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Coordination methods of multiple controllers for

nonlinear chemical processes™

Yoshiyasu Sakakura

Abstract

Many control approaches have been proposed for nonlinear and complex chemical
processes with model uncertainties, such as robust control, adaptive control, and model
predictive control. Designing a unified controller for a chemical process that works
well in a wide operational range is often difficult due to their nonlinearity and/or com-
plexity. When designing a model-based controller, a perfect model is often not avail-
able. One practical approach to these problems is the multiple model approach, where
some local models are combined and used as a global model. The other approach is
the coordination of multiple controllers.

In this study, two control schemes for chemical processes with a wide range of oper-
ation are proposed. The first is a new coordination method of multiple model predictive
controllers (MPCs) with different parameters to the objective function for the chemical
process. The model predictive control algorithms are suitable for the control of chem-
ical processes due to its their flexibility. In this control scheme, multiple MPCs are
implemented in the control system and they run in parallel. The input to the controlled
process is calculated by an affine combination of these MPC outputs. Another mod-
ified soft-max function is used to coordinate these MPCs. We applied this proposed
method to temperature control for a continuous stirred- tank reactor (CSTR). The sim-

ulation result showed that the proposed method provides better control performance

*Doctoral Dissertation, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DD0561015, February 7, 2008.
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than individual MPCs. We also compared this method to an MPC with a scheduling
rule of the Q-R weights.

The second is a new controller coordination method based on multiple local models
for highly nonlinear chemical processes. In the proposed method, a bank of local
controllers is designed based on multiple models and run in parallel. Manipulated
variables are calculated by the affine combination of the weighted outputs of local
controllers. The soft-max function with a tuning parameter is used to determine the
weight coefficients of local controller outputs. This method is simulated to control the
liquid level of the tank and the temperature of non-isothermal continuous stirred-tank
reactors (CSTR). The proposed method exhibits good control capabilities over a wide

range of operational conditions.

Keywords:

process control, controller coordination, model predictive control, constraint condition,

chemical reactor, nonlinear dynamics
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Table 3 IAEOODODODODOOOO (C-Cy,Cy)

Ty [K] 298.2 - 310 310 — 320 320 — 330 330 — 340 | Total
Time[min] 0—50 50 - 100 100 — 150 150 — 200 | 0 — 200

C 24.48 20.59 22.33 25.59 93.00

G 23.71 19.65 20.74 26.66 90.78

Cs 23.47 19.20 20.38 30.52 93.47

Cy 23.50 19.32 20.93 26.06 89.81

Cs 23.48 19.21 20.56 25.54 88.79
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Table4 OO0 O OO0OO0OOOOOOOOOOOOOO
Variable Value Unit

A 4 m?
c 1 m?/min
Fax 1 m?/min
Uin; 0.45 -
T, 1 min
:Hset
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TableS OO IMCOOOODODOOO0O00O0O0DOOOOO0OO
Controller No. | Ci(h=0.00lm) Cy(h=0.5m) Ci(h=0.999m)

Pset 0.1 — 0.001 04— 0.5 0.9 — 0.999

Table6 OO IMCOOOOODOOO
Controller No. | Ci(h=0.00lm) Cy(h=0.5m) Cs(h=0.999m)

K, 0.1 0.1 0.1
Ty 0.127 2.828 3.998
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dH _ Fiy — Fou
dr A
dAHC
- 2 = FiuCain — FouCa — AHKC
dAHT AHkAC UA
= FyuTy — FouT + A A -T) (39)
dt pC, pC,
dT: F; UA
—5 =5 T —T)+ — (T - T)
r VY piViCyi

E
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Table 7 CSTROOOOOO0OOO

Variable Value Unit
A 3.14 m?

A, 12.71 m?
Cain 8.24 k mol/m?
C, 3.14 x 10° Jkg K
C, 418x10°  JkgK
E 69.8 MJ/k mol
F, 0.5 m?/min

Fout set 0.05 m?/min
ko 1.18 x 10° min~!
R 8.3145 J/K - mol
T 294 .4 K
Tood 283 K
Thot 363 K
U 511 x10* J/min- K- m?
Vi 46x10" m’
A 69.8 MJ/k mol
P 800.9 kg/m?
i 997.9 kg/m?

