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» Economic performance depends on
decisions

» Focus: Selection of measurements,
parameters
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Economic performance of process plants

Optimal operation
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Economic performance of process plants Roadmap

Roadmap of my thesis

Steady state optimizer

? If active constraints are — - -
7
Z Yyes | (Existing) Design sensor networks using conven-
Z perfectly controllable & P -
g and nycgor = 0 tional methods such as maximizing precision, etc.
7\ uc,dof =
, 72 l
R é/ If active constraints are ves . - -
. _,.% perfectly controllable (Ob_j. 1) Design sensor networks for optimal op-
A and Nycgor > 0 eration
o]
If active constraints are Case 1 (Obj. 2a): Disturbance is the only
not perfectly controllable ——|source of uncertainty, determine the optimal set-
and nycdor > 0 point and controller parameters

Case 2 (Obj. 2b): Disturbance and measure-
ment errors are the sources of uncertainty, si-
multaneously determine the optimal set-point,
controller parameters and measurements

Nyc,dof : Number of unconstrained degrees of freedom
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Economic performance of process plants [ESEUESEEE et

(Obj. 1) Structural decision - sensor selection

» Sensor : Measuring element in
a process plant
» Sensor Network (SN) : set of

all measured variables of the
process

Cooling Water}
¥

o large number of combinations

Optimal
Multivariable
Controller

» Sensor Network Design P
(SND) : selection of a sensor sarsd
network out of all possible
combinations

» Need : Process monitoring, control and fault diagnosis, etc.

How to design a SN?

Formulate as an optimization problem and solve it to obtain
the best network
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Economic performance of process plants [ESEGEEERSGHTe]

(Obj. 1) Sensor selection problem

» Sensor information
e Sensor cost
o Sensor precision / variance
o Sensor failure probability
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Economic performance of process plants [ESEUESEEE et

(Obj. 1) Sensor selection problem

» Sensor information
e Sensor cost
o Sensor precision / variance
o Sensor failure probability
» Network properties
Network cost (sum of the sensor cost)
Network precision / variance (minimum MSE)
Network reliability (maximize the minimum reliability)
Observability (to infer the state of the process)
Redundancy (important - sensor failure and data reconciliation)
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(Obj. 1) Sensor selection problem

» Sensor information
e Sensor cost
o Sensor precision / variance
o Sensor failure probability
» Network properties
Network cost (sum of the sensor cost)
Network precision / variance (minimum MSE)
Network reliability (maximize the minimum reliability)
Observability (to infer the state of the process)
Redundancy (important - sensor failure and data reconciliation)

Representative SND formulation

min  Estimation Error
s.t.  Network Properties
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(Obj. 1) Sensor selection problem

» Sensor information
e Sensor cost
o Sensor precision / variance
o Sensor failure probability
» Network properties
Network cost (sum of the sensor cost)
Network precision / variance (minimum MSE)
Network reliability (maximize the minimum reliability)
Observability (to infer the state of the process)
Redundancy (important - sensor failure and data reconciliation)

Representative SND formulation

Does it ensure optimal operation?

it Esimeien e If not, how can it be quantified?

s.t.  Network Properties
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Sensor selection for optimal operation

lvi EN(0,0,%)

Process
c
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—_— s » »

Sensor selection

» Measurement equation : y =z +v = Cz, +v, v e N(0,%,)

» Covariance of the estimates : ¥,(q;) = C(CTQC)~!C?
_a

where, Q =
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Sensor selection for optimal operation

lvi EN(0,0,%)

Process
u u I y cz
—_— Zp=[d] Zz[g]ZP z lgi=1ify ez y
> >
d z, =Gz 72=Cz q; = 0 otherwisg
— s P »

Sensor selection

Optimal operation: min J V1) Vpertee/ Y2

» Choice of sensor network affect
the optimal operation of the
plant

>

N

» Measurement errors introduce
uncertainty and hence J > J*

~
N

u
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Economic performance of process plants [ESEUESEEE et

Definition

Average loss : Expectation of the difference between optimal values of the
cost function due to the presence of measurement error

Mathematically, L = E(J — J*)

Average loss
L = ;Tr(WX,); £, = C(CTQC)~ICT
Weighing matrix
Jgd(Jaul)TJud JEd 0
W = Jud Jww O | =RRT
0 0 O

(Recall that X, depends on Sensor Network]

[Objective : Choose Sensor Network that minimizes L = %TT(WZZ)]
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Economic performance of process plants [ESEGEEERSGHTe]

Sensor selection for optimal operation
1
min =Tr(WZX,)
a 2

Where,
Y, = C(CTQC)_ICT
a1

Uv12
92

Q — Ov2

dn
Ovn?

