Appendix H

LQTSS

H.1 SIMULINK implementation

To Workspace

actual_output

To Workspacet

@1. ML _
Mould level | _ | X' = Ax+Bu 4;4”“—
— | y=CxDu
1 —— ML2T dy ML
INP '—VDemux walter e [:‘
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dWT  wreT »— | yerror
dy CS
x' = Ax+Bu i [
y=CxDu | 4 cs a8 D

csa2T

P thecontrol

to workspace

1. Subscript 1 denotes ofiset.
2."d" denoles deviation value
3. ML denotes mould level
4. WT denotes water temperature
5. CS denotes casting speed

6. INP is ML and WT disturbances as in practice

Figure H.1 SIMULINK realization for the MVIV model.
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—b{ ML
To Workspace2
ul(2] ’—_
EL}— ¥ = AxeB [ r—}simoulcontrdl
> > y:C’:(:Dt‘I | [——
. ML dy ML To Workspace
NP |———p{Demux M
— cs — '~ ,
isturbance W & —
“t_il |_ » x = Ax+Bu || dy W1
puts | *_jb-, y = Cx+Du =
‘..”'_(:ﬂ.. [7 WT2T »—
‘ »
'——’i WT ‘ \d_ Y
ly_CS
| s —
| To Workspace3 [ [+ =
y iz CSeT with integratgr | P oy —‘Lﬂ -
dyopt dv . i S < B .. ES— N
K [ = du | ¥ = Ax+Bu » = y
[ " . P L -CeD
| yssopt ‘ F(0) b | " | ¥=CrDu] gy cs dy 5
| g
Desired 4’
Botat s -K{0) Moy | dy
Integrater —
-Kax " K Mux
N | ]

1. Subscript | denotes offset.
2. "d" denotes deviation value
3. ML denotes mould level

actual_output

To Workspaced

4. WT genotes water lemperalure

5. CS denotes casting speed

6. INP is ML and WT disturbances as in practice

Figure H.2 SIMULINK realization for the LQTSS controller synthesis.
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H.2 1280mm wide slabs results

H.2.1 Tabled results

Table H.1 1280mm wide slab errors, maximum accellaration and maximum speeds

for the LQTSS implementation at different values of the ¢/r ratio.

i SMSMSE  max|duy /dt|  max(uy)
None 7.1598 0 724.1
0.001 4727 10.81 9274
0.01 4.6325 34.64 936.8
0.1 4.5739 75.67 948.4
1 4.5427 142.3 958
10 4.5268 271.5 962.1
100 45186 501.4 966
1000 4.5143 918 968.5
10000 | 4.5122 1620 969.7
1450 4.5139 1000 968.8
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Table H.2 Mean Square Errors for the LQTSS implementation for 1280mm wide slabs

at different values of the ¢/r ratio. ¢/r = 1450 has the maximum accellaration of

1000mm/min®.
% inlu inll in2u in2l in3u in3l indu indl
None 6 5.06 708 92.9 222 204 22 550
0.001 10.8 327 5.92 8.78 373 315 517 135
0.01 9.37 2.69 6.71 9.36 2581 348 378 146
0.1 8.38 231 5.13 9.86 234 372 2.85 153
1 7.81 2.09 4.29 10.2 2,05 38.8 232 158
10 75 197 3.88 10.5 1.9 398 2.04 162
100 7.33 19 3.68 10.7 1.82 404 1.88 163
1000 7.24 1.86 358 10.8 1.78 40.7 1.8 165
10000 72 1.84 3.52 10.8 1.76 409 1.76 165

1430 1.23 1.85 3.57 10.8 1.78 40.8 179 165

% in5u in51 in6u inél in7u in7l indu insl
None 3.06 149 4435 80.9 18.7 56.1 9,72 35

0.001 1.92 28.1 4.19 8.35 4.09 10.5 5.88 19.4
0.01 1.53 304 317 8.05 3.01 10.6 4.8 18.7
0.1 124 322 25 9.61 225 10.7 4.06 18.3
1 1.07 334 215 10 1.84 10.9 3.64 15

10 0.984 34.1 198 103 1.62 11 341 17.9
100 0.937 345 1.9 104 1.51 11 329 17.8
1000 0911 34.8 1.86 10.5 1.45 111 323 17.7