OO0H=05m0A=15m0000000.00,000000T7T00000
T=305KO7T=350K000000,0000000000D0OODOoDOoOOg
OO070200000000000000 k=0.00130k=004520000.0
0000 /HO,000000 00000000000 kODODOOODOOO
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400
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380
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Toer 305K, Hegi= 0.5m

360
340

' 320

[ T 350K, Hoer™O:

300

0 100 200 300 0 100 200 300
Time[min]
Fig.35 CSTROOOOOOO
00000000,00000 M(i=1,---,4)0 Eq. 41)OOO.
dCx  FiuChain — FouCa
= - k,C
dt AH, A
AT FyTy - FoulT  kAC UA
dr’ _ g A (- T)
dt AH, pCp pAH,Cp
drl; F: UA
—5 = 5T =T+ ———(T - T)
t oV PiViCyi

(41)

goooooooMm,-MO00OoooooooonD kw,H)0, 0000000

obobooboobd

O (=100 Fig. 36 00 0.

gooooooooboooMm,-M0gogoobobo 6 -G, oogog.
Tcliooooooooooo@obob Iyyboooooooooo,pibOodn
gboobobooobodobbooboobobobbooboobboo,bood
gbooboobogboobbobbooboobooboob.oboon
00000000 Eq@42)000.

Min

Uy U+ P—1

P
T = ) {1 = el + 10l )
j=1
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Fig.36 M, -M, 000000000000 0O00O0O0O0O00O000 (=101

000 Au,; 000+ j00000000000,y,;,000000000000

oooo,r, 00000,00),R(HOOOOO,POO0OOOO0OOO0OOOO.

ooooo,000d Iy, 00o0dooo0goorood.
U0000Eq.@3)0b0n.

Yeirj = My ej + (L=A)y,  (j=1,--,P) (43)

UdoAddbboboooo0dddy ;0000000 00ooooooon
O.0000000b000b0ooboooboobooboooboobooon POg),RG),A
OO00,000000000000 TableOOOOODOODO.

gobooboooboob -G boobuoonobobooboobnGu
ooboboboooboboooooobooopeo,300n0 =10,100,1000)
Oooboo0oooboboooobobobooboboboboob p=100000
oo.

443 00O0OO

¢ -G UOob0oooooboo,bobobg,0obooo315KO 34skK0n0og
oboobobo,000b HO0b00OO0O0O0DOODO0ObOO0ObOObOObOobOo0Ogn.
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Table8 00000000000 OO0OO

Parameter  Value Unit
P 10 step
Q()/R(j) 1000 -
T, 1 min
A 0.9 -

Table9 OO OOO0O0O0O0O0O0

Condition [1

Condition [1

Hg :1—->14m
T : 315K (Constant)

Hy :1—-14m
Ty : 345K (Constant)

Condition [1

Condition [1

Hy :1—- 0.6m
T : 315K (Constant)

Hy :1 - 0.6m
Ty : 345K (Constant)

OO00O0b0o0oboob0obo0oooO Table9DOOOO0.C-C,OTCIODOOO
Ooobooooogooroooion T,do00OO000 Fgs. 37-40000. 0
OO0 Table9DO O OOO0OOOOOObOOOODOODOODLOODO.ODbODLOO
ooboooodoooooo r@ooo:0),0obobboobd Inoo:0)d
oo.
gboooooooooobooboon, kg 37-400000000 ISE (Integral of

Squared Error) D O OO UO0O.ISEO0O0O0ODOO0DOOO0ODOOOOOOO0O0
gboboggo.

L
ISE = f (Tolt) = TP
0

SE0O0O00b0bOOo0boooboobobooboboobboobono. oo
o0 L=30000000000000000O00OISEODODOOD.

Fig. 37-40000000000,00 100mnO0 000000000 He O
ImO0 14m0O000000000000O0O000O0O.C,,GOO0O0OOoOOoOn
000 (ke 37039000)0000 r0b00000O0,0000000000

(44)
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000000000000 T.00000C,G000000 G,C,0000.
00,Fig. 37-40000000000,00 100mn0000000000 Hy
01mO0006m0000000000000000.C,C,00000000C
0000 (Figs. 38,400 00)0000 TO0DO00O0OO0O0O0O0O00O0OO0O000. O
00,00000C,G00000000000000000000 (My,My)0O
00000000000,00000000000000000000.0000
O000ISEDDOOOD,0000000000 T, 0000 C,\,C, 0000
0o C,C,0000.