_ | 0, unmeasured;
4= 1, measured.

» Mixed integer nonlinear problem (MINLP)
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Economic performance of process plants [ESEUESEEE et

Sensor selection for optimal operation

MINLP formulation
Mixed Integer Cone Problem

(MICP)
min 3 Tr(WX,)
ai B
min L= lt
Where, ooy 5
¥, = C(CTQC)~1cT or THY)<t
q
7 v e
q722 TnT T =0
Q = Ov2 (R C) (C QC)
—n_ qi € {0,1}
- J 0, unmeasured, - Q= diag{%
U= 1, measured. i
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Economic performance of process plants

Sensor selection

Sensor selection for optimal operation

MICP Formulation

i L 1t
min = =
te,qi,Ye cost 2 N
s.it. Tr(Ye) <tg

Y RTC

(RTC)T (cTqc) | 7Y

nz
g €{0,1}; ) cgi <%
i=1

g qi
Q=d —
lag{ ’_2
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Formulation is a mixed integer
cone program

Integer relaxation results in a
convex problem

Solved using branch and bound
technique

Globally optimal sensor network
Attributes: redundant network,

retrofitting, robust sensor
network, etc.
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Economic performance of process plants [ESEUESEEE et

Demonstration: Simple ammonia network

Sensor | Average | Overall
Network Loss Expected
[$/h] Error
Fi,Fs, F5 5 12
Fi,Fs5, Fg 3* 16
Figure: Simple Ammonia Network Fy, Fr, Fy 4 13
Fo,F5, Fr 5 11%*
J = (F5 = F7)? + (F5 + F1)° Fa I, Fr )05 M
F5 ) F5, Fﬁ, F7 8 14
u=|p [d=h Fy,Fy, Fy 3 12
4 _9 2 Fo,F7, Fg 3 12
Juu:|:_2 2:|;Jud:|:0:|; ’
*YALMIP Solution
Nabil M (IIT Madras) PhD VIVA VOCE September 15, 2014 13 / 35



Economic performance of process plants

Sensor selection

Demonstration: Simple ammonia network

Formulation Sensor Obs. | Red. | Rob. | Average | Overall

Network Loss Error
[5/h]

Average loss Fi,F5, Fg Y N N 3 16

Overall error Fo, F5, Fr Y N N 5 11

Lexicographic Fs, Fg, Fg Y N N 3 12

Redundant Fi,Fo,F5,Fg | Y Y Y 1.75 6.5

Robust optimal

(average-case) | Fi,Fo,F5,Fg | Y Y Y 1.75 6.5

Robust optimal

(worst-case) F1,F4,F5,Fg | Y Y Y 5 16

v

Obs. - Observability; Red. - Redundancy; Rob. - Robustness; Y - Yes; N -

No

Nabil M (IIT Madras)
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(Obj. 2a) Parametric decisions - set point, controller

parameters

|
Vopx‘ b |

Constraint

M\

Time

Yopt

» Constrained cases challenge us on the feasible operation under
uncertain conditions.
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Ty [T TN (N EN IR IS ENIE  Operating point selection

(Obj. 2a) Parametric decisions - set point, controller
parameters

Constraint

1

1

1

1

H 1
1 1
(@)} 1
i 1
1

1

1

1

1

n
Time I Ya y.,m

» Constrained cases challenge us on the feasible operation under
uncertain conditions.

» Feasibility is ensured by backing-off economically from the active
constraints.
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Ty [T TN (N EN IR IS ENIE  Operating point selection

(Obj. 2a) Parametric decisions - set point, controller
parameters

CY

Constraint

Yopt _

Yb ‘\‘\ /

Time

» Constrained cases challenge us on the feasible operation under
uncertain conditions.

