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0 2.1: Typical PID Tuning Parameters

Controlled PB T1 >
Variable (%] [min]  [min]
Flow ~ 100 ~1 -
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Pressure (Vapor)*! < 50-100 *2 -

Temperature *3 (= 100 at initial) *3 *4
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0 2.1: Block Diagram for Feedback Control
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0000 At000D0ODOOOOO0O0O0OoooooO:

y(k+1) = ef%y(k) + K(1—- eéef%)u(kz — R)

At Ry

+Ke 7 (e —1lu(k—R—1)

(2.4)

O0O0O0ORO RMOODOODO L/At000000OCOODOOOOOOOO

goooooboooooopiDbObob0oobooboobooboboboobDUobO
00 pPIDOOOOOOOOOOOOOOODOOOOOODOOOOO 4w(t)OOOOO
gobooobooboooooobooood:

e*LS

Yi(s) = s 1 Ysp(s) (2.5)

0000~0000000000LO 100000000 (23)0000000000
gbobobobobobooboooooooo:

1
Ysp(s) = — (2.6)
0000000000 (25)0 (260000000

0 (k<L)
ye(k) = _ (k—R)At—R; (2.7)
l—e r (k> 1L).

PIDOOCOOODOOO (22)000000O0O0O0OOOOO:

u(k+1) =u(k) + Kp((e(k) —e(k—1))+ j{le(k)At

e(k) —2e(k—1)+e(k—2)
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O 2.2: Model Parameters of the FOPDT system

Parameters Value unit

K 1.5 -
T 50 S
L 10 S

oooobooob pIDO00OU0ODO0ODOODO0ODOODOODUOND =200
gobogz222000000000000000 FOPDTOOOOOODOODOO PID
gobobooboooboooboooorPIDbOO0DOO PIDODOODOOODOODLDOODO
gboooooboobooobooboobobog22023b00000booobogD PID
gbobobobobobo 23000000

ooobobob PlO0O0OOCOOOO PIDOOOOOOOOOOOOOOOOO
gooboobooboooboobobobooboboooboPID PIDODOODDODOOD
gobodbooobuodoboobobooboobbooboobbooboobo

11



goboooooooPrPIOPIDODOODOODOODOOOODODOOODODOOD
gboogoooooooboobobob PlOODbODODOD PIDOOODOOD
goboooobooboobobon

1.2 T T T
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OO | | |
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14 [ T T T 7]
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06 .
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0.2 | _

0.0 : : :
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0 2.2: PI Controller Performance by Optimized Parameters

O 2.3: Optimized PID Tuning Parameters

Parameters PI PID Unit

Kp 1.13 1.13 -
17 53.78 51.75 S
Tp - 1.61 S

23.2 JUOOOOooono
gbobobobobooooon

gbooooboooooooboooobooo pPiDOOODOODOOOOODOOLO
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4.0 T T T
35
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OO | | |
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0 2.3: PID Controller Performance by Optimized Parameters

- Lee et al. method [12]

Ti L2 L2 L
P= K+ V=T oy 'P 6(Tr—|—L)( TI>
- CHR method [11]
-
Kp = 06—, Ti = 7.7p = 0.5L (2.10)
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FOPDTOOOOOOODOOOODOOOOOOO L/7f0000 Leeetal. 0000
o0oDOoO0IsE000o0odoo0ooooobo 27yOoooooOoobobooOobooboOoD
O Leeeta. 00000 L/fO00000ISEOD0OO0OQOOOOOODOOO

O 2.4: Designed PID Tuning Parameters by each Approach

Parameters Lee et al. CHR Proposed Unit

Kp 2.21 2.00 2.12 -
11 53.13 50.00 52.24 S
Tp 2.93 5.00 3.36 S

O 2.5: ISE between reference trajectory and process output

Lee et al. CHR Proposed
0.055 0.168 0.033

O 2.6: Model Parameters of the FOPDT system (+10%)

Parameters Value Unit

K 1.65 -
T 55 S
L 11 S
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1.2 T T T T
1.0 - =
. Lee etal. — |
081 CHR
> 06 | Proposed ——
i Ysp
0.4 ‘\ v,
0.2 _
00 | | | |
0 20 40 60 80 100
Time [s]
14.0 T T L T P T
12.0 ee et al. ]
10.0 L CHR N
: Proposed ——
8.0 -
S5 6.0 _
4.0 -
2.0 -
0.0 —
2.0 | | | |

0 20 40 60 80 100
Time [s]

O 2.4: Control Result by each Approach

1.2 T T T T
1.0 - _
L Leeetal — |
0.8 \ CHR
> 0.6 | Proposed ——
L Ysp — |
0.4 “ Y
0.2 ‘ -
00 | | | | |
0 20 40 60 80 100
Time [s]
14.0 T T ) T . T
12.0 ee et al. -
10.0 - CHR N
: Proposed —
8.0 _
> 6.0 -
4.0 -
2.0 -
0.0 E
2.0 1 1 1 1

0 20 40 60 80 100
Time [s]

0 2.5: Control Performance with Model Mismatch (+10%)
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O 2.7: Model Parameters of the FOPDT system(-10%)

Parameters Value Unit

K 1.35 -
T 45 S
L 9 S

12 T T T T
1.0 -
L Lee et al. i
08 1 CHR
> 0.6 | Proposed —
_ Ysp |
0.4 “ Y,
0.2 -
00 | 1 1 1 1
0 20 40 60 80 100
Time [s]
14.0 T T ) T p T
12.0 ee et al. -
100 L CHR |
: Proposed —
8.0 -
5 6.0 —

4.0
2.0
0.0
20 I 1 1 1

0 20 40 60 80 100

Time [s]

0 2.6: Control Performance with Model Mismatch (-10%)

0 2.8: ISE between reference trajectory and process output with model mismatch

Lee et al. CHR Proposed
+10% 0.260 0.130 0.143
-10% 0.069 0.372 0.123
Average 0.165 0.251 0.133
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0.08

Lée etal
0.07 - Proposed

0.06
0.05
0.04
0.03
0.02 - -
0.01 - -
0.00 1 i 1 1

ISE

L/t

0 2.7: Comparison of the ISE generated by varying process dead time to time

constant ratios.
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000000D0000000D00000 Predictive Function Control (PFC) [8] 0 O
ooboopPrCcOol1gooobooboooobOobObO0oooboobOooobobooooD
oobDOoOobDOopPFCOOOOCOOOOOFOPDTOOOOOODOOODOOOPFCO
gobodbooooboobooobooboobobooboobboobooboo
gbooobooobooboboooboboboob 2900 2800000000000
oooooOdopPIDODCOOO PIDODOOOOOOOOPFCOOOOOOOODO
gobooboogoooo

O 2.9: ISE between the reference trajectory and process output with model mismatch
for PFC

PFC Proposed
+10% 0.104 0.143
-10%  0.103 0.123
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1.2 T T T T

1.0 - —

08 PFC +10% i
Proposed +10%

> 06 [ PFC -10% —— -~

Proposed -10% ———

041 Ysp ]

02 -

0.0 ‘ L L L

0 20 40 60 80 100

Time [s]

0 2.8: Comparison of control performance between PFC and the PID controller
using the proposed tuning method.

24 000O0OO0OO
241 0O0OO0OO0DOOO

oooDooOoooooroPDTOODOOOODOOOODOOOODOOOOODOOO
000 (211) 0000000000000 DO0O0O00O0OO0OOOO FOPDTOOO
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gobobopPIDODODOODODOODODODODODODODO

Ke—Ls
- S
ODdo0o0oooooboooooooboooooooooooooooooooao
oot ooboooooooooooooon
gdodbooooouooooouoouooooouoooooa
O0o0odoboooooboooooooooon:
K4l
N S S

Gp(s) (2.11)

D(s) (2.12)

0000 KqOOOoOoooooooooo
gooobopiDObDbO0ObOb0O0OODObO0OOODODODbDOOOODObDDODO
0000000 (213) 000000000 00:

1
T 1+ Go(s)Gr(s)

0(211)0000000000000 (213)00 (2.2)0(2.11)0(2.12) 00000
0ooooooo:

Y (s) D(s) (2.13)

KqT1
Y(s) = 2.14
() = A RpRTo)Tis? + KoK Tis + KoK (2.14)
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0 (214)020000000000000O0O0O0O0O0O0O0O0O0O0O0O0O (25000
0000000 DoDO0oOooDOooDOoD 2000000000000 DO0ODO0ODODOon
0000000000000 0000o00oOoooo PIDO0OOODOOOOOOD
doodooooooog:

Kd7'r2
m (2.15)
O000000000O00o0oPIDOO0OOCOOOOOOOOOOO (21400000
0000000000000D0 (215) 00000000 200 KyoOOoOOoooooo
00O0DOoPIDODODOODOOCOOOOD KyOOODOODOOODOOOoOooOoooo
0000000000 KyOOoOoo (211)0 (2.12) 0000000000000 OO:

Yi(s) =

y(k+1) =y(k) + K(At — Ry)u(k — R)

(2.16)
+KR1U(I€*R*1)+AI§
000000000000 (215)0000000000D00O0O0O:
kAt
ye(k) = (kAt)e = (2.17)

0000000 PIDOOOOOOOOOOOD 10000000 0000 (2.8)0
(2.9)0(2.16)0(2.17)00000000000000000000000O0.
00000000000000000000000021000000000000
0000000000000000000000 #=12000PIDO0OO0OOOO
00000000

0 2.10: Model Parameters of Ramp System

Parameters Value Unit
K 0.1 1/s
L 10 S

uboboobooboboobobg 21100 2900000000000 00b000n
oo PIOPIDODODOODOOOO0OOOODODODODODOODOOLOODOD
goo

242 I-PDO0OOOODO

PIDOO0OODOODOOOOOOOODODOODOODLOOOOOOODODODbOD
gbooobobobooboboboooboboboooobobooooboboon
goboboboboboboboboboboboboboboboboboboob
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0 2.11: Optimized PID Tuning Parameters for the Ramp System

Parameters PI PID  Unit

Kp 0.17  0.17 -
11 259.2  249.0 S
TD - 10.27 S

50.0 T T T T
40.0
30.0
20.0
10.0

0.0

0.0 T T T T
-2.0 PID 7

-8.0 | k -
-10.0 | T

-12.0 ' ' ' '

Time [s]

0 2.9: Control Performance with Ramp System
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gobobob 210000000 I-pDOOOOOOOOOODOODODODODOD
goboooooboooon

Uls) = KP{Y(S) + TLE(S) - TDSY(S)} (2.18)

0 ((28oOoooooooooooooog:

u(k+ 1) = u(k) + Kp{—y<k> Fy(k—1)

+ et (2.19)
T
y(k) —2y(k —1) + y(k —2)
—I At }

ooooo0 (21900 (28000 I-PDOOOOOOOOODO PIDOOOOOO
goboooboooooooboooon

0220 FOPDTOOOOOOODO n=2000000000 I-PDODCODODOO
gprPIDO0OODOOOOOOOOOO21200000000000 2110000

0 2.10: Block Diagram for I-PD Control

O 2.12: Optimized PID tuning Parameters for I-PD Controller

Parameters PI PID  Unit

Kp 297 4.29 -
T 28.28 27.16 s
Tb - 4.22 S

gobooboboooboooboobbooboboooobboobboooboon
gobooobor-pDOOO0OO0OOCOPIDODOOODOOOOOOODOOODOOD
gbooobooboooobooboooooobooobobooooboooobo-pPDOOO0ODOD
gprPIDODOO0O0ODOOODOODOOODOODODOODODDODObLODODLOOODOODOOn:

e—Ls

Yi(s) = WYSP(S) (2:20)
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OO I | 1 1 1
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0O 2.11: Control Performance for I-PD Controller

0000n0O00000000DO0COOOOOOO (22000000000000000
gooogo:

0 (k<L)
yr(k): 1767(’9*1{)7_?’:*}31 n ((k_]jLzlAt‘_Rl)ifl (k;>L) (221)
= v (i—1)!

