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Overview

« Model decomposition
+ Case studies
< Additional topics
. Data acquisition & analysis
Process modelling for control & diagnosis
Modelling of discrete event systems
Modelling of hybrid systems
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PSE for
SPEED

Model Decomposition
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PSEfor
SPEED General model-based problem definition

FObJ - mln {CTX + f(ﬁ! ¥1 H, g’ Q) T Se T Si T SS t I_IC t Hp} (1)
P=P{ x,y,d,u 0~ Process*/product model  (?)

O=h,(x,y) Process/product constraints (3)
0>9g,(x,u,d) ~ “Other” (selection) (4a)

/ constraints b)
02 gy(y)

. .~ Alternatives (molecules; unit
Bx+CY2D operations; mixtures; (s
flowsheets; ....)

Solution approaches

*Solve all Egs. (1-5) simultaneously
*Solve 4b, 2, check 3, check 4a, check 5, calc. 1

Lectures 10: Advanced Computer Aided Modelling



PSEfor -
s General model-based problem solution

Fobj=min {CTY + f(x,y, u,d, 8 )+ S, + S;+ S, + H. + H;} (1)

Y=0o0r1l
P=P(f,x,yyd,u,0) — Process*/productmodel (2) ]
X . process
0=hy(X,y) ————————————— Process/productconstraints (3) -
0>g4(x,u,d) —————————— “Other” (selection) (4a) u . fixed
0> g.(y) — constraints (4b) d - equipment
Bx+CTY>D — - A]ten?thfes ({Illz]l?l:ll]fs; unit -
operations; mixtures; (5) .
flowsheets; ....) Q - parameters

*Solve 4b, 2, check 3, check 4a, check 5, calc. 1
 Enumerate sets of Y that satisfy 4b
* GlvenY, u, d, 0, solve eq. 2 for x for all sets of Y

* Given X, Y, check 3, then 4a, then 5 for remaining sets of Y
to obtain the set of feasible solutions

* For each feasible solution, calc. FOBJ and find the optimal

Lectures 10: Advanced Computer Aided Modelling
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Manage the complexity by decomposition: example

min2x, +3x, +1.5p, +2p, -0.5, o O Solutionw wrateggv:
Objective . SolveI:Y1=1,Y2=1,Y3
function =0;Y1=1,Y2=1,Y3=1
x4y =123 2 (only two feasible sets)
Process I ) _ _ _
model x.!!s +1,5.}I.2=3,|:| (3) SO—I/\/&II- Xl - 0.5, X2 -
0.544 (for both sets of Y)
Process L @ Solve III: Eq. 4 & EQ. 5
constraints e cam 1 5 are satisfied for both sets of
SRR Y and the calculated values
| h “h-X ) =l 16} Of X
Flowsheet
constraints som] | ) Solve IV:Eq 1 = 6.132 for
i set1; =5.632 for set 2
%% 20 (8) Global optimal
variable solution: set 2
pounds SRR ® (X1=0.5, X2=0.544,
Y1=1,Y2=1,Y3=1)
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PSE for

sPEel  General model-based problem solution

Feed

Find solvent or membrane,

flowsheet & optimal design

Solvent make up

DEC
> 7 i
' Y13
1
Y23
I Y6
P—
D2
Y2 Y7 M\—,L,‘
D1 ’
Y3 ’
Y1
Y11
L
L]
Y12
Y4
o e
Y5

Y14

1

[

Y17 w

Solventl —

Solvent2 —

SolventN -~ »
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PSEor -
=PEEl  General model-based problem solution

Find solvent or membrane, flowsheet & optimal design

> ]
piaEs|

=

%
% B

For fixed membrane and :

process flowsheet, find :
optmal design Tg®

&
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PSE for

sPEel  General model-based problem solution

Xo=(4r+ 1)/t

0=C;(Y; 4;+86;/X>)

0=Cs (Yo As—6>- X)) Balance equations

0= Cj'_}_(j-l_gl ' Yj_:“lj
Ar=hp X+ 1 @0 Conditional/
A-=6-/X> S (X)) .
Lm T R constraint
}fj = (‘417 ' KT ' I) / (‘417 + 512) -

eguations

P;—Pi(Y.P)=0
P,— Py (Y, P)=0

01=Z:Y1 / (Zi+ Zo) Constitutive

0, = [(Z1) + (Z2)2)/Ya eguations

Design constraints
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PSE for

sPEel  General model-based problem solution

0=C (¥ A;+ 8:1X0) _
0=Co(Fs As— - X) Balance equations

0=C; - Xo+8,- 13— A,

: ) ;H‘ ‘}_}'} ‘f;” Conditional/
AT me TRy constraint -
:: '_ ’;’__"J”r = equations M Od e I an alyS IS
Or=2Z2 1+ 7o) Constitutive
0, = [(Z:) + (Z2P)Y: equations
P=-PY.P)=0
P-PL.B=0 Design constraints
Variable Tvpe
Y;. Y>and 13 Dependent (differential or state) variables
Z;and Z> Design (decision) variables
@; and 6; Property parameters (constitutive variables)
A A, X X Intermediate variables (unknown)
P;and P> Performance criteria
C;and C; Known parameters