» Feasibility is ensured by backing-off economically from the active
constraints.
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Economic performance of process plants Operating point selection

(Obj. 2a) Parametric decisions - set point, controller
parameters

Pt

_ 4 _ Constraint
7Ty VAUW"W*‘JN:;*M‘;“FJ*

Constraint

Time y; Ayb Aytyopt
» Constrained cases challenge us on the feasible operation under
uncertain conditions.

» Feasibility is ensured by backing-off economically from the active
constraints.

Objective

How to determine the profitable set point and controller parameters?
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(Obj. 2a)Profitable and dynamically feasible operating

point selection

R

S

TR
AAAAAARARAARRREEREAEARRRAS

S

Controlled Variable

R

N

a7
7 77772ZZ2722222222222422242444242444

Manipulated Variable

Nabil M (IIT Madras)
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min
s.t.

Dynamic Back-off Problem

Loss function
Process model
Inequalities
Dynamic equations
Controller equations
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(Obj. 2a)Profitable and dynamically feasible operating
point selection

Dynamic Back-off Problem

min Loss function

s.t.  Process model
Inequalities
Dynamic equations
Controller equations

Controlled Variable

a7
7 77772ZZ2722222222222422242444242444

Manipulated Variable
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(Obj. 2a)Profitable and dynamically feasible operating
point selection

Dynamic Back-off Problem

min Loss function

s.t.  Process model
Inequalities
Dynamic equations
Controller equations

Controlled Variable
AR

T e

N

A
7777722222224

Manipulated Variable
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Economic performance of process plants [EOIIIEYal - oTeI T RIS IYeule])}

Stochastic approach

Assumptions

» Disturbance is the only source of uncertainty
» Characterized by GWN process with zero mean and known variance
» Linear multivariable controller with full state feedback (v = Lx)

» Process dynamics are represented using a linear state space model

Dynamic process model (State Space Model)

x = Ax + Bu + Gd;z:NZXx+Zuu+de
Amin — Zss < Z < dmax — Zss

Controller equation

» Full state linear feedback u = Lx

» Dynamic operating region is represented as ellipsoids

Nabil M (IIT Madras) PhD VIVA VOCE September 15, 2014 17 / 35



EBOP selection problem

Optimization formulation

min S Ses 4 Ju s + By JuuTiss
s.t. 0 = Afes + Bliss
(A+BL)Sx +Sx(A+BL) +G6T4G67 =0
So = (Zo+ Zu)Su(Ze + Zul)T + ZgTqZ4T
p=xl/?
Zi=2s+aPzV |zl <1
T~
hiz2+q <0

» Decision variables : X, U, Zss,
LY, =0,X,=0and P>0

» Infinite dimensional in z ,
non-linear and non-convex

Nabil M (IIT Madras) PhD VIVA VOCE September 15, 2014 18 / 35



Economic performance of process plants Operating point selection

EBOP selection problem

Optimization formulation

min ST Sos + Ju | liss + O Juuiss
s.t. 0 = AXss + Bilss
(A+BLS, +5,(A+BL) + 65467 =0

Y, = (2o + Zul)Tu(Ze + Zul) " + ZgTgZ4"

p=x/?
Z:=Zs+aPzV |z]2 <1

hz4+q <0

» Decision variables : X, Uss, Zss,
LY, >0, ¥,>0and P> 0

» Infinite dimensional in z
non-linear and non-convex

Relaxed formulation

ST Sos + Ju | liss + gy Juuiss

0 = ARgs + Bilss

Zss = ZxXss + Zyliss

(AX + BY) + (AX + BY)T + GZ4GT <0
Z— 2454747 Z X+ Z,Y

=0
(ZeX + ZuY)T X =
1/2
p=xl
lloPhilla + bl 2+ < 0,i=1,...,2n,

» Decision variables : X, iss, Zss,

Y, X=0,Z=0and P >0

» Finite dimensional but non-linear

Nabil M (IIT Madras) PhD VIVA VOCE

and non-convex
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Solution methodology

Find EBOP
s.t. Process model, Ellipsoid
containment

Minimum variance ellipsoid
s.t. Lyapunov equation,
Covariance ellipsoid

T |

d = 1(Zss)

Nabil M (IIT Madras) PhD VIVA VOCE September 15, 2014 20 / 35



Solution methodology

Algorithm

@ Initialize the parameter
5;’1' =0.
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Solution methodology

Algorithm

@ Initialize the parameter
5;’1' =0.