PIDO00O0O0OOOOOOOOOOOOOOOOOOOOOO (27)0000O0
0(22)000000nR=11007=2000000000000=-PDO0OOODOO
OPIDOOODOOOOOOOOOODODOODODO 21300 212000000000
gddoooooooo n=1100 n=20 =200 0 n=100000000O000O
gdododbodooododoooooodooooooooooooooooog

gboboboboboboboboboob

243 0OO00OO0OOOOOOPIDOOOOODODODOO

goooooboooooboo piDOdbooboobooboobobbogobDobO
O0000o0ooooooo0y0O0OoOO0OO0O0 000000000000 AwOO
gobooboooobooboooobooboobbooboobobooboooboo

22



0 2.13: Optimized PID Tuning Parameters for I-PD Controller (n=2)

Parameters PI PID  Unit

Kp 248  3.40 -
17 2745 27.23 S
Tp - 4.40 S

1.2 T T T T
1.0
0.8

Pl ———

PID

Ysp ——
o — A

04
02 |
0.0

100 150 200 250
Time [s]

16 T T T T
14 + Pl i
12 L PID i
1.0 B
S5 08 \//\v i
0.6 B
04 —
0.2 —
0.0 [ 1 1 1 1
0 50 100 150 200 250

Time [s]

O 2.12: Control Performance for I-PD Controller by New Reference Trajectory (n=2)
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O000000O0oO0O00oOo0oOoPIDOOODOOOODOOODOOOOOO (290
gobooobobooooooood:

u(k Umax
(k) < }<

k=1,2,-- ,m) (2.22)
|Au(k)] < Atumax

0000 tmax 0 Atmax 00000 w(k) 0 Aw(k) 000000000 220 FOPDT
0000000000000 A=6000000000000000 PIDOOOOO
0000000000000000000000 21400 2130000 Case No. 10
0000D000000000023200000000000000 Case No. 2-40
Aw(k)00000000000000000000000000000000000
0000PIDOOOO0OO0OOO0O0O0000Case No. 1-3000u(k)0 Au(k) 000
000000000000000000000000000 u(R+1)=0+Au(R+1)
000000000000 O0CaseNo. 400000000000000000000
000 Aw(R+1)000000000000000wR+2)>uR+1)00000
00 Case No. 500 »(k)0000000000000000000000O0OO0
00000000000000000000000000000000000000
OPIDOOOOOOOOO0O00O0O0OOOOOOOOOOO00

O 2.14: PID control performance by tuning parameters with constraints

Case No. 1 5 3 4 5
Parameters

Kp 2,12 2.09 206 197 1.76

Tr 52.24 58.39 61.49 60.46 57.63

Tp 3.36 138 044 0.00 0.12

Umax 10.00 10.00 10.00 10.00 2.10

U 9.30 5.00 3.00 233 210

AUpmax 10.00 5.00 3.00 2.00 2.00

Au 9.30 5.00 3.00 2.00 2.00

gooooboobobobopPiDbOO0bOo0oboob0bbOobDobbooboobUobO
gboooogz2140000000000000000DO0O0OOOOODOODOD
goboodobooooboobooooboobooobbooboobbooobooooboo
gooboobooboobobooboobooprPIbbobbOobObOoOobDbOobOD
gobodbooobuoobooobooboobbooboobbooboobo
goooobobooooboooboboobooboobobooobooboboooooo P
goboobbooboobbooboonobooog:

() DOoooO0oU0oOo0ODUOoOoOooOoUooO/ooo
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0 2.13: PID control performance by tuning parameters with constraints

(2) D0O0O0O0OO0D0DO0OOOOOO0DO0OOOOO0ODOODODOODODOOOO/OObODOO
goboboboooobbooooboobboooobboboooobboooonooo
oono

(3 D000 ()0 (200000000000 0OO0O0ODUOUDOOOOOOUODOO
goooo

000000000000 A=2m?00000000000002m000000
00001m(50%)0000000000/00000000.02m3/s000000
000000000000000.04m?/000000000000.042m?/0000
000000001.8m (90 %) 000000000000000000000000
000000000000000000000000000000PIO000O000
00000000000000000000000000000000000000
00000000000000000000010%000 2200000000000
000000 L=20000000000000000000 (211)0 KOO (2.12)
0K,00000 —-4=-050 ~'0 4=050 "'000000

000000000000000000000000000 (212)00000000

0000000000000 00000000000OoO (2.16)0 (21HOooooO0O:
 Ka Adax

D(s) = =4 =1, (2.23)
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O0000D00Adw.000000000000000000000000 0.02m3/
0000000000 (216)0 (2170000 OOOOOOO:

y(k+1) =y(k) + K(At — Ry)u(k — R)

(2.24)
+ KRju(k — R — 1) + KgAtAdpax

kAt

(k) = KqAdpax (kAt)e™ =

(2.25)

Ubooobob0 n00000000D00D0D ymax 8OO0 O0OOD0OODOO0OO
022) 00000y 00000000 00000000C0O00OO0DOOO:

_ Ymax€
KdAdmax .

Ty

(2.26)

000000000000 Ymax=1.8m (90 %) 00 »=217.500 PIOOOOOOO
gbobobobobob
ubooobooboobobogno21000b00booog 2150000040000
000000000000 0O0O000O0O0CaseP1ODOO0ODOOOOOOODOODO
grPlobobOobOO0O0bOO0oOoobOooooboooboooooobooobooooD
O00000000D0O0000D0 Case P2000 OOODOOOODOODOOD
gboboooorpiDObUobb0O0obOUbbDobU0bOb0ObDUObDUObOOODOoLDUODOD
O0o0DDOO0000O0O00DO0O00bOCase P20000000O000OO Case
PlOOODOODOOOOOODOOODOOOODOOOODOODODODLOODODO
O00Case P3OO0OOODODOOODOOODOOO4IO000PIDOOOOOOOOODO
oobOo0ooOoooOooboooogoobon4ioboboObOoODOCaseP300
00000000000 Case P2O0000000O0O0O0OOO0OO0OODOOCase P4
ogoobooobobobooooorpiIOb0DODO0ObODbDObDOODbDODODODOOD
Case PA0O0O Case P3O OOOOODOOOODOOOODOOODOOOODOOODOO
gboooboobooboooobooooobooooobooo prObb0obOooDOoD
goboobobooobooboboooboonboobo

25 0000O0O0OO0ODODOOODODOOODCSOUOOPIDOOO

0o
0000000000000 00O00000DODO0O0O0O0OO0OO0OO00 (Crude Dis-
tillation Unit, CDU)0 0 0000000000000 O0OO0OOOOOOOOOOO
000 200 DCS(Distributed Control System) 0 PIDO 000000000000

O00000000000DCSOO00O00000O Foxboro I/A Series System O 0 O
0000 Centum VPOOOOOOOOOODOOOOOOOOOODDOODODOO:

e JOUODODOODODODODOODODODOODODOODODOOD
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O 2.15: PI tuning parameters for Level Control with constraints

Case No.

P1 P2 P3 P4
Parameters
Kp -0.0192 -0.0236 -0.0344  -0.0248
Tr 473.0 630.6 1040.0 607.8
Ymax - 1.800 1.800 1.700
Y 1.839 1.730 1.548 1.700
Umax - 0.042 0.041 0.042
U 0.04286 0.042 0.041 0.042
Au 0.000201 0.000244 0.000351 0.000256

Liquid Flow from
Upstream

Liquid Flow to

(l 2 Downstream

O 2.14: Process Scheme of a Drum Level Control System
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2.5

' ' ' CasePl —
Case P2
20 F Case P3 ——
. Case P4 ——
>~ 15 7& Y, .
&
1.0 - =
05 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Time [s]
0.05 T T T T T
0.04 -
0.04
0.04 _
> 0.03 _
0.03 Case P1 4
Case P2 i
0.02 Case P3 ——
0.01 |- Case P4 }
001 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Time [s]

0 2.15: Practical Example of Level Control Tuning with constraints

e PIDODOODOUOOO I-PDODODODODODODODOD
e O DCSOOODOOO

Foxboro I/A Series System 0 I-PDO0O0O0OO00O0O0O0O0OO0O0OCOOOOOOOO
00 0000000000000 Centum VPOODO I-PDOOCODODOOOOOOODO
0000000000000 oooooo0bOooOoonO Invensys O
DynsimO000000000OOOODynsim O Foxboro I/A Series System 0 0O 0 O
o000 Invensys OO0 0O OO0OOO0O0O0OOOO0ODOOOODODOOOODOODOOOO
Operator Training Simulator(OTS) 00 0000000000000 DO0ODOOOO
000000Dynsim O Centum VP OO 0OOO OPC(OLE for process control) O O
gooooooobooboooood

2,51 0JO00O0OObDOOoOoOon

ooooooboooobooobobooo260bbo CcbuboobooooooOon
gooooooboooocbvooboboOoOobooOobo3sooopbooboooobooboOoOn
gobobobobobobobobobobobobobobobobobUuboo
goobooooooooboooooebvoooooooooooooooooDon
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goooooboooooooooboboooooobo ecpvoooooooooooooo
goboobooooboobooooboobooobboobooboboobooooboo
000oooooooooocbuoooooodoooooooooooogooooo
gboooooobooboooooboboobobooobooboboooPIDO
gbobobooo21e00bobooobobooobobboboooboobooooboonon
O (TClboooooooo (pCHUOODODDODOOOOO(LCHOOOUDODOODOO
gobobobboooobobouoooboobbooooboooooboboboooobooo
PIDOODODODODODODODODLDODODODODODODO 2160000

to CDU Main
Column

to VDU Fired
Heater

o Pa L

Crude

Atmospheric
Residue

to CDU Fired
Heater

0 2.16: CDU Preflash Drum

O 2.16: Initial Conditions, Range and Unit of Controllers

Controllers Initial Value Range  Unit

FC1 700 0-1200 m3/h
TC1 200 0-300 °C
PC1 0.5 0-0.8 MPaG
LC1 50 0-100 %

252 0OJOOOO

PIDOOO0OODOODOOOOOOOOODOODOODOODOODLOOOOODODODbOD
gbooboooooboooooobobobobobonoog 2.1702.1802.1902.200
goboboboboboboboboboboboboboboboboboboob
gobodbooooboobooobobooboobbooboobboobooboo
0000O0oO00oDOoOo0DOoOoDObO rFroPDTOOOOOOOODOOOODOOOD
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gbobobobob3gogoon

nd
. 2
model?;r?;meters(]:kzz:o{ya(k)_y(k)} (227)
00d0b0Ond0OD0OO0OOO0ODOODOODO
rCiOTClOPCIOLCIODODODOODOOOOOOO 2.1702.1802.1902.200
gobooooobobbooo 217000 obbbooobboooooo
FOPDTOODOOODODOODOOOOODOODDOOODOOOOOOOOODOOO
gogoooooobobooboobootbotbdooooooobobooobobobodooooooo
doooooooobobboobobbbbbooooooo

0O 2.17: Identified Model Parameters for CDU Preflash Drum

hoop FC1 TC1 PC1 LC1 .
Name Umt
Eq (2.3)  Eq. (2.3) Eq. (2.3) Eq. (2.11)