Lectures 10: Advanced Computer Aided Modelling
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PSE for

sPEel  General model-based problem solution

30 0=C;(¥;-4;+ 8:/X2)
31 0=0C:(Y>-4,-6:- X))
32 0=C; - Xo+8,- 13— A,

33 Ar=h X+ ¥ (Y
34 A= 6./X5+ 1> (X))

Xi=(d, Yo0/(d;+42)
22 =+ )/t

37 8, =201 (i + 7))

38 8= [fZ‘,): + {Z:):] Y

39 P-P(LP)=0

Balance equations

Conditional/
constraint
equations

Constitutive

AQ  PPEP=0 Design constraints

Solve Eqs. 30-38 for
specified Z

Solve EqQs. 39-40 for P

If 39-40 not satisfied,
assume new Z and
repeat

Number of eqs = 11
Number of variables = 13
Degrees of freedom = 2

Variables to specify = Z,, Z,

equations

EC]S. j(j X';- }’Tj }’:*- }’73 A; | 4> %) b %) 2 Z b Z 2
30 * | * *

33 [* [* [F *

32 * I *

35 | ¢ * * |

36 | * * *

37 * * ik
38 * ERE
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PSE for

sPEel  General model-based problem solution

30 0=C;(¥;-d;+ 8:X)
31 0=0C:(Y>-4,-6:- X))
0=C-Xo+6,- Y- 4,

Balance equations

Number of eqs = 11
Number of variables = 13
Degrees of freedom =2

Variables to specify = P

32
33 AN (0 Conditional/
34 Ay constraint
35 S equations
o=+ 1)/t
36
37 =2, [+ 1) Constitutive
38 6:= (@2 + @RIV equations
39 P-PALP=0
40 |PPEp=0 Design constraints Egs. | 15
39 *
40 |[*
Solve Egs. 39-40for Y, Y, ==
36
Solve Eqgs. 30-36 for X, 32
XZ’ Y3’ Ali AZ’ 91’ 92 gi’ -
Match 0., 6, (target) with |30 |~
; 34
Z,, Z, (product or material
or chemical design) 37 | *
38

= = =
= =
= = = =

= = =

3 3 £
£ £ £

= = = ES
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Integrated Process Design and Control

Problem Def

Integrated
approach can be
achieved by
identifying

variables together

with their target

values that have
roles in process-
controller design

inition

X.y.u

subject to:

min  F(x,y,u) =

F(x,y,u)
F(x,y,u)

xX(1) = f(x,y,u,0)

0="h(x,y,u)
0<g(x,y,u)
x(7,) =X,

u(z,)=u,

|

i

The solution to this
optimization
problem must
address the trade-
offs between
conflicting design
and contirol
objectives for the
chemical
processes

ldentifying optimal design together with design-manipulated
variables v, process-controlled variables y, their target set points,

and their pairi

ng.

Lectures 10: Advanced Computer Aided Modelling
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Concept of Driving Force: Application to
distillation columns

Driving Force: D;; = y; — X = X; oy /[X; (o5 - 1) + 1] - X;

v
A, Distillate
/@—’ msae A design method of distillation

separation system based on
, identification of the largest
N driving force.

i

Xi

AN |N.=NA-D)

_ At the maximum driving force,
5 separation becomes easier and

i *Q?‘ energy required is at the
a B’B"ﬁ"’"E\T/ . Buon  MiNimum.

Bek-Pedersen, E., Gani, R. (2004). Design and synthesis of distillation systems using a driving-force-based
approach, Chem. Eng. Process., 43, 251-262

Lectures 10: Advanced Computer Aided Modelling 14



A Conceptual Example: Design & Control &=
Binary non-Reactive Distillation Column

Step 1: Process Design:
N Design alternatives that
match design targets to separate A from B

D,
0.00 —
0.0 0.2 0.4 06 0.8 1.0
0.20 T T T T T T T
v i
\ H
Ay s

Step 2: Optimal Design-Control Solution
N - M Design alternatives that
match design and control objectives

0.05-
0.00 T T T — T T T T
. . . R 0.0 0.2 0.4 0.6 0.8 1.0
Step 3: Final Selection and Verification Composition of B, x,

N - M - L Design alternatives that have matched
all the constraints are compared

l

Optimal solution

A
Driving force, FD,

-

ABS(dFD/dx,

gy & &y N &y

Lectures 10: Advanced Computer Aided Modelling 15



Will the same method work for PI?

For example, a reactive distillation column?

W

Isobutene (C,Hjg ) + Methanol (CH,O) — MTBE (CsH;,0)

Number of Compounds — Number of Reactions = 2

Element A Element B Element AB

With respect to "elements”, this is a binary element system

Pérez Cisneros, E.S., Gani, R., Michelsen, M.L. (1997). Reactive separation systems—I. Computation of
physical and chemical equilibrium, Chem. Eng. Sci., 52, 527-543.

