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. | Overview

e Cononline Overview
— Consensor: “software sensor”
— Concontroller: PI controller bank
— Monitor

« Controller performance comparison
* Future research
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Project Motivation: Approaches to
Cooling Spray Control

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:

University of lllinois at Urbana-Champaign ¢

Create “software sensor,” an accurate, real-time computational
model to base control on
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... Computer Architecture
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Windows Computers

CononlineMonitor Caster Automation
| Current control logic }—\}
CononlineMonitor CommcClient ——o
A Pa

Ac‘ti'veXServer CommServer Model Computer
ey (CentOS Linux)
CONCONTROLLER . CONSENSOR
CommClient
Controller Computer l'd
(Slackware Linux) CommServer Legend:

4—> TCP/IP connection
<— Shared memory connection
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Y. Consensor Overview: CON1D
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 Fundamentally based
transient finite-
difference model:
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 CON1D predicts:
— shell thickness
— temperature distribution Mold
— heat flux profiles Liquid vetalurgica

e Suitable for real-time Support Roll Length
model S

— Can simulate entire
caster in < 1 second

— “Restart mode”: Can stop
simulation at arbitrary
point, continue later

Ladle

Tundish

Submerged Entry Nozzle

Meniscus

Torch Cutoff
Point
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» 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

T,(x:tL,I:ﬁ+z/\4)

T,(x:tL,I:t‘l)+ z/\g)

Consensor

CONSENSOR

_ || output domain .
t T(zt=t)
(Z"‘H) v, [ft’-1),t7
— stores and manages 200 / o b N
CONL1D slices o o
_ Interpolates between E &&&fﬁ‘?‘\ Surfacelempi:’tr;::::sm locations
slices to estimate full B consenson e
shell & temperature °  pastesna

>

Distance below meniscus,

profile
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Concontroller Overview:
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. CONcontroller Overview
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« Zone-based PI control: 10 individual Pl
controllers, one for each spray zone

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

2. For all 10 zones:

I.  Compute the zone-based average surface temperature error
for current zone: [[T(z0-T(z1] o
ATJ- (t) - zonej

L
ii. Use T, to compute the water flow rate command:

up (1) = kAT (0+ [ KA T () di
3. Send all water flow rate commands to Consensor,
caster automation, and Monitor
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Setpoint Methodologies
: ‘zi:li:ogrtium
Pattern 1 Pattern 2 Pattern 3 Pattern 4
1' Speed_based Spray (i/min) (in/min) (infmin) (in/min)
flow setpoints — current (galimin)_| (galimin) | (galmin) | (gaimin)
1 Zone 1, Speed 1 0 0 0 0
N ucor Spray praCtlceS Zone 1, Flow Rate 1 0 0 0 0
2 . Te m pe ratu re Setpo I ntS Zone 1, Speed 2 15.7 15.7 15.7 15.7
(Zone_ave rag es) based Zone 1, Flow Rate 2 26 24 26 23
On Steady StateS for Zone 1, Speed 3 31.5 31.5 315 315
. Zone 1, Flow Rate 3 26 24 26 23
flows in (1) ‘
3. Vary (2) based on
casting conditions - | -
- Casting speed ‘y g
« Mold exit temperature £ 1"‘..\‘ T
(mold heat flux, .l ‘ it ST
superheat) ‘ AR L
900 ’
4. Operator chosen o
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Monitor Overview:
S Profile Screen

Caster Prafile Server iﬁu‘c’ vl Units Welm},—:i frid Temperature Shell Water Setpoints  Radius |Bath v |
780008 17T A NORTH SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY  Casting mode CASTING
Heat S85180 Grade 1005RC Casting speed 3.00 mpm Slah thickness 89.2 mm Spray Pattern 4 Solid Point 94m
| i I I Inner Radius Setpoint Mode
! ' = = deg O [Gpray table [Lewel 1 | 1
A | o 2 O 1 | totid. . peeidisleiios Qg
1 e " Outer Radius .
ZONE: WS 14 B It I v W kiR
SEG.: Mold FR  Bender 1 2 | 3 4 | 3 | 7 Cononline in control
0 1500
5 1400
1300
D 1l 3 £ 1200 3
@ = 3
i . iy A e T A e A A A 2 1o g
e i L MM N A N LT D o oo 3
S o0l H i el s 2 8
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@ 2 = = o 9
E) 2 s @
2 1= 3 sm O
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1400
W [} 1300 —
3 o a 1200 s
f' £ ‘1‘” t A AL AT JATAAT A, AN ANAAAAAA A A a0 2 s g
¥ TV LU T L ol il P AN a4 = o 1000 3
= 25+ LEE HJ]]‘ ¥ L LR LTINS AT AN An 48 @ )
a L 0 0.9 L2 ) 3 o £
3 0 et o 5
800
&  ET ) (=]
» 15 = 700§
Es a 0 Q
3 1= 3 w2
s b = 400
0 T T T T T T T T T T T 300
o 1 2 3 4 5 ] 7 g 9 10 11 12 13 14 15
Distance from Meniscus (m)
Monitor Yersion 3,00 Consensor Yersion 7.03 N Concontroller Yersion 7.03 M Host 130L126.177,183 Port 31941 Byhes 62388 Count 4012 Consensor Datallr ¢ Concontroller DatalD
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Monitor Overview:
Parameter Screen