Parameters

31.74 m3/h % 0.6619 °C/% -0.0118 MPaG/% -0.0446 %/% -

K

2.65 %/% 0.221 %/% -1.48 %)% - -
T 2.35 82.18 24.57 - S
L 3.15 13.18 2.54 4.49 S

253 DCSOOOOPIDODOOODOODOO

200000000000000 DCS(Foxboro I/A Series System O Centum VP)
ooboboboooboooobobooobooobobooboobooo PIDOO
OoooooooooOoOooooooooboOoOoooDbcso pPIDOODOODOOOO
0000000000000 00000OO0OO0OO0O0O0OOO (228)CcoOOOO0O:

100
PB =1 (2.28)

O000PIDOI-PDOOOOOOODOOODO FoxboroI/A Series System 0 Centum
vPOOOOODO200 DCSOO000O0OOCOOOO00OODOOOOOOOODO 210
goboooob 218000 PIDODODO0ODLO0OODODOODbDOODDOO

0o0o00do0ooboooooboobooboooboooobooobooo PIDODOO
goboboboboboboboboboboboboboboboboboboo
goboobooobbooooonoo
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Desalted Crude Flow [m3/h]

FC1 Output [%)]

Desalted Crude Temp. [°C]

TC1 Output [%]

1100 T T T T T
1000 | [ \‘ _
\
900 - ‘ Actual “ ]
800 | “ Model \‘\ |
700 | e
600 1 1 1 1 1
0 50 100 150 200 250 300
Time [s]
85 T T T T T
80 -
75 -
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65 | | | | |
0 50 100 150 200 250 300
Time [s]

210
208
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200
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90

0O 2.17: Identification Results of FC1
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Time [s]

O 2.18: Identification Results of TC1
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O 2.19: Identification Results of PC1
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0O 2.20: Identification Results of LC1
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O 2.18: The initial PID Tuning Parameters for two Illustrations

Loop
Name FC1 TC1 PC1 LC1 Unit
Parameters
PB 300 100 50 200 %
11 60 82 60 120 S
TD - - - - S

Invensys Foxboro I/S Series System 000 PIDOOOOOOOOOO

000000000 Foxboro I/A Series System D 0000 PIDOOOOOOOO
(21)0000000 2170000000000 OOOPIDOOOOOOOODOO PID
Ooo00ooooooooo0o0ooooooo 219000000

0 2.19: Optimized PID Tuning Parameters for PID Controller in Foxboro I/A Series
System

Loop
Name FC1 TC1 PCl1 LC1 Unit
Parameters
Ty 20 60 20 120 S
PB 2914 19.6 140 263 %
Ti 2.15  83.17 24.28 249.0 S
T 0 1.12  0.19 0 S

Foxboro I/A Series System 0 FC1O TC1OPCIOLC100000000B000OO
oo0oobogoobonD 2.2102.220223022400000000000000000
gbooboo4s00000 218000000 PIDOODODOODODODODODOD
O000000000000000 4500-7400000 2190000000 PIDO0OODO
goboobooooboobooooboobooobobooboobobooboooboo
OorClO00O0000ODOOO00O0OODOO00DOOOO00DOOOOODODObOOOOD
oo000oooOo0O0O0orCci00O0O0O0O000O0OOOO0O0O0O0OODOOO0O0O
oooooooOoOoooOOobO ObooobooooobooooboooooTciooo
o000ooO00oDooOo0oDoDoOo0obDoOooboopCclOOOoOODOOOOOOOOOD
oo00oooO0o0O00oooOo0O0o00oboOO0O0OoobooOOPCIOODOOOOOO
gooboooLcigopboooobooooboooobo0ooDooooooooboboOooo
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Desalted Crude Flow [m3/h]

FC1 Output [%]

O

Desalted Crude Temp. [°C]

TC1 Output [%]
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2.21: FC1 by Standard PID Controller
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2.22: TC1 by Standard PID Controller
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Preflash Drum Pres. [MPaG]

PC1 Output [%]

O

Preflash Drum Level [%)]

LC1 Output [%]

0.510 T T T T T T T
Setpoint

0.505 - PV -

0.500 -

0.495 B

0490 1 1 1 1 1 | 1

0 10002000 3000400050006000 7000
Time [s]

| | | | | | |
0 1000 2000 3000 4000 5000 6000 7000
Time [s]

2.23: PC1 by Standard PID Controller
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2.24: LC1 by Standard PID Controller
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gobodgbooobodoboobobooboobbuooboobbooboobo
gobooboooobooobooooboobooobooboon

00 DCS(Centum VP)OOOO I-PDOOOOOOOOODO

00000000 Centum VPO I-PDOOOOOOOCO (218) 0000000 2.17
gbobobobobobo -pDOO0ODOODODODO PIDODODODODOD
goboooboooobog 2220000000

0 2.20: Optimized PID Tuning Parameters for [-PD Controller in Centum VP

Loop
Name FC1 TC1 PC1 LC1 Unit
Parameters
n 1 2 2 2 -
Ty 20 60 20 120 S
PB 496  14.2 126 262 %
17 8.28 &81.34 23.17 249 S
Tp 0 4.75 0 0 S

Centum VPO FC1OTC1OPCIOLCIOOO0ODOOODOOODOOOODOOODDO
000 2.25022602.2702280000000000000000000000 0-4500
gbob 2180 I-pPDO0O0OO0OOOOOOODOOOODOODOODODODODOD
oooooooopibOdboobobboobooboobobooboooobbogobDoD
ooogo4s00-74000 00 2200000000 PIDOODOOOOODOOOODO
ooobooo0oOoooOoOoOoooooO0OoOooOobooOoooDoOo FC1OOOOOD
gobooboooobooboooobooboobbooboobbooboooboon
go0OrCciO TCl1OOOOOOODOOODOOOOOPCIOOOOOOODODODOOOO
gobodbooooboobooooboobooobbooboobobooboooboo
00o0o0o0ooOoO0OooOO00oOoO0oOoOO0U0ooOoOobooOOooDLCcloobooOoooDo
gbooooobooooboobobooobobobooobooobooboPpPIDOOD
gobooobooooboobooooboobooonbog

2.6 0OU

gooooooooooboooo pibO0dboobooooboboboobDobn
gbobobobobobobobob 1oobobooboboboboboboob
gobodboooobooboooobooboobbooboobboobooboo
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Desalted Crude Flow [m3/h]

FC1 Output [%]

Desalted Crude Temp. [°C]

TC1 Output [%]

900 T T S t| . t| T T T
B etpoin N
850 PV
800 B
i ]
700 |- B
650 B
600 —
550 1 1 1 1 1 1 1

0 1000 2000 3000 4000 5000 6000 7000
Time [s]

60 | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000

Time [s]

O 2.25: FC1 by I-PD Controller
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0 2.26: TC1 by I-PD Controller
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Preflash Drum Pres. [MPaG]

PC1 Output [%]
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O 2.27: PC1 by I-PD Controller
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0 2.28: LC1 by I-PD Controller
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= cross-section area

error between a measurement and a setpoint in the Laplace transform
error between setpoint and process output

normalized error based on engineering range

disturbance in the Laplace transform

disturbance

= controller transfer function

closed loop response transfer function for disturbance

= process transfer function

closed loop response transfer function for process
performance index

process gain

discrete time by sampling time

slope of ramp system

proportional gain of PID controller

= dead time

finite number of optimization

= order of low pass filter

number of actual data

proportional band of PID controller
integer part of L/At

remaining part of L/At

complex variable in the Laplace transform
derivative time of PID controller

integral time of PID controller

process input in the Laplace transform

= process input

normalized process input

process output in the Laplace transform

process output

actual process output

setpoint of process output in the Laplace transform
setpoint of process output

reference trajectory in the Laplace transform
reference trajectory

= sampling time

process time constant
time constant for reference trajectory
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vgodooobobobbotbdodooooooboboobootbdouooooonm
goooooobbobbbotbotbddooooobobboobobobtbodooooooo
oooooooooooooOoO0OooooooOoboooOoOooooooDoobooOoOoo
gdddoooooobbboooooboboboobobbobtoddouuoooooon
doooooooobobbobobobooddgboobobobboddooooooooo
oooooooooooooOoO0OooooooOoboooOoOooooooDoobooOoOoo
gdoooooooobbooobbbotodddduooooooboboooboobooono
gooooooobbobobotboddooooooboboobbodooooooo
goopooOOOO0OO0o0oOo0oOooOoOoDOoO0O0OOOOODOOOOOOObObOODOOO
godooooooboooobootbotbdooooooobobooobobobodooooooo
goobooboobdoooooboooobboobboobboobboooo
0000000000000 00000D000O0Shigio (1900000000000
goooooobobobobootbotbdoooooooboboboobobotbodooooooo
PRBS(Pseudo Randam Binary Sequence)[13]00000000000000000
0000000000000000 Sotomayor O (14|00 0000000000000
0000000000000 00000OLjung[15] 0 System Identification 0 00 0O O
00000000000d0Matlab System Identification Toolbox OO0 OO0 OO0ODO
gogogoooobooobbbbotbdgooooobobooobobbddoooooonon
00000 [17jooo0o0oooo

Joooooobboboboodoooooooobobobboodoooooooo
000000000000 00000000000000000000 ARXODOD
gooobbboooodoogoooobobbouooooooooobobobobooooo
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gobodgbooobodoboobobooboobbuooboobbooboobo
goboobooooboobooooogo

3.2 UOOOOOOO

3.2.1 0O0O0OobOOoOOooon

0000000000ooooooooooDoDD ARXODDOOODDODOARX
gobogbooobooon

m n
yu(k+1) = iym(k —i+ 1)+ Y biu(k —i+1) +d(k) (3.1)
i=1 =1
0000y, 00000000000«.00000000;0000000 (AR)OY;
JodddooododddmOnddOdOOO0OO0ODOOODOOO0O00O0OOOODODOO
0000 (31)000000000000000004d(k)-dk—1)0000000
ogooooo

Ym(k +1) = ym(k) + Zai{ym(k —i+1) = ym(k — i)}
=1 (3.2)

+ ) bifulk —i+1) —u(k—i)}
=1

0(3.2)000000000 (,b) 000000000000 0OOOOOOOODOO
Jdooobooouoboobboobooobooobooobooobooboooo
00000000000000000D00 10000 (First Order plus Dead Time,
FOPDT)OODOODO 20000 (Second Order plus Dead Time, SOPDT) OO OO
00000000000 00000000O000OUO0LOOD (3.2)0U00o0oU0OO
0000000000000 0O000O0O0000O0ODODO00 G(s)bobooooooo
a:

.10000 (FOPDT) OO0

o K —Ds
Gls) = e (3.3)
-20000 (SOPDT) 0 00O (Time Constant (TC))
_ . 4
G(S) (7’18+1)<7‘28+1)e (3 )
-20000 (SOPDT) 0 OO (Damping Ratio (DR))
K 1w?
G(s) = s + D™ py (3.5)

s2 + 2(ws ru2°
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-000 (Ramp) 0 OO

K(mos+1) _p,
(754—1)8€

0000KDOODODOOOOO-s00DOO0O0ODODOO0O00O0000007; and 1

OsopPbTOOOODOODOOOCOOODDwODOODOODOOODOO
000000000000 0000000 ARXOOOOOOooooo
O00000ARODOOODOOOOOOOOOOOG(s) 000000000000

goooooooooboboooooooooooo:

M .
Gls) = 2 (3.7)
=1

G(s) = (3.6)