Lectures 10: Advanced Computer Aided Modelling 16



Case Study: Reactive Distillation
Step 1 — Process Design

I

o

Reactive distillation column design

Reactive VLE data is obtained by consecutive calculation of
reactive bubble points*.

i-Butene (W)

Temperature (K)

Component vapor composition

Component liquid composition

001
0.05
0.1
0.15
0.2
0.25
0.3
035
04
045
0.5
0.55
06
0.65
07
075
08
03835
09
095
0.99

33753
33411
33123
32005
327.37
326.06
325.03
32421
32353
322.84
320.83
301.20
28041
282.52
278.02
27482
27239
27046
268.86
26749
266.31

ub

437E-04

0.0169
0.02759
0.03538
0.04187
0.04803
0.05475
0.06341
0.07759
0.11239
0.22288
0.70051
0.85004
0.00049
0.04019
0.05888
0.97161
008103
0.98846
0.99464
0.99989

pe)]
0.99547
0.81473
0.68735
0.59459
0.52273
0.46383
0.41189
0.36007
0.30208
0.21477
0.00427
0.00265
0.00037
0.00011
4. 46E-05
2.16E-05
1.14E-05
6.16E-06
3.13E-06
1.20E-06
2.04E-08

O]
0.00408
0.16836
0.28484
0.37001
0.43539
0.48812
0.53334
0.57561
0.62031
0.67283
0.68284
0.20683
0.14958
0.09039
0.05976
0.04109
0.02837
0.01895
0.01152
0.00532

0.0001

(1)

6.43E-06
10.00032
0.00067
0.00108
0.00161
0.00230
0.00326
0.00470
0.00716
0.01200
0.03122
0.1845
033378
046166
057146
0.66668
0.75001
0.82353
0.88888
0.94736
10.99899

2
0.99899
094738
0.88896
0.82372
0.7304
0.66743
0.57282
0.46407
033811
0.10238
0.06921
0.00328
0.00067
0.00022
9.63E-05
4.47E-05
2.16E-05
1.03E-05
4.52E-06
1.52E-06
2.08E-08

x3)
0.00099|
0.052

0.11036}
0.17519]
0.24708]
0.33026}

0.4239
0.531224
0.65473

0.7047
0.89055]
0.81221
0.66553
053811
0.42043
0.33327}
0.24997]
0.17645}

340
330 - U - —Liquid -~ Vapour
320
X + X
L 3 310
300

X2 + X3 290 |

Temperature (K)

X+ X, +2-Xg 280 |

01111
0.05262,
0.001

-
*(1), (2) and (3) denote to i-Buispe, methanol and MTBE, respectively.

270

260 s b b b b b b b g g g
00 01 02 03 04 05 06 07 08 09 1.0

W,

*Tool: ICAS-Process Design Studio

Lectures 10: Advanced Computer Aided Modelling 17



Case Study: Reactive Distillation

Step 1 — Process Design

] L] ] ] °
« Reactive Distillation Design
0.30
___________________________ /Maximum DF
0.25 Reactive :
operating lines i
0.20 i
Ty |
a |
8 015 i
S |
LL 1
o |
£010 ¢ w,,
a W, !
0.05 + |
|
0.00 \\\\\\\\\\\\\\ | T
0.00 0.20 0.40 0.60 0.80 1.00
W',

Reflux ratio: 2

Vapour element fraction, WY,

1.0

o
0"

o
o

o
PN

o
N

| Operating Line

Feed Line

A

Rectifying Reactive

WIA,B
Stripping Reactive
Operating Line
0.2 0.4 0.6 0.8

Liquid element fraction, W',

1.0

I

o

Theoretical number of trays: 5 plus non-reactive reboiler and condenser
Assumptions: Total condenser, Partial reboiler, Chemically saturated liquid

reflux

Lectures 10: Advanced Computer Aided Modelling
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Case Study: Reactive Distillation

Step 1 — Process Design

] L] ] ] °
« Reactive Distillation Design
0.30
___________________________ /Maximum DF
0.25 Reactive :
operating lines i
0.20 i
Ty :
o i
Y 0.15 i
S i
- |
o 1
£ 0.10 :
= |
a W, !
1
0.05 |
|
i
0.00 t—— ——
0.00 0.20 0.40 0.60

Feed Stage = 2
T = 300K
P =101.3 kPa

Zisobutene = 0.7, Zmethanot = 0.3
Fiota = 100 kmol/hour

Lectures 10: Advanced Computer Aided Modelling

Reflux Ratio =2

W

Total
Condenser
(Stage 1)

-t

i#:::
&:
L

L
L

L

>

Partial
Reboiler
(Stage 7)
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Case Study: Reactive Distillation

Step 2 — Optimal Design-Control Solution

Selection of controlled variables

W A max — RPrimary controlled

I

o

variable (uncontrolled output) 030
W, or W ,B —secondary 0.25 |
confrolled variable (desired T oz |
OUTpUT) ig 015 |
g 0.10 [
Set-points value for controlled 5 o5 |
and manipulated variables 0.00

S

The calculated value of y and u
at Point (I) are the optimal set-
points.