10000 0.898 34.9 1.84 10.6 1.42 111 319 17.7
1450 0.908 348 1.86 10.6 145 I 322 17.7

% oulu oull oulu oull oulu ou3l oudu oudl
None 50.1 17.1 124 31.4 40 932 2.82 36.7
0.001 7.68 3.89 147 2.96 4,55 6.59 10.2 43

0.01 5.48 2.94 12.3 1.98 335 717 9.11 448
0.1 4 234 10.5 1.37 2.55 7.66 8.35 4.64
1 32 2 9.5 1.03 2.14 8.04 79 4.77
10 2.79 1.81 894 0.86 1.93 8.3 7.64 4.86
100 257 1.71 8.64 0.767 1.82 8.46 7.49 4.92
1000 246 1.65 8.48 0717 1.77 8.56 7.41 495
10000 24 1.62 84 0.691, 1.74 8.61 7.37 497
1450 244 1.64 8.46 0.712 1.76 8.57 74 496
-f_- ousu ousl oubu oubl ouTu ouTl oulu ousl
Nane 593 38.2 NA NA 0.89 1.17 1.64 133
0.001 9.04 203 NA NA 24.2 218 322 188
0.01 7.35 2.18 NA NA 225 20.1 30.6 172
0.1 6.87 233 NA NA 21.3 18.9 29.5 16.1
1 6.35 245 NA NA 20.6 18.2 289 15.5
10 6.06 2.53 NA NA 202 17.8 28.5 15.1
100 59 2359 NA NA 20 17.5 283 149
1000 5.81 262 NA NA 19.9 17.4 28.2 148
10000 571 264 NA NA 19.8 17.3 28.1 14.7
1450 5.8 2.63 NA NA 19.9 174 28.2 14.8
-:i; nllu nlil nl2u ni2l nrlu nrll nr2u nr2l
None 168 3.12 14.6 1.45 206 431 70.5 123
0.001 6.31 54.1 116 62.5 72.6 529 9.86 2232
0.01 3.88 49.7 112 59.1 69.5 50.9 7.05 194
0.1 2.57 46.8 110 56.8 67.5 49.6 531 176
1 1.91 45 108 55.4 66.3 487 4.34 16.5
10 1.58 44 107 54.5 65.6 48.2 38 15.8
100 1.42 433 107 54 65.1 47.9 35 15.5
1000 1.33 43 107 53.8 64.9 47.7 334 153

10000 1.29 428 106 53.6 64.8 47.7 3.25 15.2
1450 1.32 429 107 537 64.8 417 332 15.2
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Table H.3 Feedback gain matrix K, for 1280mm wide slabs at ¢/r = 1450.

The gain of the integrator state is £k, = 0.221.

inlu inll in2u in2l in3u in3l indu in4l
8.04 347 906 438 522 499 617 6.86
in5u in51 inéu in6l in7u in7l inBu in8l

4.15 4.1 613 417 598 394 583 214
oulu oull ou2u ou2l oudu oudl oudu oudl
8.18 4.45 11.6 523 627 4,82 537 3.11
ouSu ouSl oubu ou6l ou7u ou7l ouSu  oudl
6.21 329 NA NA 7.7 477 569 425
nllu nlll nl2u nl2l nriu nrll nr2u nr2l
896 7.34 827 688 107 666 791 7.67

Table H.4 Feedforward gain matrix F for 1280mm wide slabs at ¢/r = 1450.

inlu inll in2u in2] in3u in3l indu in4l
4.52 335 7.08 634 422 823 547 12.1
in5u in3l inbu in6l in7u in7l in8u in8l

246 6.54 5.58 575 4.5 4.16 4.21 2.3

oulu oull ou2u ou2l oulu oudl oudu oudl
7.04 498 5091 5.67 57 672 417 3.82
ouSu  ouSl  oubu ou6l ou7u ou7l oudu  oudl
454 4359 NA NA 496 495 445 476
nllu nlll nl2u nl2l nrlu  nrll nr2u nr2l
126 791 635 65 6.51 498 946 69
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H.2.2 Time-domain results
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Figure H.3 Mould level disturbance (d;(t)) used for the simulation of the 1280mm wide

slab system.