S — S

0000000000000 MO FOPDTO 10SOPDT/Rampd 2000000
000 s 00310000000 3700000 AtD000O0OO00OOOOOOO
O00oooOo 38)0ooo0:

M
qi
G(z) =) AT (3.8)

i=1
0380000 B39Yoooooooo:

dizfiJrl

M=

M .
1 + Z TZ'Z_Z
=1
00000 (3.9)002z000000000:
y(k) +riy(k —1) +roy(k —2) + - +ryy(k — M)

(3.10)
:dlu(k)—I—dgu(k—l)—i—'--—i—dMu(k—M)
0330 AROOOOOOO (3.10)000Oooo0oOopoooooooooog:
oy = —T;
rp = —es1at (M =1) (3.11)
r = _(eslAt_}_eszAt)’,r2 —_ eslAtesgAt (M: 2)

O00D00AROODOOOO0OOmO 1020000

00000000 KO00000000 ARODODDOOOOOOOO0000000
000000000000000000000000 f(#)003200000000
00000 4 (k)0000000000000000000000 (f¢)00000
0o000OO0O000:

o (kAt < D)
(k) = f(kAt — D) (kAt > D) (3.12)
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0000 DO D=LAt+RO0OO0O0O0OOODOOOCOLODODODOOOOOOOO
O0ORO D/At0000O0O0ODO (3.12)0 LO ROODODODOOOOOOOOOOO:

o (k<L)
ymik) = { F((k—L)At—R) (k> L) (3.13)

0000k =0(@G=1,2,---,L)0m=20000000000 (3.2)0000 (3.14)
000000000

2
ym(k + 1) = ym(k) + Zai{ym(k — i+ 1) - ym(k - Z)}
. =1 (3.14)
+Y bifulk - L—i+1) —u(k— L—i)}
=1

0(3.14)000000000000000000OOO (3.15)000oo:

Ym(L + 1) = by
Ym(L+2) =ym(L+ 1) + arym(L + 1) + bo
Ym(L +3) = ym(L +2) + a1{ym(L + 2) — ym(L + 1)} + coym(L + 1) + b3
Ym(L +4) = ym(L +3) + a1{ym(L + 3) — ym(L + 2)}
+ a2{ym(L+2) —ym(L+ 1)} + bs

yHl(L+ Z) = ym(L+ P - 1) + al{ym(L +i— 1) - Z/m(L-l-i— 2)}
+ ao{ym(L +i —2) —ym(L +1i—3)} +b;

(3.15)
0 (315000000000 f)0000000000000:

b = f(At — R)
be = f(2At — R) — f(At — R) — a1 f(At — R)
bs = f(BAt — R) — f(2At — R) — an{f(2At — R) — f(At — R)} (3.16)
—ayf(At — R)
L bi =0 (i=4,5,--)

00006 =0 (i=4,5,---)00 (3.15)0 f(t)0 ;0000000000
0000005 0033000000000000000000000000
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ARXOOOOOoOoopoooooooooo:

2
(b + 1) = ym(B) + Y ci{tmm(k — i + 1) — yu(k — i)}
i=1

5 (3.17)
+) bi{u(k— L—i+1) —u(k— L —1i)}
i=1
00000000000 (3100000000000 U0ooDoo
- 0000000000000 DO00OD0 ARXOOoooooo
-0000Doo0oo0O00ooo0oooooog
-goo0obooooooooooooood
O 3.1: Parameters s;
Process Model $1 $9
FOPDT —1 -
SOPDT (TC) 11 # 7 - -
SOPDT (DR) (<1 —Cw4wy1—-C —Cw—wy/1-C2
(=1 —w —w
(<1l —CwHw/C—-1 —Cw—-w/-1
Ramp —% 0
O 3.2: Unit Step Response without Dead Time
Process Model Unit Step Response without Dead Time f(t)
FOPDT K(l—e7)
—x -
SOPDT (TC) 7 #12 K{%et T e th +1}
T = T9 [({—6_H + %te_q + 1}
1
_—Cwt _ 2 Tow—C —Cwt o _ 2
SOPDT (DR) (<1 K{—e cos(wy/1 — C2t) + \/@e sin(wy/1 — C2t) + 1}
(=1 K{—e %' + (tow — Vwte ™ + 1}
10w (V1 (/@) _ 1wV L (- /1)t
(>1 K| N o © +1]
=
Ramp K{—(ro—m)e ™ + (10— 1)+ 1t}
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1—Oi=y {v—a)(1+7)+ {g—1v+ s(1452)
. {4—(O-1)v}ivx D— T+D S\mﬁg
(=0 L =D (1v—0Vve)r}si (PO=DV I
tmmmHmﬁ\mQ\mHﬁO
; 1—z2/Ne _z
T Y
P 275 S [Eo{1+(1+10)y oy }+
ﬁlwv\(lvl3o.h\ﬁ¢~ mdﬁdAﬂx_vmmvwx_vﬁO;\vk Aﬂx_vmdmNTﬂ_vﬁdﬁO;\vx Zpip— tp+41n <9
F«QNQGHN‘BNQHQ@HﬂG H@ﬁﬁnTmﬂnTN@vﬂOﬁTq:M|
T—gdN—m)—=2yg
T—gd/NortmOy—=Tg
=0 H{—wv)ov—e—o}+
o POV —D-1) {1+ —1v)ov+0o-1}>51 P g =5
(T=m0L)=y* ) gm_2=D pO(MV+1)]03]
. . [(avir)soog—
Y UIS=Tgg ‘Y 5] S0O=Tgf
WDTLNO=H ye?=0 {O(Cgy 1)~ T oy tarmwaine oy S p—  (rvag)soovg 1> \Ngtﬂx\\%v
— - A - 4 o2, m(T+s0L
o “ ¢ {(g—1v)a}soo o+ {@r—1v)a}soo v~y a ! A
22N o
A (Y +1g) 0l
T, B
=V o=p POV —D-1)3 {(t+2vy)—n}oyy {1+2(1—1vV)} > 0= g ti=T11
o
To—C. CL—T1
=ty ‘T =V o{1+(1+ )%y }+ 49Tu) (145 Te
s =0 e Io(T+ Sy +101y) M ﬁ (T+2ney +Inly) 3 eto— So+iv wrl Mﬂqwﬁmm\mﬁm
‘g, 9=%p ‘1, o=Ip gﬁl_.:._‘msv:\L -
7 B T1+s+
mmHD,%\st 0 (1—D)vy (vD—1)M 0 D p——
SYTRUIOY £q gq 'q o o [OPOIA Sso001J

SUOI}OUN,] I9JSURI], UO paseq S[PPOJN XV JO siojourered [OpoJN €'¢ [
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3.22 0DU0O0O0OO0

0000000000000 (3.17) 000 PEM (Prediction Error Minimization)
goooooboPEMUOUOUODOODOOOOODODOODOODOODLDODUOODOODOOD
gjogoooooobbbobbbbotddddoooooooo oo
gbobobobobobobobobobo

nd
min}gmizeJ:Z{ym(i)—y(i)}2 (3.18)
i=1
00oo0eUlDO00UOOODOOUDDOOUOOUO(DUDOIODOODODOOODOO
0=|K,7,D)"\0yODODODO0OO0000000n00000000000000000
gooo
0@1)oo0ooodoo00ooooooooooooooooooooooOo
03io0bobobobooobooboboooobooboobooobobobooooD
gobooobooobpobooboooboonoog

Type of Transfer

Funltion

Y —» Model
Optimization Parameters of
Measurements —» Transfer
Method Function
U —m (K, D, )
B
Yalk+ D)=y (k) + > ady, (k-i+1) =y, (k-i)}

i=1

+ib,{u(k—L—i+1)—u(k—L—i)}

O 3.1: Proposed Identification of Linear Models

3.3 Uubuobnouooooon

gboboboboboboboobooob 3200b0b0obobobuononoon
gobodbooobuoobooobuooboobbuooboobbooboobo
gobooboooobooboooobooboobbooboobbooboobon
0ooopooboooooDb mvensysU OO0 ooooboooobooogoD
00000 DynsimUO00O00000 DynsimO000000000CO0000OOO
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000oooooooooo (Tcoy)ooooooo (Leoyooooooooooo
OO0 SsopDTOOODODO RampOOOOOODOOOOO

Ethane

T101

Feed ><]

Steam

A Condensate

—&—» Propane

O 3.2: Scheme of the Deethanizer

3.3.1 20000000 (Time Constant)

000000 (TCclo)0oo0oooooo0oooooooooooooooooo
gbobooooboboboobo s3gboobgboooboboboboooon
0000 SOPDTOOOO (Time Constant) 000000000000 OOOOOO
gobobooo34booooobobobos3sbobooo,booooooouoboD
gbobobobobob

0 3.4: Model Parameters of the Column Temperature Process

Parameters Value Unit

K 417 K/%
T0 109.17 S
T1 209.72 s
T9 218.87 s
D 3.31 s
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391.5 T T T
391.0
390.5
390.0
389.5
389.0
388.5
388.0

387.5 Actual
387.0 - Model
386.5 L L L
500 1000 1500 2000 2500

Time [s]

17.0 T T T T

\\

™~

Column Temperature [K]

o

16.5 -

16.0 _

155 F _

Valve Opening [%]

150 1 1 1 1
0 500 1000 1500 2000 2500

Time [s]

0 3.3: Model Identification Result for the Column Temperature

3.3.2 0O0OO0OO0OOO

gobooboobbooboobobooboobboobooobbooboon
0 (LC101) 0000000000000 00o0o0o0o00oO0oUoO0oUOOooO
gobodobobooobuoobooobobooboobbooboobbooboobo
FOPDT/SOPDTOOIUOOOOOOOOOOOOOODOOOOOOOOOODOODO
00000000 3.1¥) 0000000000000 LOO0DUO0OUOOUODoOO
goboooboboooooood:

ng—1

minigmizeJ: Z {Aym (i) — Ay(i)}? (3.19)
i=1
gbooooooobobobobgoobobo s40b0ob0obobobuoooobooo
ggobooobobuoooobuoobtboobtoooobobuoooobboooubog 3.5
goboboooboobuooboboobobooboobooboobobb 340b 0D
ggooooooboobobobotbdooooooboboooobobddoooooononb
ggoooooooboooooo
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O 3.5: Model Parameters of the Column Bottom Level Process

Parameters Value Unit
K -6.564 x107° (m/s)/%
T0 0 S
T 0.905 s
D 0.246 s

1.32 T T T T
1.31 + Actual =
1.30
1.29
1.28
1.27
1.26
1.25
1.24
1.23 . . .
0 500 1000 1500 2000 2500 3000 3500

Time [s]

Column Bottom Level [m]

55.5 T T T T T T
55.0 b
545 -
540 F
535 1

53.0 - _

525 | | | | | |
0 500 1000 1500 2000 2500 3000 3500

Time [s]

Valve Opening [%]

O 3.4: Model Identification Result for the Column Bottom Level
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3.4 U0o0oooon

O00000OLjung (15| 000000000000 (Ljung Method, LM) OO OO

O (ARX Method, ARXM)OOOODOO0OO0OO0O0O0OO0OOO Iterative Prediction-
Error Minimization Method(PEM) 0 0 0O 00 OO MatLab O System Identification
Toolbox 00O ODOO0ODOOODDOODODOOOODDODOOODOOODOOODODDOOO
googd

3.4.1 OUUOodobObOOoOoOooobobooood

0000000000000 0000 A(t)DOO NODOOOO (Laguerre) D OO
gobobooon:

N
= Z Cili (t)
i=1 (3.20)