00000C -C,0000000000000000 (C)00000000
00000 Fig 41000.00,0000000000,00000000ISEQ

65
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4 360 346 |- - 360
4 340 340
315 — 345
....................... F -4 320 320
-4 300 344 300
1 - 280 280
314 ' L 343

T [K]
Tj in[K]

316

347

380

360 346

340

320

300 344 300

280 280
343

0 100 200 300 0 100 200 300
Time[min]

380
360
340
320

315 345

314

Fig.38 ¢, 0000000 (7:00 (00)Tp:00 (Q0))
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M, M, 00000000 G, GUUDODOO0D00ooboboooboon,GLGs
gbooooboboboboboooboob.ob,0b0b0b0b HeeO D OO
oog,¢ -G uubuogbboooboobbISEbODoboobog,oon
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45 00O O0OOOOOOO0O0000o0oooood

gboob,ogbuoobboobooboobbooboob GSTROOO
gbog @210bog,boobobooboobb r3juoobooob.oon
gpbooboobooobodobbo,oboobbooboobboobooboobon
oboooooboooobg.

451 0DO00O0ODOO

O000000CSTRO Fig. 3000.00000 A0,0000 F,O00 Cao
gbobooboobb.oobbobooboobooboobooBOOO
gb,00000000AQ0000 G, 000 r00b0.0000o00bo0oon
OTh,oooooooo /odoooooooo,ooocgoooagooo,oo
OoObO000 ni000. 0000000000004 363Kk0000 283K000
oobooodooooooo, 000000000000, 283K < Ty <363K0
oo.

0000000000000 0,000 wu={Tp}, 000 x={Cs,T,7;},000
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oo roobod 1 0bboobbooobbo TClOoOobDOOd. Fg. 340
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OooooooTC20 /000000000 TCIDO0O00000 Tie0Odood
gboogobodgbbdodo.gobogbbooboobboobboob,on
OO00O0bO0b0000 Eqés)b0oboooooog.

dCA _ FCAin FCA

= - - kC
dt % % A
dr FT, FT kaAC UA,(T - T,
i 4 A _ I( j) (45)
dt Vv Vv pC, pVC,

dly Fly FI; UA(T -T))
L — +
dt 4 4 piViCpi

-F
e

O0,Eq@45)00o0obobooooooooboooooo pOO00.0DO0b0OO
Oboooooboobogb,Table70000000O00O0O00OOOO.

452 J00OOO0OODOODOOoOoOooOoog

Eq45)0 000000000 kO0DOO0,D00000000D,00000
gboboboboobobooboboboobo.oob,0bo0bobobon
obooobboooobobooooD el bbbooobb,0oobboon
Ooooooooooooo,SsocooooonobD kK@E=1,2,3,4,50000,0
OO0 kOD00000 Eq@6)000S000000000 M;00000. Table
oo kO00000.00,00000Eq@SH004000000000
LkOOOoOoOoooorogo.

dCyx FCpypn FCa
SR Ly e
dt % Vv A
dT FT FT  kAC UA, (T - T;
dI' _FTy _FT. kACy _UATZT) 5345 46
a -V VoG oVC,

diy _ Filyw KT} UAKT - T))
- = — +
e Vi PiViChi

gbooboo,oboboosk0bobobooboboobobo,bobo
oboobogo,piDO0DOOO0DOODODOOO0ODOO0DbOO0bOO0bObbOn.
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Table 10 00000000000 OO0O
Model M; Rate constant k best fit at

M, k =0 -
M, k =5x%x1072 351.5K
M; k =10x107? 362.0K
M, k =15x107? 368.4K
M; k =20x107 373.1K

Ooo,00b000000,0b000s50000000 MG =1,23,45000
O, 00000000000S5000000000000 G(G=1,2,3,4500
OOob0.0000000000000 EqénhDO0.