@ Find Z by solving the Stage
1 convex problem. If no
feasible Z can be found,
exit.

Controlled Variable

R

AR

Manipulated Variable
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Solution methodology

Algorithm

@ Initialize the parameter
5;’1' =0.

@ Find Z by solving the Stage
1 convex problem. If no
feasible Z can be found,
exit.

© Compute P = Z'/2, Find
the BOP (Zss) by solving the
Stage 2 convex problem.

Controlled Variable

i

7744444444444

Manipulated Variable
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Solution methodology

Algorithm

@ Initialize the parameter
5;’1' =0.

@ Find Z by solving the Stage
1 convex problem. If no
feasible Z can be found,
exit.

© Compute P = Z'/2, Find
the BOP (Zss) by solving the
Stage 2 convex problem.

Controlled Variable

7

7772444444444

Manipulated Variable
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Ty [T TN (N EN IR IS ENIE  Operating point selection

Solution methodology

Algorithm

@ Initialize the parameter
5;’1' =0.

@ Find Z by solving the Stage
1 convex problem. If no
feasible Z can be found,
exit.

© Compute P = Z'/2, Find
the BOP (Zss) by solving the
Stage 2 convex problem.

Controlled Variable

A
.\>>>>.\.\.\.\>>>>.\>.\>>>>>.\.\.\.\\}».\.\.\.\)}5.\.\.\.\.\)}}.\.\.\.\.\)}5.\.\.\

//75Z{{%ﬁfZﬁ’{%ﬁfZ{{{ﬁfZ{{{ﬁfZ{{{ﬁﬁ%{{ﬁﬁ%{//

@ Terminate on convergence.
Otherwise, update §;; and
proceed to Step 2.

Nabil M (IIT Madras) PhD VIVA VOCE

Manipulated Variable
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Case study: Evaporator system

[
|
F. '
d = 1 Cooling Wateri
X 1 FoTo !
> i
----- i
i Condensate H X 2
i F Cly =
i : i P
------------ I e I 2
1 1 1
F 3 Evaporator H Optimal )
—|p i Multivariable
u= 100 -@-‘ Controller
'
F Condensate ! H
—tl00d ) R
Feed X, 4
F. X, T, i Product! '-- Backoff
FZ‘XZ‘TZ

» Active constraints: Product composition X5 > 35%
Steam pressure Pigg < 400kPa
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Ty [T TN (N EN IR IS ENIE  Operating point selection

80 ST T L T B 100 T 4
75 ] % q
'E 80
. H ]
£ 1 2
=) < 70 1
o w”
- 65 4 .
s _ _ _ Open loop case g 60 : 1
H T £ closed loop case
% 60 ~ q Z 50 1
4 N 2 - = — _ _ _Open loop case
o0 = P i TTeel 4
i 1" “EBop T
g ] | N
2 , 30 T ' 9
& s0 - - q .
B 20 - .- 1
45 q 10 ]
a0, e ; : . of .
34 36 38 40 42 44 46 48 34 36 38 40 42 44 46 48
Product composition, X, (%) Product composition, X, (%)
20 400f 7 N B ]
closed loop case
400 o
\ A Open loop case 350 1
380 EBOP ] z .
g E 300 N 1
E)
< 360 4 s ;
Z L e 1
& 340 4 e - -
] £ 200 == ===""" Open loop case 1
% 320 ] =
2
£ = 150 : ]
g 30 Bl E H closed loop case
@ g 100 9
280 q o
50 T
260 T
of L i . ]
240 . . . . . . . ;
36 6 48 34 8 a4 46 48
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38 42 44
Product composition, X, (%)
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Product composition, X, (%)
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Results : Nominal and back-off operation

—108.5643 0.3868
u= —0.0006  0.0002 | x
—123.2216 97.3625

EBOP solution
Variables  Units Nominal value closed loop open loop
(linear) (quadratic) (u =cons)