6pt di -1

i—1 _—2pt
ST ")

O000p000000D0O000O0O0COOP0ODOOOODO Hirama et ol. [16]00
ugobogoodan
0 (3200000000 0O0000O0OOOO:

¢ = / T Rl ()t (3.21)
0

00000000 (Parseval’s theorem) 0000000000 (3.2) 0000000

goooooooo:
/ G(—jw)\/2p ( P ldw (3.22)
(Jw p)’

O00OO0OG(s)=LAH))00000000D0 0 KO7ODOOOODOOOOODOO
gbobobobobob
03200000G(s) 0000000000000 OOOOODO:

)z 1
Z i (3.23)

s+p)

0(323)000000000000000000O0O0O0O0ODO (3.23)0000000OO
000000 Iterative Prediction-Error MinimizationOO OO0 O0O000O0O0O00OO
oo0o0oooooooog
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3.4.2 0000

Ooo0oOoooooobooog 36000 FOPDTOSOPDT TCO SOPDT DR O
000 (G(s))DOO0D0O0O0O0O00D0O0OOOO0D0ODUOOOOOOOOO 3.6000
gobodboopooboobooboboobooboboon:

0353739000000 00000b0bO0bO0bOobOobOObO

0353739000000 0000b0b0bO0bO0bOobOobOOobn

0 3.63831000b00n0o0boboobuoobobooobaoaboon

0 3.63831000000000bo0b0o0boobooooboonboon

gbooobodgogosboboboobooobooobobobooobbobonbon
ooobo -pPODOOD00OO0DODODODODODODODODODObDODODO

LMO ARXMOOOOOOOOOO3600000360000000000C00
ogobodegnboobDoonOon:

1 & R
€=— > ISR; — SR (3.24)
42

O00O0SROOODOOOOODOOOOOOOOOOSROOODOONOOOOOOO
gobooooooboo

gboobobbobobobobobobobobobobooboooboooon
OoOLMO ARXMOOCOOOOOOOODDOODOOOOOOOODDOOOOOO
ooo0oooOoOoOooOoooOoLMOO ARXMOODODOOOOOODOOOOOOD
gobooooooooobooLMObOobboobboooboooooboooobooD
goooOoOoDooOOoOOOO0OO0ARXMOOODOOOOOOODODODODOOOOOOOO
goboooooooooo

3.5 0OO0U0ooobobobboooouobooboopPIDOODOOO
HEN

00000000000 SISO(Single Input Single Output) 0000000000
0o00ooooooooooooooooooooPIDO0DDODDODOOOOOOO
0do0DO0dooooooooosiIsooooooo 311 onooooooooog 30
0000000000000 0000D0D0000000 DCS Centum CS30000 PID
goboooooboooooooooa

00000000000 0000000000 (Japan Cooperation Center, Petroleum
(JCCp))UDOOUODOUOOOUOOJCCPOOUOOUOOUODDOOUDOODODODO
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0 3.6: Comparison Results between LM and ARXM

G 1.5e—%35 1.5(20s+1)e= 17 1.5(1554+1)0.05%¢ %85
(s) T 2051 (255+1)(155+1) 5242:0.05-0.55+1
; o 1.500e~*-300s 1.500(20.000s+1)e 7005 1.500(15.0005+1)0.050% ¢ —4-800s
without pen LM 20.0005+1 (25.0005+1)(15.0005+1) 5212.0.050-0.5005 11
noise Loop € = 0.00000 e = 0.00000 e = 0.00000
1.500¢~1-300s 1.500(21.091s+1)e~* %955 1.500(15.0025+1)0.050% ¢ —£-8005
ARXM 20.000s+1 (25.673s+1)(15.439s+1) 52+42-0.050-0.5005+1
€ = 0.00000 e = 0.00012 € = 0.00001
Closed 1.500e—4-300s 1.500(20.000s+1)e—*709% 1.500(15.0005+1)0.050% ¢ —4-800s
o LM 20.000s+1 (25.000s+1)(15.000s+1) 52+42-0.050-0.5005+1
Loop e = 0.00000 e = 0.00000 e = 0.00000
1.500e—*:300s 1.500(17.5085+1)e*729% 1.500(15.0015+1)0.050%¢—%-800s
ARXM 20.0005+1 (23.7995+1)(13.640s+1) 5242-0.050-0.5005+1
e = 0.00000 e = 0.00033 e = 0.00001
with Open 1.494¢~ 43575 1.482(47.037s+1)e 51575 1.503(16.4075+1)0.050% ¢ —5-050s
P LM 19.830s+1 (50.791s+1)(16.2925+1) 52+2:0.050-0.5225+1
noise Loop e = 0.00373 e = 0.01929 e = 0.01299
1.499¢—1.298s 1.507(58.386s+1)e > 7275 1.504(16.0155+1)0.050%¢—5-000s
ARXM 19.821s+1 (62.317s+1)(16.741s+1) 52+42-0.050-0.5185+1
e =0.00152 e = 0.00876 e=0.01134
Closed 1.501e—4-153s 1.513(8.605s+1)e—3-005¢ 1.499(15.7295+1)0.048%e— 17375
o LM 20.939s+1 (19.5865+1)(10.668s+1) 52+42-0.048-0.5015+1
Loop e = 0.00760 e = 0.01621 e = 0.01345
1.509¢—4:000s 1.505(3.9735+1)e 30008 1.498(15.4615+1)0.048%¢— %6985
ARXM 20.891s+1 (19.7285+1)(6.0025+1) 5242-0.048-0.4995+1
€ = 0.00616 e = 0.01253 e = 0.01488
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T T T T T T T
N YO O T O
14
12 | f .
10 | i i
>~ 8| /
6 /
4+ [ -
2 + / without noise
0 bt with noise
2 1 1 1 1 1 ]
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Time [s]
T T T T T T T
10
8 - -
6 - -
=}
4+ |
2 - -
O -
1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Time [s]

0 3.5: Open-Loop Testing Data for Model Identification of the FOPDT System

12 T T T T T T T

10 |

8 //»" -
- 6 (// b

4+ d -

2+ 1 without noise -

0 Vi with noise |

Setpoint
_2 | | | | |
0 50 100 150 200 250 300 350 400
Time [s]

8 T T T T T T T

7 - JOUTTON IO YR VIES T ot

6 P il

5 { .

Iy

4+ / .
=} 3 | / i

2+ / -

17 f without noise 7

0 FH it with noise 7

1 | | | | | |

0 50 100 150 200 250 300 350 400

0 3.6: Closed-Loop Testing Data for Model Identification of the FOPDT System

Time [s]
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w’r n
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12 | I —

10 | I —
> 8 / -

6 I~ / =

4 r | n

2 F / without noise .

O st with noise -

) 1 1 1 1 1 1
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6 - -
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2 - -
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0 3.7: Open-Loop Testing Data for Model Identification of the SOPDT System
(TC)
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12 T T T T T T T

10 | o

8 I v -

6 - /'/ -
> /

4 | [ _

2 - / without noise -

0 W with noise |

Setpoint
-2 | | | | |
0 50 100 150 200 250 300 350 400
Time [s]

8 T T T T T T T

7k o "

6 - il b

5 / _

4k i
S 3k / _

2+ | _

1h f without noise §

O [Pyt with noise ]

-1 | | | | | | |

0 50 100 150 200 250 300 350 400

Time [s]

0 3.8: Closed-Loop Testing Data for Model Identification of the SOPDT System
(TC)
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20 T T Iﬁ\ T T T T
/" iy
15 /,’ b Yy A
10 f -
> |
5F | 4
o L T—G without noise B
with noise
5 1 1 1 1 1 1
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Time [s]
10 [ T T T T T T T
8 - -
6 - -
>
4L |
2 - -
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0 3.9: Open-Loop Testing Data for Model Identification of the SOPDT System
(DR)
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12 T T T T T T T
10 pYEspite
8 »/// m
. / -
4 f _
2+ / without noise -
0 / with noise |
Setpoint
) 1 1 1 1 |
0 50 100 150 200 250 300 350 400
Time [s]
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6 / \\‘ /_‘//rf/~ il
Sar Y :
2 | / -
O [T ) ) -
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with noise
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Time [s]

0 3.10: Closed-Loop Testing Data for Model Identification of the SOPDT System
(DR)
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gbobobubooobobuobbobdboboboboboboboooooan
gboooooobobooooboobooooooooobobL piDODODOOOOD
gobooboooboboobooboboooobg
gobbooooooobooooob3sbooub pPiDOO0O0DOOOOOOOOODOD
000000000000 000000 3.12000000000000 SOPDT(Time
Constant) 0000000000 DOO0OOODOOO0OODOOOOODOOOOOOO
gobodbooobuoobooobuodoboobbooboobbooboobo
goboborpiDOb0O0OO0O0OOOOOOOOOOOODODODODODODODbDOD
00o0oOo0o3700oooosSopbTOOOOOOOOODOO
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ogbooooobooobobobobobobo pibUb0obobobDoboobbOD
gboooooob pPIDO0OODOOOOOOOOOODOODOOOODOOOODOD
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O 3.11: Scheme of the Tank System
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O 3.7: Identified Second Order Model Parameters for the Tank System

2nd Order Parameter Value Unit
(Time Constant)

K 8.701 mm/%
70 0.2954 S
1 27.93 S
T 27.93 S
D 8.659 S
230 T T T
220 Actual B
%(1)8 B Model ]
E 790 L Setpoint i
= 180 | -
°© 170 -
& 160 | \ i
- 150
140 _
130
120 | | | | |

0 100 200 300 400 500 600
Time [s]

Valve Opening [%]

10.0 | | | | |
0 100 200 300 400 500 600

Time [s]

00 3.12: Closed Loop Identification Result for the Tank System

O 3.8: PID Tuning Parameters for the Tank System

Initial ~ 100s 50s 20s Unit
Proportional Band 100  572.44 310.07 155.10 %
Integral Time 60 55.31  55.32  54.37 S
Derivative Time 0 15.20 14.56  15.66 S
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0 3.13: Performance of PID Controller for Tank System
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0 3.14: Representation of a Linear MISO System for Model Identification
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Yi(s) _ G11(s) Gia(s)| |Ui(s) (3.27)
YQ(S) G21 (8) GQQ(S) UQ(S)
—1.135 x 10735 — 1.235 x 1073 _,
G(s) s2 + 1.6380s + 0.09852 (3.28)
—0.3x 1073 2 x 1072
Ga(s) 0.3 x107°s+0.2 x 10 o ls (3.29)

s? +2.4298s + 0.0651

—2.218 x 107%5 + 5.656 x 107* _,
o _ ~1s 3.30
21(5) 2 + 3.49485 + 0.5002 < (3.30)
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O 3.9: Comparison Table for each Model

Top Temperature C3 in Bottom

Actual  Original Updated | Actual Original ~ Updated

K | -0.01234 -0.01529 -0.01226 | 0.0009583 0.0004502 0.0008449
;-’j To | 0.9190 0.7823 1.040 -0.3921 3.864 3.864
e 2.609 0.7707 1.599 2.275 0.3496 0.3496
w | 0.3139  0.08544  0.1949 0.7632 0.1559 0.1559
D 1 1 0.6764 1 1 0.9998

Actual  Original Updated | Actual Original ~ Updated

_, K | 0.03072 0.05124  0.02996 | -0.003609 -0.003445 -0.003312
S T0 -0.15 0.1857 -1.789 -0.05105 3.152 3.152
E ¢ 4.762 3.058 3.444 2.127 0.6369 0.6369
w | 0.2551 0.3696 0.1895 0.6343 0.1054 0.1054
D 1 1 1.083 1 1 0.9982
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3.16: Closed-loop Response of MPC for the C3/C4 Splitter
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0 3.17: Comparison of Unit Step Responses for the C3/C4 Splitter

