mods  CASTING
Heat S85180 Grade 1005RC Casting speed 114.57 ipm Slab thickness 89.2 mm Spray Curve 4 Solid Point 3402 in
1855 &  Inner Radius
(deg F)
182 B  Outer Radius
v
2800
s
2400
0 2200
& S 4
35 o0 8
e \ w—
= ] Fa FW PTTT T T T L a0 a0 ¥ =
Fw MR R 4 s EREGIE]
2 y U 3 o P RA A 2 s
= o 1800 €
5 35 H
@ RE] {10 g
v 30 F
= < 2
3 = 1m0 @
) ]
ER R H1o00 <
o =] 500
2
k : K 2800
I
2em0
- H22m
@ 100 =
s 2w 3
= T 2 kS 3
3 ™ ’\A’uyu‘vuwmm\ln/\u = - 1800 ®
2 [RARLE] < =3
= o e £
EE ] @
® H
@ R ] H10 5
@ 15 5 =
—_ < ]
3 = 1w @
10 | J
H W
s ] a0
2
0 - - : 500
50 100 150 200 250 300 350 400 450 500 550
Distance from Meniscus (in)
Host 130.126.177.183 Port 31941 Bytes 62035 Count 85 Cast Mode CASTING Model 17453 Controler 17454
Rrs it

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab *  Bryan Petrus, BG Thomas, & Joseph Bentsman 20




Tailout — With Pl Control
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Form1 (=13
Gid [2 Tempeisture 7] Shell [ Water [2] Setpoints Radius [Bath | Units [Nuzor
12008 200613 SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY Casting mode CASTING
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Y. Temperature Setpoint Change
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« Casting conditions based on initial state
in previous tailout simulation

—0.05 % Carbon steel
— 3.0 m/min casting speed
— 26 °C superheat
« Setpoint in 41" zone changed by
operator
— Initial value: 1071 °C (1960 °F)
— Changed to: 1000 °C (1832 °F)

» Played at 3x speed
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Pl Control — Operator Changes
°i‘n':3t.um Setpoint

Form1 (=13
Caster Profile | [ Caster Parameters Gid 7] Temperatuie Shell [7] water [7] Setpoints Radius [Both v/ Units [Nucar v
12008 200613 SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY Casting mode CASTING
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%... Advanced Control Development

astlng
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»  Anti-windup Anibuinde
Actuator saturation can lead + -
to windup of integral @
controller

. . U H
Simple anti-windup scheme ideal | | Saturation Uactual

added _/—

* Optimal control law
development

— In progress
Control laws have been o e
designed for 1-D heat | o
equation with spatially ’ Feowek i |

varying parameters

Control Law

Performance

Parameter u, (u)
adaptation

* Metallurgical length (ML) P
control

— In progress
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Future Research

» Software sensor
— Make model robust to casting conditions and data errors

— Improve accuracy of model by adding physical behavior

* More accurate heat transfer coefficients (Sami, Xiaoxu’s
research)

» Possible hysteresis effects during spray changes
* Intelligent metallurgical length control
— Temperature tracking does not guarantee shell profile

— Need to balance temperature tracking versus
metallurgical length control
» System “envelope” to describe safe temperature setpoints?
* Moving boundary control, optimal, or predictive controller
design?
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