Electrical, Electronic and Computer Engineering



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

W= YUNIBESITHI YA PRETORIA

Appendix H LQTSS

340

335

330

325

[x10°C]

d,

315

310

305

300
0 2 4 6 8 10 12

tfs] x 10

Figure H.4 Water temperature (ds(¢)) disturbance used for the simulation of the 1280mm

wide slab system.
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Figure H.5 Outputs (y(t)) of the system without the LQTSS controller for 1280mm wide
slabs.
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Figure H.6 Outputs (y(¢)) of the system with the LQTSS controller for 1280mm wide
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Figure H.7 Tracking errors of the system without the LQTSS controller for 1280mm wide

slabs.
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Figure H.8 Tracking errors of the system with the LQTSS controller for 1280mm wide

slabs.
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Figure H.9 Casting speed (casting speed, u;(t)) for the LQTSS controller for 1280mm

wide slabs.
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Figure H.10 Casting accellaration for the LQTSS controller for 1280mm wide slabs.
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H.2.3 Frequency-domain results
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Figure H.11 Open-loop SVD plot of casting speed to the thermocouple temperatures with-
out control (g(s)).
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Figure H.12 Closed-loop SVD plot, T(s), of the system.
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Figure H.13 Sensitivity function for the system.
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Figure H.14 Reduction in the effect of mould level disturbance on the output temperatures.
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Figure H.16 Bode plot of the transfer function of p(s) = h(s)v(s).
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H.3 1575mm wide slabs results

H.3.1 Tabled results

Table H.5 1575mm wide slab errors, maximum accellaration and maximum speeds

for the LQTSS implementation at different values of the ¢ /7 ratio.

% SMSMSE  max|duy /dt|  max(u1)
None 5.5005 0 1255
0.001 5.5002 7.123 1304
0.01 5.4817 15.96 1311
0.1 5.4702 40.38 1330
1 5.4648 86.87 1339
10 5.4627 192.4 1345
100 5.4618 3553 1349
1000 5.4615 640.9 1351
10000 | 5.4613 1115 1333
6750 5.4614 999.7 1353
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Table H.6 Mean Square Errors for the LQTSS implementation for 1575mm wide slabs

for different values of the ¢/r ratio. ¢/r = 6750 has the maximum accellaration of 1000

mm/minZ.

% inlu inll in2u in2l in3u in31 indu indl
None 294 614 12 20.1 5.15 25.8 1.78 48.6
0.001 3.59 63.8 112 20.1 3.97 259 2.01 499
Q.01 255 61.9 124 19.1 351 243 1.7 49.8
0.1 3.56 60.6 134 18.3 316 231 1.49 498
1 3.58 597 14.1 17.8 301 223 1.37 498
10 3.6 592 14.6 17.5 297 219 1.31 49.8
100 3.61 58.9 14.8 174 296 216 1.28 49.8
1000 3.61 58.7 15 173 296 215 1.26 49.8
10000 3.62 58.7 15 172 296 214 1.25 49.8
6750 362 58.7 15 173 296 214 1.25 49.8
5}_ inSu insl in6u in6l inJu in7l infu in81
None 17.7 8.21 3.07 42.6 9.2 38.7 212 39.5
0.001 13.6 757 3.07 435 9.26 39.6 221 399
0.01 12.6 6.63 249 433 7.98 38.6 21 378
0.1 11.8 5.93 207 43.1 7.03 378 20.1 36.2
1 115 5.51 1.82 43 6.47 373 19.6 352
10 113 5.28 1.69 429 6.16 37 19.3 346
100 112 515 1.62 429 5.99 36.8 19.1 343
1000 112 5.08 1.58 42.8 5.89 36.7 19 34.1
10000 11.1 5.04 1.56 42.8 5.84 36.7 19 34

6750 11.1 5.04 1.57 428 5.85 36.7 19 34

% oulu oull oulu ou2l oudu ou3l oudu oudl
None 274 62.1 9.73 36.7 1.63 41.7 0.918 65.8
0.001 28.5 65.9 9.4 373 2.1 436 1.36 67.3
0.01 28 64.9 7.92 35 1.99 425 1.39 67.3
0.1 216 64.3 6.75 333 1.94 41.7 144 67.2
1 2713 63.9 6.06 323 1.92 41.2 1.49 67.2
10 272 63.6 5.68 317 191 40.9 1,52 67.2
100 27.1 635 5.48 313 1.91 40.7 1.54 67.2
1000 27 634 5.37 311 1.91 40.6 1.55 67.2
10000 27 634 532 3] 1.91 40.6 1.56 67.2
6750 27 634 532 31 1.91 40.6 1.56 672
-?: ousu ousl oubu oudl ouTu ouTl ouBu ousl
None 4.08 9.33 NA NA 114 6.67 338 59.1
0.001 297 10.1 NA NA 10.7 5.55 381 60