States (x)
X2 % 35.00 3541 35.26 39.75
P> kPa 56.15  76.53 56.10 55.16
Inputs (u)
F3 kg /min 27.70  35.80 27.78 29.12
P1oo kPa 400.00 399.99 400 400
F200 kg /min 230.57 0.01 232.71 271.65
Profit $/h 693.41 600.12 634.76 -414.92
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Economic performance of MPC controller

= EDOR = = EDOR
75| * EBOP = 90| * EBOP [
g ey E” ety
X 4 + wmpc |l £ + MPC
o™ o B
g &5 1 ORI 4
% B
60 1 z 50| 1
a
2 55 1 = 40 1
£ 5
S 3 ]
S_ 50 1 = +
8 § 20 B
45 4 8 10| B
o
30 40 50 60 _79 80 90 100 30 40 50 60 _7[? 80 920 100
Product composition, ><2 (%) Product composition, ><2 (%)
—— EDOR —_ —_ EPOR
380 *  EBOP £ 400 % ——————————— * EBOP
4+ uElx j= h 4+ uoElx
g 360) + MPC E 350 ! + MPC
8 0 8 soop !
Q" 50 w i
o o 200
300 ® |
% 2000
& 280 H |
o =
% 260| Pl
& |
B 240] B 0o
I
220 8 50 |
I
30 40 50 60 _79 80 90 100 30 40 50 60 _7(_} 80 90 100
Product composition, X2 (%) Product composition, X2 (%)
abi adras’ eptember 15,
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(Obj. 2b) Simultaneous selection of EBOP, controller and

SENSOrs

>

Objective

To account for measurement error
and determine the sensor network
that result in minimal operational
loss

Nabil M (IIT Madras) PhD VIVA VOCE

i Assumptions

Disturbance and measurement
errors are the sources of uncertainty

Characterized by GWN process
with zero mean and known variance

Linear multivariable controller with
partial state feedback (v = LX)

Process dynamics are represented
using a linear state space model

Kalman filter to estimate the states
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Economic performance of process plants Operating point selection

Simultaneous selection of EBOP, controller and sensors

Optimization formulation

s.t.

T T~ ~T ~
Iy Kss + Ju " lss 4 Ugg Juuliss
0 = AXss + Biliss
Zss = ZxXss + Zuliss

(AX + BY) + (AX + BY)T 4+ GT4G"T <0

[ Z— 2454247 ZX+Z,Y 0 Decision variables: X, s,
T =0 ~
L (ZXX+OZUY) )I< VIV :| - ZSSI W1 Y! X t Ov Z t Or
C'QC—AW-—WA WG }>o P >0 and 7;
T -1 - . .« . .
] (we) X Binary decision variable: g;
p=_z/?
[ = —h T2 —t; 2hTP
i i 'ss i 2 i .
(ghTP)T il =07 >0
q;

Q = diag(——)
a

Vi

[Solved using Branch and Bound technique]

Nabil M (IIT Madras) PhD VIVA VOCE September 15, 2014 27 / 35



Simultaneous selection of EBOP, controller and sensors

Sensor Net-  Variance Loss, $/h
work

Xa, Ta {0.01,0.01} 98.226*
Xz, P> {0.01,0.01} 103.62
P2, T, {0.01,0.01} 139.06
Ts, Py {001,001}  1556.2
X2, T2 {0.1,0.1} 304.29
1o, P> {0.1,0.1} 436.21
X, T {0.1,0.01} 161.29
X2, T3 {0.1,0.01} 323.33

*optimal solution obtained using YALMIP
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Economic performance of process plants

Simultaneous selection of EBOP, controller and sensors

Operating point selection

L i b e | 100
75 T w0
= E
)
% 70 g 80
o @
5 65 5
g g 60l
% B
60 g 50
=% el
%= 40
2 5
B ‘30
E_ 50 =1
S g
45 E 10
o
40 B s . N . . .
36 365 37 375 35 355 36 5 375
Product composition, X2 (%) Product composition, X2 (%)
e e
400f @—p—f———— - —— —— - — - - -~ — — I
= |
I = %o |
k) ssop ! =3 '
< 1 D s00r ¢
< £
3 360 | = .
K | 8 250 N
340 I w ~
g I g ] S
i ® 200 .
o s ! S
s ! E sof ! e
5 300 | = |
| & !
8 100
! [=
B 280 ! 3 i
|
00 | sof !
| oLl
35 355 37 375 35 355 36 3 375
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Product composition, ><2 (%)
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Economic performance of process plants Conclusions