nonline Monitor

Caster Profile Sever LIUC v| Units [Metic |
NORTH CASTER PARAMETERS

Cast length 1948060.0 mm Running mode CASTING
Meniscus to strand tail 0.0 mm Casting mode CASTING
Meniscus to heat interface 139157.7 mm Spray pattern 4

Casting speed 3.00 mpm

Steel Composition (%)

Heat 585180 C Mn S P Si Cr Ni Cu Mo Ti Al v N Nb w
Grade 1005RC 0.2000 ) 0.7000 | 0.0050 | 0.0020 | 0.0180 | 0.0440 | 0.0430 | 0.1330 | 0.0110 | 0.0030 | 0.0360 | 0.0020 | 0.0080 | 0.0010 | 0.0000

Tundish weight 27.19 ton

Tundish temp 1557.13 deg C

Tundish superheat 27.68 deg C

SEN depth 105.22 mm ‘ ‘ Mold water inlet temp 36.03 deg C
EBF
Mold heat removal 237 Myl

Mold water temp change 568 deg C

Mold heat removal 2.37 hMWYmn2 Slab thickness 89.2 mm Mold heat removal 2,37 Wwim"2
NNF e ; ) . SNF
Mold water temp change  12.42'deg C Slab width 1276.6 mm Mold water temp change 1289 deg C
Mold heat removal 237 Mime2

Mold water temp change  B.01 deg C
WBF

Monitor Yersion 3,00 Consensor Yersion 7.03 N Concontroller Yersion 7.03 N Host 130.126.177.189 Port 31941 Bykes 62388 Count 4058 Consensor DatalD ¢ Concontroller DataID
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Monitor Overview
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... Ongoing work on Cononline

» Adding new features to Monitor (for plant
operation)

— “Passive” mode that displays without allowing
changes to setpoints

— Automatic resize window from 1024x768 up
— Options (servers, mode) set in configuration file

e Changing to production versions of software
— Programs run as Linux “daemons”
— Program log files can be used for debugging

» Fixing stability issues
» Multi-threading Consensor for faster running
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W Controller Performance
Comparison

« Based on caster data recorded at Nucor Decatur
— thanks to Terri Morris, Rob Oldroyd, and Alan Hable
 Simulations run in real-time at UIUC
— HP servers, Intel Xeon processors

e Test situation: sudden slowdown

— Casting speed drops from 3.0 m/min to 2.5 m/min 30
seconds into simulation

« Comparing four different control methodologies
— No control (constant spray rates)
— Spray-table based control
— Pl control with speed-based setpoints

— Pl control with mold-exit-temperature-based setpoints
(“fixed setpoints”)

 All videos are recorded at 6x playback speed
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& No Control (fixed spray rates)

T ———SaEE
Caste: Profie Server [LIUC v | Units Metic | Flcid [ Temperstue [7] Shell [F] Water [7] Setpoints  Radius Both  +
7002009 1B:51:02 NORTH SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY  (Casting mode CASTING
Heat 585180 Grade 1005RC Casting speed 3.00 mpm Slab thickness 89.2 mm Spray Pattern 4 Solid Point 94 m
a Ol of Bfs Oz et Hd Setpoint Mode
: (deg ©) |Spray table [Level 1logic]  +
of OfEs O O O :
NE WS A B i i / I (ot Setpen:
SEG.: Mold FR'  Bende 2 ‘ 3 4 ] B | 7 Display-only mode [Level 1 control]
a - 1500
oy V| | | 1 1] | —
» 1 ! 1 1 } @ 1300 4
= 10 = | | o 1200 g
5 15 R e e e AT : Zet100 T
T 0k HIRER 1. T L I I 1 1 PR A A A At 2. 1000 g
2 ! } ! 1 ] 2 s £
a3 B¢ { | | : ZF o @
® wp—H ! / : : : = w0 9
T .b 0 ! ! | ! = s @
a - ; - ; 3 s O
40 | ] ~ £ 400
- - - - - 1500
wofb— 1400
(73] I 1300
2 s\ 1 120 8
- X T Fi 3
3 O S A i z o — 1o G
5 i J i LA T ! T A Vidnaiss .o a 1000 9
2 HEETTN ! ] AR > 8
B | L8 I Il L A 0 3 w B
> & 1 | ! ! | - an @
@ | e (]
w 15 1 } } { 1 } = o0 g
T ! l ! } ! K 600 “:J
2 } | { 3 ! =5 ENt
5 ;/ _ | | =z a00
0 y y " 7 : 300
0 1 2 3 4 s 3 7 B g 10 " 12 13 14 15
Distance from Meniscus (m)
Monitor Yersion 3.00 Consensor Version 7.03 N Concontroller Version 7.03 N Host 130.126.177.189 Port 31941 Bytes 62388 Count 3489 Consensor DatalD Concontroller DatalD
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(! Cononline Monitor

