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ADCHEM

Main Research Questions

NTNU

How to optimize the operation of a
* complex, large-scale oil and/or gas production system,
* varying timescales,

* numerous potential constraints,
Preferably utilizing simple tools like
* PID controllers,

» selectors,

* and small-scale solvers (if necessary)?




a)] Outline

« Conventional RTO

Put optimization into control layer:
» Self-optimizing control (SOC)
— Marathon runner

« Case study using SOC

* New results on gradient-based control for changing
active constraints
— Primal-dual using Lagrange multipliers
— Region-based with selectors



Optimal Operation ADCHEM

Scheduling
(weeks)

Site-wide optimization
P
(days)

Ll
i Optimization
\ | Layers

\ |

L}
'
RTO H— Local optimization

— (hours)

MPC or ARC ' a—

Supervisory control
— (minmtes)

' 4 ]
! ' |
Regulatory control
(seconds)

Valves i
' Physical

Control
Layers

Systems

RTO = real-time optimization
MPC = model predictive control
ARC = advanced regulatory (PID) control




Optimal Operation ADCHEM

= Traditional RTO
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Issue : Steady-state wait time

Issue : Complex, need on-line model

Issue : Non-transparent constraint control




Optimal Operation ADCHEM

= Self-optimizing control: Select good CV
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CV = controlled varable




a Example: Optimal operation of runner
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— Cost to be minimized, J=T
— One degree of freedom (u=power)
— What should we control (CV)?

Self-optimizing CV? % %
T ALt

— Sprinter (100m):
* «Run as fast as you can»
« Active constraint control
« CV=u (no controller needed), CV, = max



a Example: Optimal operation of runner
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— Marathon (40 km)

u=power
uopt P

CV, = distance to leader of race
CV, = speed

CV, = heart rate

CV, = level of lactate in muscles
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* CV = heart rate is a good “self-optimizing” variable
* Disturbances are indirectly handled by keeping a constant heart rate
* May have infrequent adjustment of setpoint (c,)



Gas-Lifted Optimization Problem oAy
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Recirculated Gas-Lifted

Gas-lift Compressors Train--,

_Surge control valve

L~ Gas-lift choke valve e g
4 /.-Production choke valve

Separator

g
Produced gas

[

“Wertical Wells

Reservoirs ™.

L |

Produced oil
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Steady-state optimization problem

mliln J (Ug d) =|—PoilWos +penq)gﬂ

st oy, (ud)izg; —1<0 i=1,...,

gor s (Uyd): =25, +0<0 i=1,...,3,
gs, (W,d) 15, — 5, <0 i=1,...,:

g(u,d) :wye —wys <0

y = [pbh,Z Pwh2 |Pd,3 Ps

d=GORy

ADCHEM

Maximize oil revenue Minimize gas lift cost

GLC has max. opening
SCV has min. opening
Surge constraints

Max export/produced gas constraints

Available measurements

Disturbances
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Self-optimizing Control Structures

Structure 1

Keep the valve positions constant (u = u*)

Structure 2

Control active constraints
" Zgl,5 - g(u; d)

" ZS,i - gZS’i(u! d)

ADCHEM

Produced gas
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Self-optimizing Control Structures

= Structure 3
Region |
= Control active constraints
" Zgs —~ g(u,d)
= gz,,(u,d)

=  Control bottomhole pressure as self-
optimizing control variable

u .
ZS,l

Zg1,2 — Pbh,2
Region Il
= Control active constraint

" Zs 7 gzsji(u' d)

=  Control self-optimizing control variables

Zg1,2 — Pbh,2

— *
Zgl,5 = Zgl1,5

ADCHEM

69 @1 Q

Produced gas

- et
Pags 9‘3 -9.2 91 Wys
et Separator H
POV Ps F——p——
[ Produced oil §
T e U Riser H
TN || |
“Vertical Wells
§ Zg1, 5N
p*, P gk : ql 5
bh2 - Wgs
A g
pb:};.;.. MIN m .......

Allowing active constraint switching




Self-optimizing Control Structures ADCHEM

= Structure 4
Region |
= Control active constraints

" Zgs — g(u,d)
" ZS,i - ng,i(u' d)

=  Control wellhead pressure as self-

Produced gas
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Self-optimizing Control Structures i

= Structure 5
Region |
= Control active constraints

" Zgs —~ g(u,d)

Produced gas
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— = Control tubing pressure as self-optimizing — Separator :
f— co ntr0| va I"Iab|e ;'_.'Prmlnc-tion choke valve —M—-—h-n. >
{ Produced oil
h - A P — | Riser
ﬂ<f Zgl,Z - wa,z
o Region Il :
= Control active constraint Nl || [
E puho *Vertical Wells
" Zgi & gzs,i(u, d) LN E s
i ; : AT
= Control self-optimizing control variables Pt = RN ;. DU (FC Y
Ap, N
: bw,2 —
{ Pbh2
" Zgi2 = Appwy2 i —
n