Lectures 10: Advanced Computer Aided Modelling
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Case Study: Reactive Distillation
Step 2 — Optimal Design-Control Solution

Sensitivity of controlled variables with respect to disturbances in

the feed

It is verified that disturbance rejection in the feed is the best at the
maximum driving force (Point I) than other points.

b _
dd

At Point (1),

awi aw!
dF F: dz%
aw; — aw;
_ df’; Wy |
dDFf
dW—i Wﬂ"

Lectures 10: Advanced Computer Aided Modelling

4. max

dr;

AW/ || dDF, || aw, | | dW] || dDF,
dDF, |\ dW, || dF, | |dDF, |\ dW, || dz,
dlV, || dDE, || dW, | | dW, || dDE, || 4w,
dDF, |"dW i\ dE, | | dDF, \-dW || dzy
awd aw? |
0 di dF . dz% N 0 0
dd |aw?  aw?| |0 0
dF, dzm{_

I

o

21



I

Case Study: Reactive Distillation ==
Step 2 — Optimal Design-Control Solution

0.30 |
0.25 |+ 1" I
- L . Optimal process design:
=) 0.20 + 1 1 1
: L : ———__ the lowest energy
sowsr /o | required [3]
o)) 1 I 1
£ 010 f
£ L :
[a) 1 1 1
0.05 | 1 |
1 ! 1
0.00 Lot P a— Optimal controller design
0.5 0.6 0.7 0.8 0.9 1 P L g
Wi the lowest sensitivity of
0.18 dy/dd and the highest
015 M sensitivity of dy/du.[4]
L 012 ¢
2
T 0.09 | [4] Bek-Pedersen, E., Gani, R. (2004). Design and synthesis of
) distillation systems using a driving-force-based approach,
T 0.06 | Chem. Eng. Process., 43, 251-262
0.03 r [1] Hamid, M. K. A., Sin, G., and Gani, R. (2010). Integration
0 , , , of process design and confroller design for chemical
0.5 0.6 0.7 0.8 0.9 1 processes using model-based methodology. Comput.

W Chem. Eng., 34, 683-699.
A
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Case Study: Reactive Distillation

I

o

Step 2 — Optimal Design-Control Solution

Selection of the controller structure (pairing between
controlled-manipulated variables)

It is verified that at the maximum point of the driving force
diagram, pair of secondary confrolled variable or with
manipulated variable is always the best conftroller structure.

[ dw?

dw; |

dRR
dw?

drRB
dw 2

. dRR

At Point (1),

dRB |

i ! !
DE+(RR+L{332J£32&J+3ﬁg (RR+1{

dw, ( dDF
drRR ([ dw.

doF, | _

d
A WA,max

i

-~
dw!  dw
dy | dRR dRB
du |dw? dw?
| dRR dRB

Lectures 10: Advanced Computer Aided Modelling

dDF, |( dw! _deu_
aw' )| drRB )" dRB
dw,
dRB

DF,
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Case Study: Reactive Distillation =1
Step 3 — Final Selection and Verification

« Rigorous dynamic simulation*

- Arigorous reactive distillation dynamic model based on
elements is used.

- The chemical reactions occurring are fast enough to reach
the equilibrium.

- Chemical equilibrium condition is implicitly incorporated into
the element mass balances.

- Alternative designs are selected in addition to the optimal
design for verification purposes.

*Tool: ICAS-Process Simulation

Lectures 10: Advanced Computer Aided Modelling 24



[ [ [ ® o
Case Study: Reactive Distillation ==
Step 3 — Final Selection and Verification
« Controller structure verification
- Controller structure at the maximum driving force:
Cawd awg ol T~
dy | dRR drRB |_[DF 0 I/
dU dW'AI\3 dWAB O _DF| :g: 0.15
| dRR dRB _ £ oo
- The relative gain array (RGA); o:ooo;_) N
RGA - : "G 1 9.06 -8.06 RG 1028 128
A= ‘ " A= Zgo6 9.06 T T| 128 028 ,

|

Candidate design alternatives
to the maximum driving force

Lectures 10: Advanced Computer Aided Modelling 25
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Case Study: Reactive Distillation =1
Step 3 — Final Selection and Verification

« Rigorous dynamic simulation: Closed-loop

- Controller structure implementatfion : @%® y
(o) — S
—_—T, y (f) J/(k) RR Distillate, XpmTse

Rigorous Dynamic Model
D/A y D —
H(F) /Physical Process (Plant)

5
Reactive
Trays

u(k)

Control Algorithms |-

- Controller tuning : SIMC rules P @

Lectures 10: Advanced Computer Aided Modelling 26
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Case Study: Reactive Distillation =1
Step 3 — Final Selection and Verification