P
. _ A 2 2
Min () = Zl (91 = ria iy + 180t} (47)
000 Awyjoy = thyjo —ujo 000, 4,000 t+;000000000000.
$%,0000000000000000000,r,;00000,Q(),R(;)DOOD0
go,pO0000000O0DOO0O0O0.O00DOOO Eq43)00o.

”z+j=Aj}’setz+j+(1 _Aj)yz (G=1L---,P) (48)

O00AQ00O00O0O0O00000D0 yew,0OO0OOO0O0O0O0OOO0OOOOO0
O.00b0obooboooooooboboboboboboboon PROO),RG), A
gbo.oobo,0booboobooboobbobobobbppOoOobO,O
OO000b00b0bbO0o0Oo00obD0n Table8O OO

453 0000001000000 0000000000

00000000000 3620KO0000000 Matk=10x1020 1000
oopoooo,sgooboobbooogbobooooboboooooboo.o
00 T 000000000 315K00 375K00 Feg. 440000000000
Oob0oboobdbD. FRe 4000000000000 T000000, Fig. 45
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ooooborooob 10000000000 . Fg. 4500 1000000
OO0O00 (MPC(model3)), 00000 315KO0O 355KO0000000OO0O
OO00O00oo00,0000000000 (Proposedmethod) DO OOOO0OOOMO
ooboboo.0coo0oboboboboobooboobooboobooobon,1o
gbobooboboobooboobooboobooog.

454 0000000 ODOODOOOOOO

gooboobooboobooboopPO0ObL,00obbOo0oboobbOoboD P
gbooooboobboobbo (NVPOR2]00bogooogoobono. o
0000 T, 000000000000 000 315Kk00 375Kk00oooon
ooobooag.

oobooobooooroogbo0 Fg.47000.0000S5000000O
OO0000d0n (Proposedmethod) U OO DOOOOO, 0000000 POODOOO
oog NMPOODUODOODOODOO,000Db0Ob0O0ObOOO0bOO.oboooo T
0000 T OUOOO Fig. 480 00. 00000 200min 00 300 min 0 00O O
gbobobobogboobooboobo,boboobobo,oboobobobon
gboobg.bgobooboobboobboobooboobooboon
so0oooboboboo,boobooboopPOb0O0Ob0DbUODbObDOOOODOD
obobooobooobooboobooboo.

gbobogogobobooobobooobobooobbooobbooobobg,
gbooboobooboobbobbooboobooboob.oboon
gbooboboooboobobo,boobbooboobbooboobbod
obdbo,0bogbobbobboboobooboobooboboo.
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=0000000000000 [m?]

=goooooon [m?]
=0O00oogooog [m?/min]
=0000000 AD0OO0 [kmol/m?]
=000000000 AODOO [kmol/m?]
=go0ooogon [J/kg K]
=J000000(@o)yooo [J/kg K]
=goooooon [MJ/kmol]
=J00000o0boooooon [m?/min]
=J000000boooboooog [m?/min]
=0000000(@0)000/000  [m®/min]
=g0000ooooooooon [m]
=0000 HOOODOOO [m]
=gggng [1/min]
=MCOUODOO0OO [-]
=0000d [step]
=000000o0ooooooooo -]
=000ond [J/K kmol]
=g000onog [K]
=000000oooo K]
=g00ooooo@oyoono [K]
=g0o0Ooooo(@o)yobooo K]
=googno K]
=gggang [K]
=00on [min]
=0000000boobo K]
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U =000000 [7/min K m?]
w, =00000CO000000000
Vv =000000 [m’]
vV, =00000000 [m’]
%, =0000000
x, =0000000
@, =000000«, 000 [
g =00000000000 [
=000000000 [
=000 [MJ/kmol]
[
[
[

p =0000000 kg/m?]
p; =0000000@0)000 kg/m®]
7, =IMCOODOODO min]
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B. 0OOOoDOooooOoOoooooooooao

gbooo,0oobdboboboobobobobooobobo,oooobo
gboobgoobooboobbobboobo.booboobooboon
gbo,00b0b0obooboo,gbobooboboboboobobobon
ooO,000boobobbobbobooboobooboon.

