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Selection of controlled
(chap. 2-4)

lminJ

OPTIMIZER =

— PROCESS | costJ

d. = c — cs: implementation error

variables and setpoints

e VWhich variables? C

e VWhich setpoints? Cs
(robust optimization)

e Can we achieve acceptable
economic operation with
constant setpoints
(self-optimizing control)?



Mathematical formulation:
Best constant setpoint policy

{C(xauad)a CS} = arg |

min
c(u,z,d)

i minxi,ui,cs Zz wz-J(aci, U, di) |
f(x;,u4,d;)) =0
g(z;,u;,d;) <0

c(x;, uiyd;) = cs +d;

d; = dp + Ad;
dc,i — dc,O + Adc,i

Ad; € Dy, Adc,i € D¢




Example 1: Long-distance running
Manipulated variables:

heiglht
[ '\% ul = [speed]

Steady-state degrees of freedom: 1

Minimize time consume

J = tconsumed

: ! - Constraints:

Uphl flat :downh||| U < Umas(terraine, energy)
Okm okm 10km 1okm Disturbances (uncertainty):
dart finish dl' = [terraine energy]

Optimal running (operation): terraine = {uphill, flat, downhill}

Uopt = Uopt(terraine, energy) # Umax
Candidate controlled variables:
Problem:

T _
Complex model 4+ uncertainties ¢ = [speed heart — frequency]



Controlled variable: Speed (c=u)

Nominal speed Robust speed Flexible speed
(cs = ufiqr) (cs = Uyphill) (cs = ufiqr)
. too Jow -
height ' height
Ievgl Pe?l/%ht J&) Iev% too Jow j)k
. . , \ f00siow ‘ , \ foodow
infeasible/” : : : l -
| : : ! ! ‘ {00 fad 5 5
whill + fla + downhill uphll flat idownhill whill + fla + downhill
Okm Hkm 10km 15km 0km 5km 10km 15km Okm 5km 10km 15LI
dart finish dart finish dart finig

Infeasible Feasible Feasible



Controlled variable: Heart frequency (c=f)

Nominal heart frequency
(cs = fflat)

% Feasible 4+ close to optimal

(u & uopt(terraine, distance))

Self-optimizing control

whil + flat +downhil
Okm Hkm 10 km 15 lZm
dart finish




Example 2: Reactor-Distillation-Recycle System
(Papadourakis,1987)

Manipulated variables:

w!' = [V L B D F]

@ Steady-state degrees of freedom: 3
Minimize costs
)
7=V
E X, . @ Constraints:
M @ z, <0.015 ML active
Ao v M, <2800 kmol active
V. <5000 kmol/h

E

@ Flows > 0 kmol/h

Disturbances:

mol A
0.90 + 0.05 -

K
dl' = [Fy zo] = [460 + 92




Procedure for selecting controlled variables
(self-optimizing control)

Step 1. Initial system analysis
e Economic objective and constraints
e Degrees of freedom
e Disturbances

Step 2. Identify candidate controlled variable sets
e Use active constraint control
e Initial screening: Minimum singular value
e Process insight

Step 3. Lossevaluation for controlled variable sets, with:
a. Constant nominal setpoints
b. Constant robust setpoints
c. Nominal setpoints with online feasibility correction

(flexible setpoints)

Step 4. Final evaluation and selection of control structure



Step 2: Identify candidate controlled variables

Candidate controlled variables (20):

LVBDVBDBDBF
A =[LVDBFM zrzgzp = — - = — = === = ]
FFFFLLLVYVDF

Active constraint control
e Product composition (zp)

e Reactor holdup (M;)