« Rigorous dynamic simulation: Closed-loop

2.0005

2.00025 <
<
X,
vawwvww/vw«\mwwwvwmvwwww S 0'93 0'07
2 RGAY =
3 |) _ |:
z 0.07 0.93
5 . .
L5
L L T
0 200 400 600 100 200 300 400 500 600
Time (Samples) Time (Samples)
0.040% S 93%
= 0.038% 2 9006 |
S 0.035% g . .
: § oo | Optimal Design-Control
3 0.033% | _ c
S 0.030% S 8% L S | -I-
= 0. o - =
s - olution
@ 0.028% | w 83%
@
0.025% : : : : : S sow ‘ ‘
0 100 200 300 400 500 600 ) 200 400 600
Time (Samples) Time (Samples)

- Least sensitivity to the disturbances
- Least control loop interaction and effort in manipulation
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Case Study: Reactive Distillation
Step 3 — Final Selection and Verification

2.0001
2
= 2.00005
24
x
=
© 2
14
1.99995 - - - - -
] 100 200 300 400 500 600
Time (Samples)
< 0.090%
s . ~ X
2 0.085% L MTBETopComp. Controlled Variable
8 —Set-point
S 0.080% r
5
0, .
S 0075% — A
e 0.070% [ ~
@ 9
E 0.065% (-
0.060% L L L L L
0] 100 200 300 400 500 600
Time (Samples)
2.035
[=}
= 2.025
o
E 2.015
©
@ 2005 -
1.995 L L
o] 200 400 600
Time (Samples)
- 0.50%
i
ig 0.40%
o
£
o
O  0.30% r
[=N
<)
w  0.20%
o
=
=
0.10% L L
0 200 400 600

Time (Samples)

2500
2000
1500
1000

500

Heat Addition (kJ/h)

0

95%

90%

85%

80%

75%

MTBE Bottom Composition

120000

90000

60000

30000

Heat Addition (kJ/h)

0

100%
95%
90%
85%
80%
75%
70%

MTBE Bottom Composition

Time (Samples)

o] 200 400 600

Time (Samples)
~—MTBE Bott. Comp. - Controlled Variable —Set-point

0 100 200 300 400 500 600
Time (Samples)

o 200 400 600
Time (Samples)

0 200 400 600
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RGA - 0.06
Any = ~8.06

—8.06
9.06

-0.28 1.28

RCAm =| 128 _0.28

W
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Model-based process synthesis-design

More
sustainable
process

Synthesis i Innovation

Processing route Improvement target

Raw material

Step-4
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=78 Model of the process-step interval network

PROCESS INTERVALS:

e multiple inlets/outlets

EX.: Water Degummtng * multiple unit operations

¢ utilities and chemicals

* wastes

i

r
__Ex. Water Degumming

Lectures 10: Advanced Computer Aided Modelling



= The generic process interval model

UTILITIES
CHEMICALS
in

SEPARATION
REACTION  WASTES

\ Separation

PROCESS . /\ PROCESS
STREAMS in / STREAMS out 1
TRANSPORTATION
UTILITIES
CHEMICALS PROCESS
y out A STREAMS out 2
WASTES v Adapted from Zondervan et al. 2011, Computers
out & Chemical Engineering 35, 1752-1766
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pSE for

SPEED
Generic Model Equations and Data

Fi,l\lfk = Z( Foo )+ai,kk ‘R

MIXING k
R =4 Z( F e )
ik
REACTION I:lllik = I:ll\I:Ik + z (7i,kk,rr .ereact,kk,rr ) Frggc,kk)
rr,react
WASTES SEPARATION Fo =Fh (1-SW, )
PRODUCT SEPARATION F ook =B %" - Sk - Eikork
TRANSPORTATION Ctl’k’kk = ZFi,k,kk W - diStk,kk data
CAPEX CAPEX,, =P, Z( Fou )Qkk
OBJECTIVE FUNCTION EBIT = Z( pkprod Fi ’(I)(UT . Pkraw Fi ﬁ)(UT . Pkutil Ri,kk . Rﬁastevvastei'kk . CAF;EXk )
ik

Alternatives Company (all)

Process related Engineering

Prices and Market Marketing, procurement
related

Product related Product engineering
Regulations related Regulatory

Large number of equations and data

Multiple data type and sources

$

Need for Automation of problem
formulation 32



=108 General mathematical problem

Fop= min {Cly+ (X, y, U, d, 8) + S+ S+ S+ Hc+ H}

Process-product model

P — P(I; L y; d1 H1 g) Raw Materials Process 1 Process 2 Products

Process-product )

Yy
0 =hy(X, y) L 62/ E
02g,(x, u,d) AN t

/

AW

Equipment-material

\ 4

Np

VAN
o

02 g,(X, Y)
Flowhseet-chemical alternatives XY,=lorl>2Y, <2
Bx+Cly>D Or, SetY, =0
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=122 Integration of process-product design problems

Eg. 1: Objective function *Process simulation
Eq. 2: Process constraints Product — Process *Process optimization
Eqg. 3: Process models Eq. - *Product evaluation
4. Property models Eq. 5: DeS|gn (Eq-l) *Optimal product
Process variable T T *Product-process
constraints application

Eq. 6: Molecular structural Product Process -Product_—process-
constrainst Design Design appllcatlon