0.01 2.29 9.89 NA NA 11.7 47 345 57.4
Q.1 1.8 9.76 NA NA 125 4.09 319 55.4
1 1.53 9.67 NA NA 13.1 374 305 542
10 1.39 9.62 NA NA 135 355 296 535
100 1.33 9.59 NA NA 13.7 344 292 53.1
1000 1.29 9.57 NA NA 13.8 338 29 528
10000 1.27 9.56 NA NA 138 335 2.88 52.7
6750 127 9.56 NA NA 13.9 335 2.88 52.7
% nilu nill ni2u ni2l nriu nrll nr2u nr2l
None 339 84.8 104 317 255 425 60.4 107
0.001 336 832 100 30.8 253 4.06 60.4 105
0.01 34.5 85.1 104 32 269 5.01 62.1 108
0.1 354 86.6 106 329 282 5.79 63.5 110
1 359 87.6 108 338 29.1 6.31 64.3 111
10 36.2 88.1 109 339 295 6.63 64.85 112
100 36.4 §8.5 110 34.1 29.8 6.82 65.1 113
1000 36.5 88.7 11 34.2 30 692 653 113
10000 36.5 88.8 11 343 30,1 6.98 65.4 113
6750 36.5 88.8 111 343 30.1 6.98 65.4 113
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Table H.7 Feedback gain matrix K, for 1575mm wide slabs at ¢/ = 6750.

The gain of the integrator state is ko, = 0.316.

inlu inll in2u in2l in3u in31 indu indl
17 10:2, | 23.6 822 228 13.3 13.9 0.146
inSu in5l in6u in6l inTu in7l in8u ingl
204 1.3 @ 39 1.9 17 7.93  14.1 14.3
oulu oull ouZu ou2l oudu’ ou3l oudu oudl
825 486 192 13.3: 131 8.05 133 0362
ouSu ouS5l oubu ou6l ou7u ou7l ouBu oudl
15.8 287 NA NA 19.3 12.5 12.5 1331
nllu nlll nl2u nl2l nrlu nril nr2u nr2l
8.29 9.74 19.7 11.2 11.1 16.1 7.47 10.3

Table H.8 Feedforward gain matrix F for 1575mm wide slabs at ¢/r = 6750.

inlu inll in2u in2l in3u in3l indu n4l
12.4 127  16.2 9.02 176 1.3 127 0.211
inSu in5l infu in6l in7u in7l in8u in8l
24.1 128 13.7 235 172 8.51 13.1 13
oulu oull ou2u ou2l oudu ou3dl oudu oudl
8.02 7.32 163 194 127 10 124 05
ouSu ou5l oubu oubl ou7u  ou7l ouBu  oufl
174 433 NA NA 15.2 I3:2 125 14.8
nllu nlll nl2u nl2l nrlu  nrll nr2u  nr2]
6.96 11.6 21 11 13.3 17,1, 925 14.6
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H.3.2 Time-domain results
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Figure H.17 Mould level disturbance (d;(t)) used for the simulation of the 1575mm wide
slab system.
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Figure H.18 Water temperature (d,(¢)) disturbance used for the simulation of the 1575mm

wide slab system.
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Figure H.19 Outputs (y(¢)) of the system without the LQTSS controller for 1575mm wide

slabs.
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Figure H.20 Outputs (y(¢)) of the system with the LQTSS controller for 1575mm wide

slabs.
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Figure H.21 Tracking errors of the system without the LQTSS controller for 1575mm

wide slabs.
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Figure H.22 Tracking errors of the system with the LQTSS controller for 1575mm wide

slabs.
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Figure H.23 Casting speed (casting speed, u; (%)) for the LQTSS controller for 1575mm

wide slabs.
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Figure H.24 Casting accellaration for the LQTSS controller for 1575mm wide slabs.
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H.3.3 Frequency-domain results
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Figure H.25 Open-loop SVD plot of casting speed to the thermocouple temperatures with-
out control (g(s)).
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Figure H.26 Closed-loop SVD plot, T(s), of the system.
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Figure H.27 Sensitivity function for the system.
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Figure H.28 Reduction in the effect of mould level disturbance on the output temperatures.
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Figure H.29 Reduction in the effect of water temperature disturbance on the output tem-

peratures.
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Figure H.30 Bode plot of the transfer function of p(s) = h(s)u(s).
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