0 3.18: Closed-loop Response Model Identification Result for the C3/C4 Splitter
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0 3.19: Comparison of Control Performance between Original Models and Updated
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0 3.10: Input/Output List for MPC

CV y1 Bottom Product IBP

yo  Middle Product to Feed Ratio

ys Internal Reflux to Middle Product Ratio
MV wu; Reflux Flow Rate

ug  Steam Flow Rate

usz Middle Product Flow Rate
DV d; Feed Flow Rate

Bottom Product Inferred | Y U,y

Calculated Internal Reflux
to Middle Product Ratio

O 3.20: Scheme of The Distillation Column with MPC
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0 3.21: Operation Data for Accuracy Check of the Original Models
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0 3.22: Evaluation of the Original Models
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0 3.23: Estimation Comparison between the Original Models and the Estimated
Models
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O 3.24: Comparision of IBP Prediction Fidelity
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O 3.25: Operation Data for Identification by Closed-loop Step Testing and Compar-
ison of Model Output between Original Models and Identified Models
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0 3.26: Comparison between Original Models and Identified Models
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0 3.12: Comparison of Standard Deviation around the Setpoint
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0 3.27: MPC Commissioning by the Identified Models
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moving average coefficient

coefficient of the Laguerre Polynomials
disturbance

rearranged constant of numerator

dead time

unit step response function without dead time
transfer function in the Laplace transform
transfer function in the Z transform
unit impulse response function
performance index

discrete time by sampling time

process gain

the Laguerre Polynomial

discrete dead time by sampling time
number of auto regression coefficient
number of partial fraction

number of moving average coefficient
number of data

number of process input

order of the Laguerre Polynomials

time scaling factor

constant of numerator

rearranged constant of denominator
remainder of D/At

complex variable in the Laplace transform
constant of denominator

actual unit step response

estimated unit step response

process input

process input in the Laplace transform
process output

output of process model

process output in the Laplace transform
complex variable in the Z transform
auto regression coeflicient

= sampling time
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= model fidelity
= damping ratio

= vector of transfer function parameters

= process time constant

= lead time

= time constant of 2nd order transfer function

= time constant of 2nd order transfer function

= fixed angular frequency
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040 ARXOOOOOODODOOOOOOO
HEN

4.1 OO

0000000000000000000O0O0O0O0000000O0O0OOO0O0O0
000000 1v7000000000000 ADERSAODO IDCOM [6)00000O0O
Shell OIlO O DMC 7000000000000 00OOOODOOOOOOOODOOO
Oo000o00oo0o0O00000boO0000O0000b0O0O0000b00000000
0000000000oOo0O0O0O0OOO0O00000O000O0O0O0O0O000000
oo000000boooOoO0O00000O0bOOoO0O00000O0OOOO000B0000
(8000000000000 00000000DO0O0O00O0OO0OO0OO0n
0000000000000 00000000O00000000000O00O000000
0000000000000000000000D00D000 (Steady State Model) O
000000 (Dynamic Model) 00 0000000000000 0OOOOODOOO
0000000000000 0000C0 LPOOOOOODOODOOOOOOOOOO
ooo00000o0boo0O00000O0oboO0O0O0000bObOOO0000B0000
000000000 000000000000O00000000000O0000000
00000000000 0000000ODO00O0000O000O00OOoO (Black
Box Model) 00 100000 (First Principle Model) DO OOOOOOOOODOO
000000000 000000000000O00000000000O0000000
oo00O00oooO0o00oo0o00ooo0oooOo00oooO0ooooooooooo
oo00000000b0oOO0OO00000000O0DOO000O0bOOOO0OO0O0B0O0000
000000000 000000000000O00000000000O0O000000
000000000 00000O0ooO0O0O0O00000O0O0ooooooOoDODOOO0OO
oo000000oobooOoO0000000bOOoO00O00000bOOOOO0O00B000
0000000000041 0000

O00000000oooo0O00000oooooOooOOo0oooooooooooOoo
oo00ooO0O00b000000000000000000 2000000000000
O000000oO000o0O00o0o0ooOo0oOoO0oooOOo0ooOOo0oooDO o1
000000000 ARXOOO (Auto Regressive model with eXogenous input) O
0000000000000 41)00000000000000 42)000000

Ym(k +1) = yo + a(ym(k) — yo) + b(u(k) — uo) (4.1)
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0O 4.1: Various Black-Box Models

goog
gboooooboogoo
ooooooooon
ARXOOO
goooooo
gboooooo
goboogboobooobooooo

Unneasur ed di sturbance

Process

O 4.1: Control scheme of Independent (Non-aligned) Model

Unrreasur ed di st urbance

+
s e * . Y

O 4.2: Control scheme of Re-aligned Model
ym(k+1) = y(k) +aly(k) —y(k - 1)) (4.2)

000 a=e = ,b=Ky(1—a)

O0000aeO AR(ODO OO O Auto Regression) 000000000000 MA(OD
000 Moving Average) 000 0000000000000 O0O0OOOOOOOOO
gobobooobobob4100000b0bo0ob0obobooobobobooooD
ob420000

gbobgobobooooooubobobobobobobobooooooobon
gbobooboobobooobooboboboboobobooboboooboooooon
googobobobobobooooooooboboboboboboboboboon
00000000000000000000000IMC(Internal Model Control, [5])
gobooboooobooboooboboobooobbooboobobooboooo
gobooboooobooboooobooboobbooboobbooboooboo
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0000000000000 O00O000oOO0U0OODO0O0O0 43)Dooooooo
000000000000O0O00 44000000

(1 —ar)(SP —y(k) + (1 = a)(ym(k) — yo)

u(k) = up + b

(4.3)

u(k) = wu(k—1) (4.4)
(1 —ar)(SP —y(k)) — a(y(k) —y(k — 1))

+ b

At

D00 a=e¢ b= Ky(l —e )

0 (43)00 (44)000000000043100 420000000000000
000000000000 (44)00000 (43)000 (41)0000000000
0000000000000 (44)00 41)0000000000 AROOOOOO
NO00000000000000O0D0DDDD0D0N00N0N0N0N0N0NNNoooon
0000000000000 00000000000000N0N0N0N0N0N0N0ooon
0000000000000000 ARXOOOOOOO0000000000000
0000000000000000000000000000 ARXOOODOOOO
000000000

4.2 ARXOUOOOOODOOOOOOO
4.2.1 ARXOOO

ARXOOOOOOO 45)000000

n

yk+1) = iaiy(kﬂ—i— 1)+Zb¢u(k+i— 1) + e(k) (4.5)
i=1 i=1

0000000000000 000DDe(k) 00000000 DODO ARODO 10O
ARXODODOOOOOOOOOO 100 ARXOOO (1st Order ARX Model) D OO
goo

Ym(k+1) =y(k) + ofy(k)—y(k-1)} (4.6)

+ zn:bi{u(k:—}—i— 1) —ulk+i—2)}
=1

0(46)0000y0«010000000000000000O0O0O0COOOOO
goboboboboboboboboboboboboboboboboboboob
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Prediction

Actual Process , Predicted
process i nput Mbdel process out put
4
Cont r ol H
Cal cul ated Process Set poi nt of
process I nput Mbdel process out put

0 4.3: Relationship between prediction and control for process model

0000000 y(k+1)00000000000000000000000000
00000000000000000000000000000O0O0O ARXOOO
D00000000ADOOD1D00000000 ARXOOODOOOOOO AR
O0a=e +000000MAOObODO000000 (41)000 (42)0000
O0ARXODODOODOOOOOODOOODO000000000410000000
00000000000000000000000000000000000000
00000

4.2.2 00000000

obobooboobooooooooobobobobuobuoboooo 4300onoono
Jooooooobobobbooddogooooobobooobodoooooooo
goboboboboboboboboboboboboboboboboboboo
ggooooooboboboobobotbotdooooooboboboobobobotbddooooooo
0000000000000 000000 ARXODODODODOOoOOoDOooooooo
000 (46)0000000000000O0O0O0O0O0O AtODO0O0D 100000000
ool
O0ARXOOOODOODOOODOODOOODOODOO00DO0DOOoo0oooooo 1000
0000000000 0000000000 1000000000000000ARX
gooogoooooooobobobuobobobooooobo44000o0ooooboon
O0yk)DOODDOODO0O0O0O0O0O0OO0O0 SPOOOO 100000000 (Reference
trajectory) 00000000 0O0O0OOOOODO 1000000000 46)000DO
O (Coincident point) 0000000 4 00 (4.7 000000

Yr = y(k) + {SP —y(k)}(1 — a;) (4.7)

00000 46)0 4700 ARXUODOODDOODOOOOOOOOOOOOD (4.8)
googoogo
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Coi nci dent poi nt

Reference traj ectory
yr /

|
t
’ -
\I'// ~ S~ Predicted
1 4 process out put
Past process output Y(k)/

Future process input

Past process input

k-L k-2 k-1 k k+1 k+2 k+L

0 4.4: Conceptual scheme of MPC

u(k) = u(k—1) (4.8)
{SP —y(k)}(1 —ar) — ofy(k) —y(k —1)}
+ by
S bif{u(k+i—1) —u(k +i—2)}
=2
_ -

1000000000 ARXODOOOOOOOO a=e > 000000 MAOCO
by 0O OOOOOO 48)000 (44 0000DOO

4.3 PCRUO ARXUOUOOODOOOODOOOO

4.3.1 PCRUOOOOODO

PCR[O)000000000 (4.1)0000000000000000 (47)0000
00000010000000000 (A7)0 yk) 0 yu(k) 00000 (4.1)0 (4.7)
000 (49000000

(1 —ar)(SP — ym(k)) + (1 — @) (ym (k) — yo)
b
0(4.9)0000000000000000000000000000000000
00000000000000000000000000000000000000

000 (41000000000

u(k) = up +

(4.9)

em(k) = y(k) — ym(k) (4.10)
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00000 41000000000000 SPO0O000O0 en(k)0000000
(411)000000 (410000 (411)000000000PCROOOOOOO (4.3)
oooooo

u(k) = wup (4.11)
(1 = a)(SP — em(k) = ym(k)) + (1 = a)(ym(F) — 4o)
b

4.3.2 0OU0O0O0OO0

PCRO ARXOOOODOOOOD 420 1000000000000O000O0ODOO
gobooooobooboooobooboboooobooobobobboooboo oo
00000000 46)00000000000000O0O0ODOOO

ym(k+1) =y(k) + ofy(k) —y(k - 1)} (4.12)

n
+ > bf{uk—L+i—1)—u(k—L+i—2)}
=1
O000OLO D/At000000000C00O0DOO0O0UO0O0ODOOUOO0ODDOO
000000000000 000D0000 4300 440000ARX0O000000
0 ARO0O a:e_%DDD MAOOOOOOOOODOOODODOOODOOOOO0OO0
PCROO (4.3)0 ARXOOOOOOOODO (44)000000DOOO

O 4.2: Model parameters of 1st order transfer function

1st Order Value Unit

parameter
K, 2 -
T 15 S
D 4 S

gbobgoo4s00000000000DO0OO0SMO0000DO045000000
OO0CCOOOODO PCRO ARXODODOODODODDODODODDDODODODOODODOOOO
gboooobo44o0booboooo+sbgbobboobooboobooboogoD
OO000OPCRO ARXOOOODOOOOOODOOOOOOOOOOODOOOODOO
OARXOOODOOOOO PCROODOOOOOOOCODOOOOODOODOOARXDOOO
gbobobobobobobobobobobooooooooboobobooobobon
oo0O0o00o0o0oDpOooooOooOoooooopPCRODOOOOOOOODOODOOOOO
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0O 4.3: Initial conditions of simulation

Parameter Value
U 100
Y 200

O 4.4: Tuning parameters of MPC

Tuning Value Unit
parameter
At 1 s
T 50 S
At
« e = =0.9355 -

0000000000000000000000PCROOOOOOOOON (4.3)0
0000000000000 yk)00000000000000000000000
00000000D0ARXOOODOOOOODOOD 4800000000 AROOOO
00000000000000000000000000000000000000
000000000000000000000000000000a{yk)—y(k-1)}
000000000 yk) =y(k—1)000000000000«000000000
00000000000000000000000000000000000000
0000000 100000000000000000000ARDOOOOOO0O
0004400000

000010 -'00000000000000000000 460000PCRO
ARXMPCOO00O0O000O0O000O00O0O0O0ARXMPCO PCROOOOOOO
00000000000000000000000000000000000000
00000000000000000000000000000000000000
000000000000000000000000000000

4.4 0O0O0O0OOOOOOOOOOOO

045000000 ARXOOOOOOOOOOODOOOOODOOOOODOoOOO
O000oOOo0o00ooOOOo000ooO0DOOO0ARXDOOOODDOOOODOOoOooo
gobooobooboboooobbooboooboobboobbooobooboo
goboboooboboobooobbo4sb0b000b0obobobobObOobO0OOoD
gobooboooobooboooobooboobbooboobboobooobon
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215 T T T T T T T

210 b .