OOooboooboboOo FegsOOOOOOOOO10DOOODOODOODO
yoooob.ooboooooooobobobobodr+:goooobbboaao
UgUUOoooobobob.oog,bbbbddd g bbbbuogognon
gboooboobboob,boobboobboobbooboonbn so
gbooboboooboobboobo.obb sbbobbooboobbon

0¢0000000000
ai=a, Vi>s (57)

gooob.0o0sboobgooboob.ob,oboobooboobbon
ooooo,00:«t0000 Ay, OOD0OODOODOODODOOOOOOO0O0O,00
O0ooooobD (0 ;0000000 yuwwiO Eq.(38)0O0O0O.

YM+j = CleMr (58)
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O00000000000000000000 yu ;0 Eq. (590000 Eq. (60)
goo.

e8]

YM 1+j = Z akAut+j—k (59)
k=1

[ee]

i = ) i (60)

k=1

0000 :(000,Eq. 9000000000 0000000 Eq6eh)00O0
oooo.

J

S Jj-1 0
M o+j = Z @Ay + Z AUy = Z aj_ Augy + Z Ay (61)
=1 k=0 k=1

k=j+1

000, MO000O0000O0O0O000 (0000 :control horizond [0,M—1])0O
O000,Eq(62)00 Eq63)00000O.

Au,i=0 VYi>M (62)
M-1 00

M o+j = Z aj_ Augyy + Z Ay (63)
k=0 k=1

000 Eqe0) 00,000 yu.; 00000000y, 00000000000
O0,000000 sODO0D0OEq. 6400000, 0000000000000
Ow.;,00000oooooooog.

M-1 s—1
IMej=Ym it Z aj_ Augy + Z(aj+k = ap)Au g (64)
k=0 k=1

0000000000000 (coincidence horizon)[L,L+P-1]10 000000
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goboo,gbbobuoooobbobooooboobbooob,

Y +L M ar ar-1 ces ar-m+1 Au, W
YM 1+L+1 Yum ¢ 4 ar+l ar ce ar-m+2 Auyyy
| Yy +L+P-1| | Ym | |9L+pP-1 ar+p-2 e ar+p-m | »AM1+M—1J
A+l — A a2 —az ces Ap+s—1 — Ag-1 Au,_y
ap+2 — ay ap+3 — az . Apes — Qg1 Auy
+ . . ) ) (65)
[arep —ar Apepsi =Gy . Apesepo) = gt | | Allogy |

000.000000000000000.
Yi = Yo + A,AU + A,AU, (66)

oboboo fOb00d0obO0ODbOODOODOODODODOODO.

000000000000 O000O000O00o00bOo0DOooooooooon
000000000000 000Eq. (52)000000D00DO0DOODO,000
0000 (Dynamic Matric Model)

Y=Yy+Y—="Yuo (67)

O00.000Y00000000000000,Y,Y,00000000000
OO0bOO0b0obOobobooboOonDOn.Eq.(67)0 Eq.(66)0 00000

Y=Y +A;AU +A,AU, (68)

oogd.
gbbuogbbuoobooobooobooobooobbuoobboon
OO0.Eq. SHOOODOODOoDooo

JAU) = (¥ - YH'Q(¥ - Y*) + AUTRAU (69)

105



goboogobbo.boo o, rROODUOO0O, Yy 0OLOOUOO0OO0DLOD.ODO,0
bbby gobobouoodgn yebod

Yo = AY + (I, - A)Y* (70)

gboobuooboobboboboobooboooboobooobD.ADbOn
gboobgooboooboo,,oobooboo.bobb yyobooobooo
oboboobooboob

JAU) = (Y = Yp)P O(Y = Yg) + AU"RAU (71)

oogd.

gbobobvboooooobooAvooooobo,oboobobob
gboo.0oobobgobboboboo,oboboovyb Avoobonbon
gbobooooooon

aJ
AU (72)
00000000000000000000000.
AU = (AJQA; + R)T'ALQ(Yg - Y — A,AU,) (73)

gboobobooobodobbo,boobbooboobbooboobbod
ob,000b000b000b0bboboobon.
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C. obooobobooobobg

goobo,b0booobo3p0goboobooobuoobbooboooobo
ooboooob,0b00booboobobobooboobo BIObOooboOoboo.
gbooo,bobobobgobooboobobobobobobbo.oboboon
gbooboboooboobboobg,bbooboobbooboobbod
gboboodgbooobboobboob,obbuo,boobbuoobboon
gobbobobbuoooogobbobboooa,bobbobboooooon
obo.0gboo,bobbobbooboob gruuoooooo.

goboodgog

gbooob,ggboobbooboobbooboobbobbooboo
oo.