Eq. 7: Processing networks | | T

} }

Product
Design

(Egs.4,6) . "

Process Desig
(Egs.2,3,5,7) r /I—:
Integrated Feed l> g

| * Product-Process S,
Design
M O =
.-/"Ff -\M'\"-fff/ff-’ . \l/

Sn

Simultaneous Product — Process Design
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=1==s] | he grand chemical product design model

4 |

. [ Process design, pd \
Ingredients, x - —
o ) Operating conditions, pd,, Process flowsheet, pd;,
Active ingredients e
Supporting ingredients Temperature Pressure Agitation Unit operations Equipment
(solvents, additives) speed geometry Materials of
construction

Property model, g <

Material properties, p

l Process model,

Product structure, s_

Particle size distribution Product use

Phase volume fraction .
. conditions, u
Particle shape

Macro form Environment and Sustainability, S_t
method of application

Physical properties Chemical
properties Biological
properties

Cost model, ¢, € .
Quality model,

T
em(X, pd) a € Ty(p. s, u) Other factors, of
Product price, pr, Pricing model, S

arket share,ms__ | Porms < Torms(ar Y3 ( Product supply chain

. 4 L quality, a Government

regulations

Product cost, ¢,

\

Multiobjective mode|, Max

Economic
analysis, e

(" Nonmanufacturingw
costs, Com

—
Economic model,

e € T.(cms Soms Porms)

Product for
mercializatign

Legal Marketing

-
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Chemical product design simulator

There is a need for a product simulator with the same
and more useful features than a typical process
simulator.

Based on available data, models, methods and
analysis tools, the first chemical product simulator

. Computer Aided Tool for Product Design

I s i S e
has been developed: PFrOCAPD
Product design , Product analysis
. Use design templates H Predict and analyze product
- (molecule products,form_u_lated products, L behavior (identify important
" blended products, emulsified products .
devices) pJ’O\dUCt prOpemLEaﬁ; 7777777777777777777777777

Product performance

Simulated product performance
through virtual applicitt_iu

Product search

X Search for data, models,
), properties, products,i(M
etc.

U LRy

PSE for
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=118 Model-based process synthesis-design tool

Synthesis Problem : The objective of Process Synthesis is to
find the best processing route, among numerous alternatives for
converting given raw materials to desired products subject to
design constraints and predefined performance criteria.

————— === A Computer-Aided Tool to:
S S p— o “+*Generate all feasible process
; T flow-sheets (To generate

= novel/innovative solutions).
- R <+Quick & efficient evaluation
S — of alternatives.
. < Design & Analysis of

ProCAFD Alternatives

. <*That requires minimal
computation resources and

s EXPert knowledge.

Lectures 10: Advanced Computer Aided Modelling
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208 Other examples of model based systems

Examples:

Model-based system for design/analysis of process analytical
technology (PAT) systems

Model-based system for optimization of refinery (petroleum &
bio) operations

Model-based system for design/analysis of hybrid reaction-
separation systems

Model-based systems for integrated design-control of chemical
processes

Model-based systems for product-process design/analysis
(pharmaceuticals, agrochemicals, food, solvents, ...)

Integration of work-flow & data-flow for problem specific solution

Lectures 10: Advanced Computer Aided Modelling 38 EJ%IEEFEOEI




omputer-aided modelling tool: ICAS-ModTem

Model Template Applicatign odelling and Model Analysis Model Development
l MoT Model Database
s N -
Templates Database Problem-specific model [~
w > library L T
N v § N J g
\\ Model Templates v :':'.a
Library [ Model construction ]/" N
Equations ~ * g * //
v
Database e ] N N ) /
= Model construction o Model identification < /
e (equations building blocks ~ — d - Ph sica;'s stern N
combination) y |dentified model y ' 3%
b < Model ( o ) Model analysis/ Model
Model validation
export to L y export . development Y,
MoT via ) to MoT
v XML r v Validated mo\del via r v .
[ Model Finalization Model solution Xl Model implementation
\ 4
Results and Report
\ 4
4 N
> External Export
via XML
X J Fedorovaetal. 2014
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Future Research Challenges in PSE

* Truly innovative solutions to problems related to
 Energy
 Water
 Resources
« Establish modeling as an enabling technology
« Establish solution strategies for multiscale &
multidisciplinary nature of problems

* Moo

andling of large datasets

andling of models from different disciplines
andling of conflicting objectives

els not just working with unit operation

scale — true predictive models are needed both
for process and product

Lectures 10: Advanced Computer Aided Modelling I;%IEEFEOEI
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Modelling case study — |

Develop a model for the evaporation of a
chemical from a water droplet

Stage-1: Develop models for pure component
properties of water and chemical-A (for example,
methanol) — includes parameter estimation
Stage-2: Develop activity coefficient model
(including parameter estimation)

Stage-3: Develop evaporation model

Stage-4: Combine all models for evapoaration of
methanol from water droplet

Note: Corresponding MoT-file will be provided in class

Lectures 10: Advanced Computer Aided Modelling
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Modelling case study - I