205—J ——
200 L/ ARX ---o i

. SetlpomtI

Process output y

195 1 1 1
0 100 200 300 400 500 600 700 800

Time [s]

104 B

102 _‘/ﬁ \ §
100 ]

98 | -
ARX
96 | PCR -~ -

| | | |
0 100 200 300 400 500 600 700 800
Time [s]

Process input u

0 4.5: Comparison of control performance between PCR and ARX MPC

O000000ARXOOOOOOOOO ARXOOODO ARODOOOOOOoOoOon
Oo0o0oo0odooooooooooooooo430000ooooooonooon
0420000000000000 470 ARO OO0 MAOODOO0O0O0O0OO
00000000000 1000000ARO «000O0O0O00O0O0OODOOOOOO
MAO 0000000000000 OOOOOO

ODODOO0OARDO oO0O0O0OO0OO0OOOOOOOOODOOODOODODODOODOD 4800
O0ARO 00000000 DOOO0OOOO0OO0OOOOOOODOOO0OOOOO0O0OO
OO0 n000000O00O00O0O0O0O00O00O00O00O00O00O0O0O00O0O00OA0
04700 o OO00O0O0OO0O00OO0O0O0OOO0OO0O0nOO0O00O00O00O0O00O0O00
go0ooo0ooooooooooooooood nOooooooooooooooa
ooo
n

b;
-1

7

11—«

yss(n) = (4.13)
gooooog nDDD(4.13)DDDDDDDDDDDDDDDDDD 0900000
000450 AROD 0000000990 00000O0O0ODO0O0OO0 nO0OOOOO

0000430 0000000000000 0D0O0AROD cOOODODDOOOOOOO
goooooooooo 490000
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210 T T T T T T T
208 | ARX ——-

206 - Setpoint ———---- I
204 -

202 - =
200 2

198 .
196 —

0 50 100 150 200 250 300 350 400
Time [s]

105 T T T T T T T

Process output y

100 PCR - -
95 | -
90 -

Process input u
/

85 | e

80 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Time [s]

0 4.6: Comparison of control performance between PCR and ARX MPC for ramp

disturbance

0.14
0.12
0.10 |
0.08 |
0.06 |
0.04 |
0.02
0.00

100

O 4.7: MA term parameters b; for AR term «
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Unit step response

Process output y

Process input u

0 4.8:

212
210
208
206
204
202
200
198
196

104
102
100
98
96
94

92

90

Step response for AR term «

100

0 100 200 300 400 500 600 700
Time [s]

100 200 300 400 500 600 700
Time [s]

0 4.9: Tuning results for AR term «
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O 4.5: Finite number of MA coefficient for AR term

o n
0.3 69
0.5 69
0.8 65

0.9355 1

0000000000 AROD 0000000 O0ODO0O0DODOO0O0OO0O00O0O0OO0
On=100000 ARO «0000O0DOOOO0O0O0O0O0O0O0O0O0O0O0OCOOOOO0OO0
o0bDoOO0ooOOo0DOO0O0bOO0Ud0OC0DARO 0DOODOOODOODOODOOD
0000000000 (48)00 ARDO 00000000 DODOO0OOw0O0DOODOO
000000000000 0ARO O O3D0O05000000000D000C000OO
ARO oO00O0O0OOO0ODOODOODOOODOOOOOOOOOOOOODOODDOO
00000000000 RRODOOUDD (48)0 (412)J00O00O0OOUOOO
goog

l1+a,+« at D=0
RR = WD+ D1 (4.14)
(1—a,)+a at D # 0.

a—1

0(414)000 ARO «0O0000O0 RROUO 460000

0O 4.6: Return ratio for unmeasured disturbance

« RR
0.3 0.03
0.5 0.07
0.8 0.39
0.9355 0.80

0004600030 0500000000000000000ARDO «0DO (4.14)
b0 RRODODODODODODODODODOD

ARO o=000000O0MAOpOODODODODOOOOOOCOCOO41000000
OO0OCOO0O0O0OD0O0OD0ODO0O0000PCRO ARXOOOOOOOOOOOOOOO
4100000

AROODODOOOOOOO0OOODPCRO ARXOOOOOOOOOODODOODODO
gobooooooog
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215 T T T T T T T

210 | . -
|

205 | ———
>
\J //
200 ARX ------- i

. SetlpomtI

Process output y

195 1 1 1
0 100 200 300 400 500 600 700 800

Time [s]

104 —
102 m
100

98 -

ARX
96 | PCR -~ -

| | | |
0 100 200 300 400 500 600 700 800
Time [s]

Process input u

0 4.10: Comparison of control performance between PCR and ARX MPC at a=0

4.5 UOO00O0OOOOOOOOOO

bobogoboooboobaobogoobo1l1oboo+0oabooooooboaobgaoon
000000DO0O0O000ODOCO000bO0O0ARXDODOOOODODODOOOoOoOoooo
gobooooooooboooooobboooobooobbooboboooobbooobooooD
O000000oOCocOo00O0oO000 ARXOOOOoooooooooooooooo
0000000000000 430 ARXODOOOOODOQO Tuning parameter 0 0 4.4
0000000000000 0000 AODUODOO 20000 (Time constant O
Damping ratio) 0 0000000000000 00OOOOOOOOOOOODOO
0000 9%0% 000000000

4.5.1 0OO0OOOOOOOO

gbobgboboooooouboobobobobaoboboboooooaoon
0000000000000 00000000O000O0000OU0ODO0OoOO0g (4.15)
020000 (Time constant) 000 000000000000 OOOO

Kp(T()S + 1)
(t1s+1)(m2s + 1)

G(s) = (4.15)
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Unit step response

:10 | | | | | | |
0 20 40 60 80 100 120 140

Time [s]

0 4.11: Inverse response process

U4r7o0oogooobooboooooobobobooooboooboboobDoon
gbobob4n1obogobobbobobobobobobon

0 4.7: Model parameters of inverse response process

2nd order parameter Value Unit

(Time constant)

K, 3 -
T0 -15 S
T1 10 S
T2 15 S
D 4 S

ARXOOOOOODOOOOOODOOoOOOOOoOoDOooobObOoOooD 4120000

gboboooooogsotbo4+s5000b0booogssobgb+sunoon
0000000000000 0ARDO «00O0O0D0ODOOOOOODODOODODODOOOO
gobooboooobooboooobooboobobooboobbooboobon
00000000 ARO OO0 O0O000ooooooooooOb0bobOOoogooo
O000000O00000oDoDoOo000D ARXOOoooooooooooogo
00000000 ARODOOOO0ODOOODOOOO0ODOOUODODOOOOOOD

4.5.2 0000000

gbobooboobbooboobbooboobbooboobboobooan
gobooboooobooboooobooboobobooboobbooboobon
0000000000 4.16)000000000ODODOOOOOOODOO
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Process output y

200

a=0.5

Setpoint
195 | | | |
0 200 400 600 800 1000

Time [s]

103 T T T T

02 -
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99
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0 4.12: Control performance of inverse response process

Kyp(os +1)

Gls) = (ts+1)s

(4.16)
0480000000000000000000413000000000000000

0 4.8: Model parameters of ramp process

Ramp Value Unit

parameter
K, 0.01 -
T 10 S
T 15 S
D 4 S

ARXOODOOO0O0O0OO0OO0OODOO000000000000000 414000000
00000000000 ARDO e=1000000 ARXOOOOOODODO (00 A
000)o
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0 4.13: Ramp process
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0 4.14: Control performance of ramp process
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gbobooooooogsotbo4+500000b0000ogss0000+5000000
00000000 0OCO0O0O00ARD oOOODOODOOODOOOOOOODOOD
gobooboooobooboooboobooboboobooboboobooboo
gobodgboooboobooobboobuoobboobooboo

4.5.3 0OU0O0O0OO0OOOOO

gboooboooobooooorPIDO0OODOODOOO 4150000000000
0000000000000 00000000D0UoDO (417020000 (Damping
ratio) 000000000 OOOOOOOOO

Ky(108 + 1)w?
G(s) = 2p 5
s+ 2Cws +w
04900000000000000000004.150000000000000
o000

(4.17)

O 4.9: Model parameters of special response process

2nd order parameter Value unit
(Damping ratio)

K, 1.433 -
70 83.33 S
¢ 0.8 -
w 0.054 rad/s
D 4 s

ARXOOOOOOODOOOOOOOOOoOoODOOoooooooooooD 4160000

gbobooooOooogsotbo4+500000b000000000+500000
000000000000 0ODARO o=090000000000DO0OOOOOODO
Ubob0b0Dae=0507T0000000000O0O0OO0OO0O0OO0

4.6 U0O0OOOOOOOOO

gobooboobbooboobooobooobbooboobobooboon
000000000000 (Continuous Stirred Tank Reactor, CSTR) D 00000
000000000000 ARXOOUOOoooooooooooooooooooo
goboopobooboooboobbooobooboooboobboobooooobobon
000000000 00000000000O00O00000OO000O0O00D0OO0
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Unit step response
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0 4.15: Special response process
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0 4.16: Control performance of special response process
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Sol vent ——»