Castet Pricfile | | Caster Pasameters Server {U\UE v | Units  Metic v| [ Giid Temperatue  [#] Shell ‘Waler [¥] Setpoints  Radius iBoﬂw
7000009 14:16:02 NORTH SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY  casting mode CASTING
Heat S85180 Grade 1005RC Casting speed 3.00 mpm Slab thickness 89.2 mm Spray Pattern 4 Solid Point 94 m
afin? |:|| 5 I ofios J [ I Inner Radivs Setpoint Mode
) = . {deg C) [Gprap table [Level T logc] w0
Offes | pe: | B | bfies_£] Qutar Radius =
ZONE: WS 1A B I Il N [ (odete Setpoins |
SEG.: Mold FR  Bender 1 2 | 3 4 ‘ 5 ‘ 7 Cononiine in control
[t} 1
|
1400
SN \
D ol} \ o1
L4 | o 1200 8
a | -] 3
= — ] 1100 T
= | @
3 | g
a 2 W E
a - g s0 ®
] = = w9
3 B |sm @
2 3 so0 2
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(7] W 1300 4
= k=] 1200 g
3 >~ At 7 =—nn 3
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2 - S
o = o g
T e 0 2
3 7 3 s O
=2 400
! ' ! ' ) T r T 300
2 3 4 5 6 4 8 9 10 " 12 13 14 15
Distance from Meniscus (m)
Monitor Version 3.00 Consensor Yersion 7.03 N Concontroller Version 7.03 N Host 130.126.177.189 Port 31941 Bytes 62388 Count 389 Consensor DatslD © Concontrober DatalD
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Pl Control: speed-based

setpoints

(¥ Cononline Monitor

Castet Profile | | Caster Pasameters Server IUIUI: v Units Metic v| [ Gid Tempaistue [#] Shell wiater [7] Setpoints  Radius fBoﬂw v|
7097000 14:42:02 NORTH SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY  (Casting mode CASTING
Heat S85180 Grade 1005RC Casting speed 3.00 mpm Slab thickness 89.2 mm Spray Pattern 4 Solid Point 9.4 m
g |:|I G I afiers I (8/[ZE I L__||— Inner Radius ) Setpoint Mode
’ (deg C) [Suif tomp, speedvaing v
] FETEENNES) O T [T Efress £ O Outer Redis
ZONE: WS 1A 1B I M [y v [ (pote Setpoin |
SEG.: Mold FR  Bender i 2 ‘ 3 4 ‘ & ‘ 7 Cononline in control
o ‘ 1500
‘ 1400
@ T o 1300 o
o 1 o 120§
= pracer s IR R v e S 110
3 ] M M L M A AT i ™ S
2 1 \‘ | I L A S R 2 s E
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3k | - ! 1 Z so @
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= %’—um g
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o LI ek B R A 3 £
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=F 55 - % s0 @
=, = 4 5 s0 2
2 ?f—_ _7 2 a0
0 " u ' u r T T T 300
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Distance from Meniscus (m)
Monitor Version 3.00 Consensor Wersion 7.03 M Concontroller Version 7.03 N Host 130.126.177.189 Port 31941 Bytes 62388 Count 909 Consensor DatalD 852 Concontroller DatalD 852
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. Pl Control: fixed setpoints