Develop a steady state model for a short-
path evaporation process

Stage-1: Derive the process model equations for a
given set of constitutive equations and model
assumptions — Model is a DAE In 2 spatial directions
Stage-2: Discretize the DAE model in horizontal
direction and integrate in vertical direction

Stage-3: Transfer discretized model to MoT
Stage-4: Solve model in MoT

Note: Corresponding MoT-file will be provided in class

Lectures 10: Advanced Computer Aided Modelling
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Lecture 10: Additional topics

- Data acquisition & analysis

* Process modelling for control & diagnosis
* Modelling of discrete event systems

* Modelling of hybrid systems

Lectures 10: Advanced Computer Aided Modelling
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Model-Based Process Control

Definitions (controllability, observability)

—eedback

Pole-placement Control

_inear Quadratic Regulator
State Filtering

Model-based Predictive Control

Lectures 10: Advanced Computer Aided Modelling
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State Controllability

A system 1s said to be “(state) controllable” if for
any t, and any initial state x(t,)= x, and any final

state x;, there exists a finite time t;> t, and control
u(t), such that x(t,)= x;

A LTI systemwith thestate equation
= Ax+ Bu
IS controllable iff the controllability matrix

U= [B,AB, AZB,...,A”‘lB] has rank n

Lectures 10: Advanced Computer Aided Modelling
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State Observability

A system 1s said to be “(state) observable” 1f for
any t, and any initial state x(t,)= x, there exists a
finite time t;> t, such that knowledge of u(t) and
y(t) for t, <t <'t, suffices to determine x,

A LTI systemwith thestate space model
¥= Ax+ Bu

y = CX
IS observable iff the observability matrix

V = [C,CA, CA?. ...,CA”‘llT has rank n

Lectures 10: Advanced Computer Aided Modelling
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MATLAB functions (V4.2)
<+ Controllability co = ctrb(A, B)
% uncontrolled states
unco = length(A) — rank(co)

ob =0bsv(A,C)
% unobserved states
unob=length(A) — rank(ob)

« Observability

In ICAS, the matrix manipulations can be done by
supplying the matrices A, B & C

Lectures 10: Advanced Computer Aided Modelling
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Example
{&}_{—7.1847 —50.0415}?1}{1}“
Model equations | % | | 50.0415 0 X, | |0

y, = [1.9558 —0.0476]]{:1}

2

A=[-7.1847 —50.0415 50.0415 0},

.- B=[1 O]
Controllability L0 71847
co =ctrb(A,B) = e, 0415; rank(co) =2

A=[-7.1847 —50.0415, 50.0415 0];

1.9558 -0.0476
ob=0bsv(A,C) = ; rank(ob) =2
-16.4343 -97.8712
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Structural properties of systems

A dynamic system possesses a structural property
1f “almost every” system with the same structure
has this property

(“same structure” = identical structure graph)

Properties include:
¢ Structural controllability
¢ Structural observability
¢ Structural stability

What is the relation to design?

Lectures 10: Advanced Computer Aided Modelling

49



PSE for
SPEED

Model Structure Simplification

Elementary simplification steps
< variable removal:

steady state assumption on a state variable
removes the vertex and all adjacent edges
and conserves the paths.

« variable lumping:
for a vertex pair with similar dynamics,
It lumps the two vertices together,
unites adjacent edges
and conserves the paths.

Lectures 10: Advanced Computer Aided Modelling
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[Q]=

O X O X|

O X| O

0

X| © O O

X| © X

0

o O O

0

, Q

, O K

0

o O NN O

s —rank([Q]) =_4 , ran_k(Q)
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Structural Rank

The structural rank (s-rank) of a
structure matrix [Q] Is Its maximal
possible rank when its structurally non-
zero elements get numerical values

0
0
0
S|
=3

O NN O DN

o O O O
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Structural Controllability

A system Is structurally controllable if the
structural rank (s-rank) of the block
structure matrix [A,B] Is equal to the
number of state variables n

[A.B]=[[A]|[B]]. UAB)=|B|AB|.|A"B |
s—rank([A, B]) —» rank(U(A, B))

Lectures 10: Advanced Computer Aided Modelling
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Structural Controllability

A system Is structurally controllable if:

« the state structure matrix [A] is of full structural
rank.

« the structure graph of the state space realization
([A].[B],[C],[D]) is input connectable.

Structural rank: pairing of columns and rows.

Input connectable: path to every state vertex from at
least one Input vertex.

Lectures 10: Advanced Computer Aided Modelling
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Structural Observability

A system Is structurally observable if the
structural rank (s-rank) of the block
structure matrix [C,A]" is equal to the
number of state variables n

C.Al =

or

AL

, V(A C) =

C
CA

s—rank([C, A]" ) — rank(V (A, C))

Lectures 10: Advanced Computer Aided Modelling

54



PSE for
SPEED

Structural Observability

A system iIs structurally observable if:

« the state structure matrix [A] is of full structural
rank.

« the structure graph of the state space realization
([A],[B],IC],[D]) I1s output connectable.

Structural rank: pairing of columns and rows.
Output connectable: path from every state vertex to
at least one output vertex.