Unconstrained degree of freedom: 1



Step 3a: Loss evaluation with constant nominal
setpoints

c1,c2,C3 Nominal setpoints
C3;s Lw(%) Lmaw(%)
Reoptimized ¢} ,(d) 5.16 11.03
zp, M zp 0.825  5.22 11.04 R
zg,M,,L/F 0.871 5.39 11.24 2000 —
xp,My,D/L 0.600 5.40 11.15
g, M, D)V 0.375  5.60 11.15
g, M, V/F 1.392  6.05 11.37 1800/ T URE08
xB,MT,B/L 0.549 6.31 13.70 \
zp,M;,L 837.4  6.68 22.95 16001
xp,M;,V/L 1.600 3.64 41.31 S \
zg,M,,B/D 0.916 11.2 47.77 s Reoptimized J__()
mB,MT,F/Fo 2.091 inf inf 1400t ’
zp,My,B/F 0.478 inf inf
g, M, D/F  0.522 inf inf
g, M;,D 502.0 inf inf 1200;
zg, M, F 962.0 inf inf
xB,F/Fo,V/B — inf inf 100 w ‘
zB,F/Fo,xp — inf inf 0, 0 >0
:IZB,:BD,xR(BS) — inf inf ’ n
zg,F/Fo,L/D — inf inf
xB,F,ZBD(LS) — inf inf

V/B,F/Fp,zp — inf inf




Conventional (zp) Larsson et.al.(L/F)

@ D x @ D x
Mys LG Mg L€




Finding optimal setpoints by
(Glemmestad et.al.,1998)

d =F,=460 d,=F_=552
5000f "~ [T
40001
30001
T
ik Jd,.c)
2000r :
L_ : Iy L<0
1000r Do
800 1000 1500 2000
CS,O Cs,robusg:F

max

2500

robust optimization

Robust optimization:
min Z wiJ(a:Z-, U, di)
f(zi,ui,d;)) =0
g(xi,ui,d;) <0

C(wia Us, dz) = cs + dc,i
d; = do + Ad;

dc,i — dc,O + Adc,i
Adz c Dd, Adc,i S Dc

“Optimal backoff" :

bopt — Cs,robust — Cs,0



Finding flexible setpoints by online feasibility cor-
rection (Lid et.al.,2001)

d.=F, =460 d,=F =552

5000f | | | Viax Online feasibility correction:
: T
4000/ f _min (ci1,flex — C11,5)" Qri(crr fiex — CI1,5)
y Wy Cflex
f(w7 u7 d) — 0
3000} ]
> : g(a:, u, d) + dg,mam — dg <0
11 :
) 2000 :k 1,0 C(x7 u, d) — Cflex + d.
L 3(d,.0) L0 Cl,flex — Cls
1000} by ] .
S “Flexible backoff :
flex :
900 1000 S, gy 1500 2000 2500 biex(d, dc) = ¢ flea(d,dc) — cs0

Cs,O Cs,robus@:F



Step 3: Loss evaluation

c1,C2,C3 Nominal setpoints Robust setpoints Flexible setpoints
C3,s Ly Lmaz b3,opt Ly, Lmaz bgf?‘:lnew Ly, Limas
(%) (%) (%) (%) (%) (%)