asting
c°r'|sortlum

% Cononline Monitor
Caster Profile | | Caster Parameters Server |LILC v Units Melic ~| Giid Temperature Shell Water Setpoints  Radius Both v
70292008 16:34:02 NORTH SHELL GROWTH, SURFACE TEMPERATURE & WATER SPRAY  Casting mode CASTING
Heat S85180 Grade 1005RC Casting speed 3.00 mpm Slab thickness 89.2 mm Spray Pattern 4 Solid Point 91 m
af o[z ape afoe F] ] Innarfadis Setpoint Mode
; N Surf temp, moldtempvaiying w |
O \ | [ [ = | apos 2] Ol Outer Radius
ZONE:  MS 1A B | il n [ (usdste setpoins |
SEG.: Mold FR  Bends i 2 ‘ 3 4 ‘ 5 B 7 Cononline in control
o 1
. 1 1400
7] [ I e |
E3 m-_\‘ \\ 1 1 1 = g 1200 g
i \-\\f o AR A A A T ey a7 I e w3
E I 11 T auy pirer M E N A ] (7 , 1o o
{1} ! 1 4, ! . 2 300 g
3 I — - & (w2
% sl ! ! ! ! L = m 9
=5 | | I | 0 s =@
2 o s 8
= 400
- 1500
1400
w 1300 —
= L 1200 s
= Al P i 8  liw 3
5—' T e ki \ 1 4 1 =] o 00 3
525 LRBLE B (L " " LT LT R B R 3 @ 8
:1; 20 {52 20 fo 4 “:I_ 800 E‘
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2 g 1 e ] 5
w 15 ™ EC
T ! } | = 800 "‘{"
2 A 1 ! 3 500 =
5 | = 400
0 " v " " " ¥ ? : - 300
0 1 2 3 4 5 6 7 8 E] 10 [l 12 13 14 15
Distance from Meniscus (m)
Mnnit:\lersinn 3.00 Consensor Yersion 7.03 N Cnmnmﬁ Wersion 7.03 N Host 130.126.177.189 Port 31941 Bytes 62336 Count 3149 Consensor DatalD Cmcmtréﬂs:hmID : =
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Controller Performance
Comparison

) Zone 2 (outer radius) average
» Spray-table control displays surface temperature

temperature overshoot during ol
slowdown

1100 ’

« Pl control with speed-varying I A
setpoints reacts quickly at all points N ]

——speed-dependent temperature setpoints

throughout caster

» Pl control with fixed setpoints reduces ;™" e
sprays more gradually in zones o o
further down the caster

Outer radius surface temperature (C)
BoE R e o
5 8 8 &5 &
& 8 2 8 8
g 38 3 8 8

0 50 100 150 200 250 300 350 400
Time (s)

Zone 8 average surface
temperature

Spray rates

1120

1110+ L

~ 7 ~

81100’ = ——— = — = —
T g /
< 2 1090F 4 —— speed-dependent temperature setpoints
=3 g —fixed temperature setpoints

B £ 1080F / ~ = -no control (constant spray rates)

o 25 o i — spray table control
é — — no control (constant spray rate) 3 1070} ——PI control, speed-dependent setpoints
5 20) — spray table control 4 g0 | | PI control, fixed setpoints
£ —— Pl control, speed-dependent setpoints @ 1060|
H ----- Pl control, fixed setpoints i) —i-o
I 15 2 S
g 8 10500 Tl
T 3 N

S 1040F AN

3 N

1030 o B |
(] 200 250 300 350 400 10 . . - - - - -
Time () 0 50 100 150 200 250 300 350 400

Time (s)
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Future Research: Advanced
L Control Development

» Surface temperature control Mol e PVl oot remoenl 2@,
does not guarantee travz:(;?nsg - Boundary point temperature
metallurgical length control 20 cross. Ty cers rom pyrometers,

section of i
1 3D strand,—
— Develop control algorithm for Tl(xj)“‘“ Sice velocity, Boundary Actuation:
centerline temperature & Cooling water spray rate,
S . h b . . ) Control 9 u(t), generates heat flux
— Switch between objectives” Objective: T (AL~ T
+ solidification front (prevent Temperature oG ). ‘
she ) XY o/ y A A
WhaleS) surfaceT;(2L ) ) ‘\ 4 ‘ /@ Q/
» surface temperature (steel =
quality)? Boundary Disturbances: &=
Uncontrolled heat flux from: roll/shell contac pts, radial |dh, natural

convection, Koy + Nrag_spray™ Noond (Ti(2- 1) = Tamy)

* New NSF grant: “Hybrid Control

of Continuous Casting for e e oo
Whale and Crack Prevention” g controlled discrete transitions
— Closed-loop measurements are B[ P oop e to!
very spatially localized g
(discrete) 3
« Mold heat removal rate nitial condition
» Pyrometer readings from mald heat M / .
_ d b t, ty b=
Nood temperaturcs betess L
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Future Research: Model
o —
Development
 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
University of lllinois at Urbana-Champaign Metals Processing Simulation Lab e Bryan Petrus, BG Thomas, & Joseph Bentsman 22
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