Lectures 10: Advanced Computer Aided Modelling
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Structural Stability

« Method of circle families
conditions depending on the sign of non-
touching circle families (computationally hard)

< Method of conservation matrices
sign pattern: q; <0, a;20 1= ]
dominant diag: |a;|>) a; , i=1..n
1

If the state matrix A 1S a conservation matrix then
the system is structurally stable.

Lectures 10: Advanced Computer Aided Modelling
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Feedback

Open-loop system model
dx/dt = f(x,u) , y=g(x,u)

« State feedback

u = F(x)
- full state, linear, static feedback
u=Kx , K:control gain

« Output feedback
u = F(y)

Lectures 10: Advanced Computer Aided Modelling
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Model-based Predictive Control
Glven:
- discrete time parametrized predictive
dynamic model

y(Mj[k + 1) = M(D[1,%]; p(MJ) , k=12,

- measurement record

D[lv k] = { (u('r},y('r) | T=1- '.'k}
- loss functional with N, y() Q, R

TGO — 3D ) = 3" [7T(k+i)Qr(k +3) + ul(k+i)Ru(k +14) ]
i=1

T(k’} = y{rj(k) - y(MJ (k’} 1 k= 11 21 e

Compute: the discrete time control signal
{ u(k+1), 1=1,...,N } that minimizes the loss

Lectures 10: Advanced Computer Aided Modelling
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Model-Based Process Diagnosis

 Prediction-based Diagnosis
 |dentification-based Diagnosis

Basic idea: build models which describe
- normal non-faulty (healthy) behaviour
- faulty behaviour (identified by fault
mode label)

use measured data to determine the fault mode
of the system
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Simple Example: Batch Water Heater

h T

g

dh _w 7
dt - A’-’]'I A’-’?()

ar i H
& = (T — T+ —
&~ ap Tk e

where the variables are

e

time [s]

level in the tank [m]
volumetric Aowrate [m®/s]
specific heat [Joule/kgK]
density [kg/m®]

temperature in the tank [K|
inlet temperature [K]

heat provided by the heater [Joule/sec)
cross section of the tank [m?]
binary input valve [1/(]
binary outpiut valve [1/{]
binary switch [1/0]

Lectures 10: Advanced Computer Aided Modelling
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Characteristics of Discrete Event
System Models

« The range space (value) of signals (state, input,
output) Is discrete

X(t) € X={Xg Xq, - s Xy }
« Event: an occurrence of a discrete change
« Time Is also discrete
o T={t,t,..,t,..3y={0,1, ...}
¢ Only the event sequence IS Important
« Focus Is on sequential and parallel events

« Application areas: scheduling, operating procedures,
resource allocation
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Approaches to Solving DES Models

« Problem statement
Given
- formal DES model (automata, Petri net)

- Initial state
- external events (input sequence)

Generate: internal (state and output) events

« Solution: algorithmic
non-polynomial (NP-hard)

Lectures 10: Advanced Computer Aided Modelling
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Modelling of Hybrid Systems

Characteristics and Issues

All process engineering systems are

hybrid In nature

Sources of discrete behaviour
« process flowsheet
 physics and chemistry
 operational policies

e external disturbances

Operating Policies

Process System

Process Flowsheet

Physics / Chemistry

I

External disturbances

Lectures 10: Advanced Computer Aided Modelling
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Key application areas of hybrid system modelling

« batch processes for specialty chemicals,
pharmaceuticals and paints

« continuous processes during start-up, shut-down
and product changeover

« manufacturing systems where discrete items are
processed on discrete machines

« design of systems with units described by
discrete variables such as staged operations and
binary variables (0,1) where they are present (1)
or not present (0)
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steam
F100

randancata

P2

vapour
F4, T3

condensate FR

cooling water
F200, T200

An Example: Startup of an Evaporator

Time (min)

Status or operation to be done

Time < 5

L2 " Separator

Evaporator

5 <Time <7

F3

7 < Time < 10

1200

1000+

mass (kg)

N

10 < Time < 20

20 < Time < 80

Time > 80
Time > 90
Time > 100

100

200 300
fime iminutes

400

500 Time > 110
Time > 120

Feed flow =0

Recirculation flow = 0

All controllers in manual with 0 output
Set feed flow to fill shell in 2 min

All controllers in manual with 0 output
Recirculation flow = 0

Feed flow =0

Recirculation flow = 0

All controllers in manual with 0 output

Feed flow ramped to 5 kg/min

Recirculation flow ramped to 50 kg/min

Level controller set to automatic, setpoint = 1 m
Pressure controller set to automatic, setpoint = 50.5kPa
Composition controller set to automatic, setpoint = 25%
Feed flow constant at 5 kg/min

Recirculation flow constant at 50 kg/min

Feed flow increased to 10 kg/min

Feed flow increased to 15 kg/min

Feed flow increased to 20 kg/min

Feed flow increased to 25 kg/min

Feed flow increased to 30 kg/min

Lectures 10: Advanced Computer Aided Modelling
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