Solute —»

q, Car, Tr i

r oduct

Cool ant

0 4.17: CSTR

4.6.1 OUO0OOOOOO

00000000000 00DO 417000 (00000000000 AOOOBO
00000 1000000000000000 ADDO (DO B)ODOOOOOODO
0000000000 ¢ODOD0OD0OD0ODDO0OD0DO0O00 Cay 0000 70000000
gbobobooobo BOobOOoOoOoOooOOobDOobOobobboOoooDO gbobOooD
000000000 0DO0O00 A0DDDO0ODOOO0ODOOODODOOODbOOO CaO0D
gbobobobobobgoobooboooooobooooooooooooboobobon
gobooobooooboobooooboobooobbooboobobooboooboo
0000 AO0DQO0OOO0ODOODO0OO 418000000000 O0O0O (41900
gooo

dCa _q E
7k V(CAf Ca) — ko exp( RT) Ca (4.18)
ar _q (—AH) FE
UA
— (1. —T
b ()

gboooooooobobooooobobooog 410000000 41100000
(4.18)0(4.19 0000000 TOOO0OOOOOOOOOOOOOOOOOOOOO
goo-s°CO+5°COOO00DOOO0DOOO0DOOO0ODOOOO0 ADODDOOOD
000418004190 0000000000000-°COODOOOOOOOOOB
000 AO0O0O0OO0O0O00000O0ADOOOOOOODODOOOOOOOOOOOO
goboobooooboobooobobooboobbooboobboobooobon
oooOd+s°CcO000O0DOOOOO000O0ODOOOOO00O0OOOD ADDODOOO
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Temperature [K]
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Reactor temp (T)

0 4.18:
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I
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\
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0 4.19: Effect of coolant temperature(7,:45)
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O 4.10: Model parameters of CSTR

Parameter Value Unit
q 100 ¢/min
Cas 1 mol /¢
T 350 K
1% 100 4
) 1000 g/l
Cp 0.239 J/(gK)

(—AH) 5 x 10% J/mol

£ 8750 K
ko 7.2 x 1010 1/min
UA 5x 10*  J/(min-K)

O 4.11: Initial conditions of CSTR simulation

Parameter Value Unit

T 300 K
Ca 0.5  mol/¢
T 350 K

4.6.2 ARXOOOOODOODO CSTROOOO

0 (4.18)0(4.19) 00000 CSTROOODODOOO ARXOODODOOODOOOOO
000000000000 000000 41990000 T1,7.,Cas D OO OO (4.20)
gboooboo

d(TdtT") - - (5 + Vi’ép) (T —T) (4.20)
b g (= Ta) + d(0
d(t) = (_p?}f) ko{exp (—é) Cr — exp (‘155) CAi} (4.21)

0(42)000000000000000CO0O0O0O0OD 4.B)ODODOOODOOOOO
00000 (42000 1000000000000 DO0OO00OO0OOOOARXDOOO
gobooooboogooooboccSTRO 10000 o0oobboooooooboooD
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0000000 K, 00000 700 (422)000000

UA VpC,

Ky=— 2 o= P 4.2
P Cq+UAT ~ pCoq+ UA (4.22)

4.6.3 ODUOOO0OOOOOO

00000000 ARXOOOOOOODOO000000000000000000
000000000000000000 [100SISO00000000000000
0000000000000000 (4.23)0(4.24)0(4.25)0(4.26) 00000000
(424)00000000000000000000000 200000000000
0000000000000000000000000000000
ooooooo

W) _ F tyte), utr), (1.23)
ooooooooon
. . e . 2

mind = [~ (0) = )Pt (4.24)

ooooo
5e(1) = y(0) + (SP —y(0)) (1 - ™) (4.25)

ooooo
Umin < u(t) < Umax, Ymin < y(t) < Ymax (426)

gobodboooboobooobobooboobbooboobbooboobo
000000000000 000O0O0 HOOODOOControl horizonODOODOODO
gboooo

4.6.4 OUUOO0OO0OOOOOOOO

0000000000000 100000000000000000000000
0000000000000041200413000000000000000000
00 Control horizon 0 H=20 0 00O0ARXOOODDO0OO0O0D000O0O00O0O000O0O
000000000 PCROOOOOOOOOOOOOOOOOOOO

042000000000000 (NLMPC)OPCROARX 0000000 (ARX)O
CSTROODOOOOOO0O0DO0O0O000000000000000000+425K000
00000000000 ARXDOOOOOOOODO00000000000000
000000000000000000
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x©x 340
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g 380

o 360

S

§ 340
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o
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]
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8 240 L I I I }
-1 0 1 2 3 4

Time [min]

0 4.20: Comparison of control performance for nonlinear process CSTR
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0 4.12: Model parameters of CSTR 1st order transfer function

1st Order Value Unit

parameter
K, 0.6766 K/K
T 19.405 S

O 4.13: Tuning parameters of ARX MPC

Tuning Value Unit
parameter
At 3 S
Tr 30 S
At
« e~ = =0.8568 -

PCROOOOODOOOOODOOOOOOODCOOOOOUODDOOOOODIIDOD
000000000000 0DOO0000ODOOOO000ARXOOOODODOODOOODO
gbobob1l1oooooooobooooboobobooboboboboboboob
gooooOoopDDoOoO0OOCCOC0O0O0O000U0U0U0O0UUUUOUOOUOOOARX
gobodboooobooboooboobooboboobooboboobooboo
gobodbooobuooboobobooboobbuooboobbooboobo
gobooobooooboobooooboobooobooboooo

4.7 OO

O000O0O0ARXOOOOOOD 1000000000000 (ARXOOOOO
O00)00000000 ARXOODOOOOOOOoOooooooooooooooo
000000000000 0000000o00Doooo0onD ARO «O00O0O00D0
gooooooobbobbotboddooooooboboboobbodooooooo
0000000000000 0 ARXOODOOOOOOoDoooooooo100
00020000 (Time constant, Damping ratio) 0 0 0000000000000
0000000000000 00000 ARXDODODODODOOOOOoDODooooooo
gobodboooobuooboooobuoobuooobuooboobDbuooboobo
gogooooooboboobootbotbdooooooobobooobobodooooooo
PLC(Programmable logic controller) O DCS(Distributed control system) 0 00 0 O
ooPLCO DCSOOOOOOOOUOODOOODOODOOODLOOOOOOODOOD
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Oo000o0ooOoo0oOooooooO0oOoooOooO0 1000ooO000O0o0n0 ARXOO
oooOo0oOo pLCOOO DCSOOOOOOODOOOODOOODOOODOOOD
goboogoo

100



godd

A
b;
Ca

Umax
Umin
Uuo

v

Yy

Ym
Ymax

Ymin

=heat transfer area

=moving average coefficient
=concentration of reactant A

=specific heat of reactor solution

=dead time

=activation energy

=measurement noise

=error of process output and model output
=transfer function

=Control Horizon

=quadratic performance index

=discrete time by sampling time
=process gain

=frequency factor

=integer part of D/At

=finite number of auto reguression coefficint
=finite number of moving average coefficient
=inlet flow rate of reactant A

=gas constant

=return ratio for unmeasured disturbance
=setpoint of process output

=reactor temperature

=overall heat transfer coefficient
=process inpuut

=maximum constraint of process input
=minimum constraint of process input
=initial value of process input

=volume of the reactor

=process output

=predicted process output

=maximum constraint of process output

=minimum constraint of process output
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Yr =reference trajectory of process output

Uss =steady state gain

Y0 =initial value of process output

Q =auto regression coefficient for 1st order ARX model
Q; =auto regression coefficient for ARX model

T =process time constant

Ty =time constant of reference trajectory

70 =lead time

1 =time constant of 2nd order transfer function
T =time constant of 2nd order transfer function
At =sampling time

(—AH) =heat of reaction

¢ =damping ratio

p =density of reactor solution

w =fixed angular frequency

(Subscript)

c =coolant

f =inlet feed

=initial value

—
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0000000000ODO0o0ooOooa%iooooo0oooooboooDOOoDOOo
goboodboooobooboooboboobooobobooboobbooobooooboo
gobodobooboooobooooooboooooopPiDUbDbObODbDOODDObDOOD
gobob3oooooooooobooooboobobooboboboboboboob
gbobooboooooooobooogoopiDObobooooooboDobOobOobOoD
gboooboobobobooooboboobooooboo 200 PIDODObOUODOD
PIDOODOOOOOOOOOOOOOOOODOODOODLOOODObOObLObOOOO
oo0obDOoOoOo0obDoOoOobooboboOoOoOooobCcSOoOoUdoboooOooboooooD
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0 OA ARXOOOOAROOO MATL

Juooguo

0000000000000 0D0O0O0O0O0ODbO0O00O0ODO ARXOOODO AR

Oo«000D000C0O0O000OMAOKOO0O0000000O

y(k+1) = yk) +alyk) —y(k - 1))

+ by(u(k) — u(k — 1)) + ba(u(k — 1) — u(k — 2))

+ ot bu(u(k —n+1) —u(k —n))

(A1)

ggboboliogiliboboooboboooboboobboobbooobboooon

gooooo

y(k) = f(kAL)

(A.2)

00000w(0)=0,y(0)=000000000¢t=000000000000000
0000000w0)=10000ARX0O000 100000000 yw(1)0000O0O

gooo

y(1)= f(AH) 0000000 K 000000000
by = f(A?)
001000000000000000000

y(2) = y(1)+ay(l)+ b
= f(At) + af(At) + by

o000 000000000
by = f(2A1) — (1 + ) f(AY)
gooooo0o1go0ooooooooboooooog

y(3) = y(2)+a(y®) —y(1) +bs
= f2At) +a(f(2At) — f(At)) + b3
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|First princi pl e nodel |

A 4
| Li neari zation |

—

| Transfer function

O A.1: Scheme of ARX model transformation

0000000000000
by = F(3AL) — (1 + ) f(2At) + af (At) (A.8)
bOOOMAODOOOODODOOOOOOOOOOoOOoOoDOOoOOOOO

bi = f(iAt) — (1+a)f((i — 1)At) (A.9)
+ af((i—2)At),i=3.4,...

000000000000 (f(kAt)00000000000000000 ARXOO
00000000000000000000000000 (First Principle Model) O
000000000000000000000000000 ARXOOODOOOOO
0000000000000000000 A100000000000000000
000 ARXODODOOOOODOOOOOOO

10000

0-0000

00

0-00000000

DD(ﬂkAﬂzzK}(l—e_%¥>
O0-ARXOODOOOODOO
dd0o<a<l

00 b =Kp,(1—a)
O0b=Ky(1—a)(a—a)a™2,i=2,3,4,...

At

O00 a=e +
ooo
O-000o0

Kp(m0s+1)
00 s

O-ggouooooo
00 f(kAL) = Kp{(ro — 7)(1 — e~ *7") + kAt}
O-ARXDOOODOOODO
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U0 a=1

gg blzKp{(To—T)(l—a)+At}

00 b =K, (r0—7)(1—a)>a”2i=234,...
O00a=e+

20000 (Time constant)

g-ggoo

Kp(Tos+1)
ao (Tlsil)(728+1)
g-gooooooo

_ kAt _ kAt
00 f(kA) = Kp (A7 + Ape” 2 +1)
000 Ay =20 Ay = D=

T1—T2" To—T1
O-ARXOODODOODOO
b0<axl
00 b:0 (A4)

00 by:0 (A.6)

00 bi:0 (A9),i=3.4,...
20000 (Damping ratio)

Oo-o00oa
Kp(to5+1)w?
Ood st—&-QOCws—i—w?

u-gooooooo
00 f(kAt) = Kp{—e $“FAt cos (EkAL)
+ Ae~ kAt gin (EEAL) + 1} at ¢ < 1
00 f(kAt) = Kp{—e “*A 4 (7w — 1) wkAte ™F3 4 1} at ¢ =1
00 f(kAt) = K,{B1ePtFAl 4 Byef2kAt 1 1} at ¢ > 1
000 A= \T/O%,E:w\/l—@,
000 f1=—Cw+w\/(2—1,8=—Cw—wy/(?—1,
000 By = 2e=VC-1 g mw—CV/e-1

PN 24/C2—1
O-ARXODOOOODOOO

000<a<1
00 by:0 (A4)
00 by:0 (A.6)
00 b0 (A9),i=3,4,...
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