P
min J = 3 ) = e Q01 = Fuei) + Autl Rt (74)

Uk
J=1

000,k0000000.y,,.5%00000/00000000000000
0000, Ay O Aty = thj— i D0000mO0O000000000000
O000.00 QeR¥,ReR~"0000000,00000000,PO0000C
0000000000000000000000000,0000000000.

0000,000000000000000 Egs.(75),(76)000000000
ooooooooooog.

dx
E = f(x’ u, P) (75)

y = h(x) (76)

gbob,x0ndogoobbobooooobbo,ydrbooooooboo,pd
obooboobooobo.obbob «00bo0buoob Eqe7Hbonobg.

Umin = Ujt j é Umax (77)
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gbobooooobboooon

gboobbooboobobooboobbobboobo,obooboo
gboobgoobooboobbobboobooboobooboob.on
gbooboo,boboobooboboboobobobo,oobobobon
oboboboobbobooboobooboobuooboobooo.

gboobobobiosbO0bO0obOobUObDbO0ooD 4, 100000Db0ODbO
gboboboobobidw,, 00000000000 po0,0bboobon
obO,00000000000000.

X=X—-X (78)
Uu=u-— Up—1 (79)
p=p-pb (80)

obooboboboboo pbUoboobOobUg pobo pooobobOon
OO0000bO0b0obDOo.0b0obooboobooooobOgn Egs. (75), (716) 0 O
gbobbouooogoobooooooooboood,

dx o o o .
7 = fulxw, w1, PIX + fulx, wi—y, Pl + fp (X, uk—1, P)p + f (X, tr—1, P) (81)

y = h(xp) + hy(x)x (82)

000.00000 f,eR™, f,eR™, f,, f,eR* 0000000000 af/dx,
8f/du, dfdp, oh/ox0 00,00 », 00 v, 00000 pO0O0DODOOO0DOOO.
0000000000000 Eq (82)000000000000000000.
000,0000000000000&%0000000000 p000000
000000000, fa+fp+f000000000000000000,00
0000000000000 0 0000000,

(1) = M 50) + (€ = L) f (fult + £, + ) (83)

gboobobooboboobo.oob L,ouobbr0000O000D.00O0
OO0o00,0000 %00 %« 000000000 Xy U0 X, 00000
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oooo,
o1 = €N + (N = LT (fullinj + foP + ) (84)
Xprj = €N o + (€N = L) T fuligr jo1 + foP + ) (85)
000.000 Eq84)00 Eq.85 0000,
Kprjrt — Xuaj = €N Faaj = Fagjo) + @ = LY fullins j — s jo1) (86)

goo.bogboogbuogobogbbd pbbobboob,obbogan
gbobbuooogbobbouoooobbooooobobooaod.

C = ("™ +1) (87)

C, = —eh (88)

Cy = ("™ = 1) f' f. (39)
godoooo,ogoooon

Tirjs1 = C1Xpyj + CoXigjoy + C3Auyy (90)

000000000000.000000 Aw0O0D0D0D0D0O0000000,
%ej = F;+ D;AU 91)
000.000Eq(82)000000 j000000000,
Yirj = h(xp) + hy(x)Fj + hy () D;AU 92)
0000.00000000000,00000Y0AUDOO0OOOOO0.
Y = C+ DAU (93)

Obooboo0booobooboobdn (Dynamic Matrix Model) DO O 0O OO .

UbobOobOdEqO3)0bU0Db0OEq74) 0D 0b0Ob0on0,0bo0bonbo
gbobobboooooobobobbuoooobbbbuoooo.bbobbooogoon
OO00,Eq. O4)000.

J(AU) = (C + DAU - Y)'O(C + DAU - Y*) + AUTRAU (94)
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ogboAvoonbooobooboobo

AU = (D"QD +R)™'D"Q(Y* - O) (95)

ob0.Eq77)D0O000bO0Ob0bO00booboboOo,boobooobobon
obobooboon.
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