— *
Zgl,5 = Zgl1,5




Self-optimizing Control Structures i

= Structure 6
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Self-optimizing Control Structures i

= Structure 7

T y*
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Simulations Results

= Steady-state monthly loss

Table 11.2: Steady-state monthly loss

Control —2.5% GOR> +2.5% GOR>

Structure (est.)
| NOK 59.544 Inf
2 NOK 6.116.745 NOK ~ 3.444.831
3 NOK 604.897 NOK ~ 2.810.376
4 NOK 686.095 NOK ~ 3.595.481
5 NOK 633.027 NOK ~ 3.065.285
6 NOK 124.246  NOK ~ 1.523.036
7 NOK 248.667 NOK ~ 1.817.930

ADCHEM
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Case study summary ADCHEM

* Extend gas lift model to recirculated gas-lift oil production.
* Reconfirms the SOC can be an alternative for optimization
e Selector allows active constraint region switching.

e Structure 6 is recommended. From nullspace method:

CV= 0'52pbh,2 + 0-85pwh,2




@ SOC: changing constraints are not handled optimally
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We have some more
recent results based
on KKT optimality
conditions

A = Lagrange multiplier
Cost gradient: V,,J =,

Theorem 2.3: Karush-Khun-Tucker (KKT) Optimality Conditions

Suppose that the objective function J (u, d) and constraint g (u, d) have subderiv-
atives at point u*. If u* is a local optimum and the optimization problem satisfies
some regularity or KKT conditions (see below), then there exist constants A, called
KKT multipliers or Lagrange multipliers or dual variables , such that the following
conditions hold:

Vul (u,d,A\) =0 (2.9a)
gi(u,d) <0, Vi=1,...,ng (2.9b)

Ai >0, Vi=1,...,ng (2.9¢)

Aigi(u,d) =0, Vi=1,...,ng (2.9d)

where

VoL (u,d,A) =V, (u,d) + v;ll—g (u,d) A,
g(u,d) = [g1 (n,d) ... g, (u,d)]" .
A=[M o Al

E
Eq. (2.9a) is called stationary condition, Eq. (2.9b) is called primal feasibility con-
dition, Eq. (2.9¢) is called dual feasibility condition, and Eq. (2.9d) is called com-
plementary slackness condition [36].



@ l. Primal-dual control based on KKT conditions:

=yl Tracks active constraints by adjusting Lagrange multipliers (= shadow prices = dual variables) A

g (measured constraint)
Constraint control (constraints paired with )

SP=0 (n, slower PI/I- Lu = Ju _l_ )\Tgu — O

controllers)

0 MAX Inequality constraints: A >0
\ | Dual variables A
Uncgngtra?ned 7 « Problem: Constraint control using
SP=0 optimization v Gradient dual variables is on slow time
(n, PID-controllers) u estimation scale
Ly=J,+ g, =0

u @ Primal variables u

d4_|y

— g (measured constraint)

¢ D.Krishnamoorthy, A distributed feedback-based online process optimization framework for optimal resource sharing, J. Process Control 97 (2021) 72-83,
* R. Dirza and S. Skogestad . Primal—-dual feedback-optimizing control with override for real-time optimization. J. Process Control, Vol. 138 (2024), 103208.




ll. Region-based feedback solution with «direct» constrainf
control (for case with more inputs than constraints)

NTNU

T
g (constraints paired with u1) KKT: Lu — Ju + A Ju — 0

— Constraint controllers
SP=0
(fast PID-controllers) SP=0 T
: J Introduce N: N'g, =0
MAX/ u1o [P 4 NT (changes!)
MIN D |y, Control
_— - Ju 1. Reduced gradient NTJ, =0
elector on prima . -~ e .
s Gradient <<§elf opt|m_|zmg variables»)
estimation 2. Active constrints g, = 0.
u1 u2
d y

g (measured constraint)

» Jaschke and Skogestad, «Optimal controlled variables for™”polynomial systems». S., J. Process Control, 2012
» D. Krishnamoorthy and S. Skogestad, «Online Process Optimization with Active Constraint Set Changes using Simple Control Structure», I&EC Res., 2019
» Bernardino and Skogestad, Decentralized control using selectors for optimal steady-state operation with changing active constraints, J. Process Control, Vol. 137, 2024



@ New static gradient estimation based on SOC.:

Very simple and works well!

d

d
nr
++ } + .“"’l

From «exact local method» of self-optimizing control:

C

H = 1|6 (FFTY @] (FET)

where F = [FW; W,]and F = dé—;m = G; -G I . "

uu

» Bernardino and Skogestad, Optimal measurement-based cost gradient estimate for real-time optimization, Comp. Chem. Engng., 2024



0] Conclusion

NTNU

Move optimization into control layer by selecting good CVs
— CV = Active constraints

Unconstrained degrees of freedom:
— CV = Self-optimizing variables
— CV = Gradients

Reminder: DYCOPS conference in Bratislava (Slovakia) 16-19 June 2025.
| hope to see you there! |

CV = controlled varable
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