Conclusions

» Selection of sensors, set points, and controller parameters significantly
affect the economic performance of the process plant

» When the optimum is unconstrained, sensor selection is important

Economics based sensor network design procedure that will be a useful
tool for designers

Average loss is shown to be weighted error variances. It can be a
ready-to-use tool to quickly screen alternatives while retrofitting the
existing network.

Weighting matrix truly reflects the economic performance of the
network.

The proposed method will be useful to improve the economic
performance for the case when unconstrained degrees of freedom are
available.

The formulation is casted as an MICP and hence global optimality
solution can be obtained.

Extended to incorporate the robustness to single sensor failure case.
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Economic performance of process plants Conclusions

Conclusions

» When the optimum is constrained, constraint satisfaction is very
important

Selection of set point and controller parameters often determines the
static and dynamic economic performance of the process, respectively.
The proposed the economic back-off approach will be an useful
scientific tool for operators.

o A novel two stage solution technique was proposed.
e Economic performance at dynamic conditions are achieved in the

standard MPC framework.

Extended to simultaneously determine sensor selection, operating point
and controller.

The best set of sensors reduces the loss because of measurement errors
whereas the optimal controller design reduces the loss in profit due to
disturbances.

» The proposed problems involve solving convex optimization problems,
which can be solved fairly efficiently

Nabil M (IIT Madras) PhD VIVA VOCE September 15, 2014 31/35



Journal publications

@ M. Nabil and Sridharakumar Narasimhan. Sensor Network Design for
Optimal Process Operation Based on Data Reconciliation. Ind. Eng. Chem.
Res., 51 (19), 6789 — 6797, 2012.

@ M. Nabil, Sridharakumar Narasimhan and Sigurd Skogestad. Profitable and
dynamically feasible operating point selection for constrained processes.
Journal of Process Control, 24 (5), 531-541, 2014.

Publications in conference proceedings

@ Design of Optimal Sensor Network based on Economic Objectives at the
AIChE Annual Meeting 2010. Salt Lake City, US, Nov. 7-12, 2010.

@ Economic back-off selection based on optimal multivariable controller at the
8th IFAC symposium on Advanced Control of Chemical Processes
(ADCHEM 2012). Singapore, July 10-13, 2012.

© Integrated Sensor Network Design at the 11th International Symposium on
Process Systems Engineering (PSE2012). Singapore, July 15-19, 2012,

@ Optimal selection of sensor network and backed-off operating point based on
economics at the 12th European Control Conference (ECC 13). Zurich,
Switzerland, July 17-19, 2013.

Nabil M (IIT Madras) PhD VIVA VOCE September 15, 2014 32 /35



Economic performance of process plants

2 aulIUg HM6L&HFalg 2 6oLl Llflge0
AMATHGCH Levau QA mLhleL . _
-&(H&GSMT (394)

You meet with joy, with pleasant thought you part;
Such is the learned scholar’'s wonderous art!

- Translation of Thirukkural (394)

Thank You
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]
Additional Slides

For the process matrix, C and Q (assuming unit variance for all flow
variables)

1 0 gg 0 O
C=1]10 1 Q=10 g O
1 -1 0 0 q3

the error covariance matrix, X ,, can be expressed in terms of sensor
network as

1 g2 + g3 g3 a2
, = g3 g1+g3s —q1
9192 + q193 + q2G3 % -9 qtq
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Let us consider the weighting matrix of the form

wip wip 0
W= 1| way wyp 0
0 0 O

Now the sensor network design formulation based on average loss function,
after simplification, is given by

Y wi1(g2 + g3) + (wiz2 + wo1)g3 + waa(g1 + g3)
cost 2(q192 + 9193 + q2q3)
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