Reoptimized cjpt(d) 5.16 11.03 — 5.16 11.03 — 4.97 11.03
x,M,,xp 0.825 5.22 11.04 0.005 5.21 11.03 0 5.22 11.04
xg, M, L/F 0.871 539 11.24 —-0.021 5.35 11.34 0 5.39 11.24
xp,My,D/L 0.600 5.40 11.15 0.047 5.34 11.35 0 5.40 11.15
xg, My, D/V 0.375 5.60 11.15 0.026 5.49 11.46 0 5.60 11.15
xg,M;,V/F 1.392 6.05 11.37 -0.037 5.93 11.67 0 6.05 11.37
zg,M, B/L 0.549 6.31 13.70 0.054 6.05 12.60 0 6.31 13.70
xg, M, L 837.4 6.68 22.95 —64 6.46 15.87 0 6.68 22.95
zg,M,,V/L 1.600 8.64 41.31 0.206 5.89 12.19 0 8.64 41.31
xp,M,,B/D 0.916 11.2 47.77 —-0.140 6.00 11.68 0 11.2 47.77
xg, M, F/Fy 2.001 inf inf 0.289 6.22 12.15 0.1280 36.82 291.78
zg,M,,B/F 0.478 inf inf —0.056 6.36 12.08 0.0145 36.87 291.78
xg,M,,D/F 0.522 inf inf 0.061 6.50 12.24 0.0242 36.89 291.78
xg, M., D 502.0 inf inf 191 6.79 12.82 91 26.63 165.24
zg, M, F 962.0 inf inf 286 7.51 13.90 183 26.90 165.24
zp,F/Fy,V/B — inf inf — 25.87 54.38 0.6718 9.40 20.28
xp,F/Fo,zp — inf inf — 2591 54.38 0.0001 8.24 24.36
Xg,zp,rr(BS) — inf inf — 26.08 54.38 0 6.36 16.24
xp,F/Fo,L/D — inf inf — 33.13 63.59 0.0001 10.06 26.59
zg, F,zp(LS) — inf inf — 43.10 94.37 0.1735 30.84 165.24
V/B,F/Fo,zp — inf inf — 45.74 78.75 0.0321 8.95 28.28




Step 4: Final evaluation and selection of control
structure

Stabilize reboiler, condenser and reactor holdup

Pairing based on relative gain array (RGA):

Alt. Loop 1 Loop 2 Loop 3 Loop 4 Loop 5
xgy My B Mg+ D M F xp<V x4 L
L/F My<B Mg+ D M+ F x,<V L/F+&L
D/L My+<B Mg+~ D M+ F zy,<V DJ/L<+ L
D/V. My+<+B Mg+ D M+ F x,<V D/V &L
F' My< B Mg+~ L M <D z+<V F

D My+<B Mij+< L M < F xp+<V D

All six alternatives show good controllability.
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Plantwide control (Chap. 5-6)

lminJ

OPTIMIZER

A

— PROCESS

cost J

Important tasks:

e Controlled variables

e Manipulated variables

e Measurements

e Control configuration

e Controller type
Plantwide control procedure
(Larsson et.al.,2001):

e Top-down analysis

e Bottom-up design
Case-studies:

e Combined-cycle power plant

e Heat-integrated distialltion column



Two-point composition control in distillation:

Optimal number of stages wrt. controllability
Fixed setpoints:

e Two competing factors:
¥ %L — Interaction:
— ki,';g@ Smallest with many stages
| i-% \ % D x, Reference tracking

£, — Internal flows:

Largest with few stages

Disturbance rejection
k ‘LG
%é 5 Fixed energy
% X,

(constant internal flows):
e Best with many stages




Further work
e Identifying candidate controlled variables
e Model uncertainty

e Plantwide control procedure: Bottleneck, degree of freedom,
bottom-up design.

e Case-studies

Concluding remarks
e Self-optimizing control and feasibility

e Several detailed case-studies based on a systematic method.



Example 3: Evaporation process (Newell,1989)
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Case study 1: Combined cycle power plant

Fuel compressor

—W/

Condenser —LC;
drum '

Steam-—turbine Condenser LP—pump
HP-valve PC ————————————————— i
Z:%O T
- N - L~
Evaporator | LG LP-
drum valve
Deaerator z=1

HP-pump #Q%’

Y
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N
TG
\ 1
~ot

Air compressor

e

z=0 z=0
Super—heater  Evaporator

ik

z=0
Economizer

________

Pre—heater



Case study 2: Heat-integrated distillation column

; Condenser r° 1 Throttling valve

P :
Dﬁ |

Expansion valve

BCy- - R G |
i ,

N P ey PRIV RN I
. N =| Column Compressor

Reboiler
’J:’I_C\:l

—

F Secondary condenser
+ 1 Cooling water

Li et.al.(2003)
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