B NTNU | Nowegian niversity of

Model Predictive Control for
Bottleneck Isolation with
Unmeasured Faults

Evren Mert Turan
Sigurd Skogestad ADCHEM 2024
Johannes Jaschke Toronto, 17 July 2024



Inventory control (level, pressure)

* Allinventories (level, pressure) must be regulated by
e Controller, or
* “self-regulated” (e.g., overflow for level, open valve for pressure)
* Exception closed system: Must leave one mventory (level) uncontrolled
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Inventory control objectives

1. Keep inventories (levels h;) constant ("normal level control”)
2. Reduce variations in flows F; (*averaging level control”)
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Zotica, C., Forsman, K., and Skogestad, S. (2022). Bidirectional inventory control with optimal use of intermediate storage.
Computers & Chemical Engineering, 159,107677.



Inventory control objectives

3. Rearrange loops when TPM (bottleneck) moves
4. Maximise throughput by bottleneck isolation
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TPM=throughput manipulator =«gas pedal of proces»

Zotica, C., Forsman, K., and Skogestad, S. (2022). Bidirectional inventory control with optimal use of intermediate storage.
Computers & Chemical Engineering, 159,107677.



Inventory
control for
units m series

TPM=throughput manipulator




Inventory
control for
units m series

TPM=throughput manipulator
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(b) Inventory control in opposite direction o v or given product flow

TPM= Fy)

v given feed flow, TPM = Fg)
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Inventory
control for
units m series

Radiating rule (Price et al, 1994):

Inventory control should be
“radiating” around a given flow
(TPM).

TPM=throughput manipulator

n of flow (for given feed flow, TPM = Fy)

zg3 = 1 (bottleneck)
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c) Radiating inventory control for TPM in the middle of the process
shown for TPM = F3)



Inventory
control for
units m series

Radiating rule (Price et al, 1994):

Inventory control should be
“radiating” around a given flow
(TPM).

TPM=throughput manipulator
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“Bidirectional inventory control”

1C Three options for MV-MVswitching
Using 1. SRC (problem since F, varies)
Zy s ) MV-MV z, 2. Two C(‘)‘ntrollers )
M@‘ switching 3. VPC (“Longloop” for z1, backofY)
Zg
Fo [m3/s] N
A\

F, [m3/s]

P 2S

SRC =split range control

MV=manipulated variable "
VPC =valve position control



Alt. 2: Two controllers (recommended)

SP-H SP-L SP-L=low level setpoint (10%)

l l SP-H =high level setpoint (90%)
z0,s Z’ Z
M@‘ 0,s 1
Zo
Fo [m3/s] N
A\
Disturbance ' ,l>’/ I::1 [m3/s]

Use oftwo setpoints is good forusing buffer dynamically to isolate bottleneck!!



Generalization of bidirectional mventory control

Reconfigures automatically with optimal buffer management!!

Fos SP-H SP-L Fi SP-H SP-L Fo, SP-H SP-L Fsy
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Fig. 36. Bidirectional inventory control scheme for automatic reconfiguration of loops (in accordance with the radiation rule) and maximizing throughput. Shinskey (1581) Zotica
et al. (2022).

SP-H and SP-L are high and low inventory setpoints, with typical values 90% and 10%.

Strictly speaking, with setpoints on (maximum) flows (F; ), the four valves should have slave flow controllers (not shown). However, one may instead have setpoints on valve
positions (replace F,, by z,,), and then flow controllers are not needed.
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CONTROLLING
MULTIVARIABLE
PROCESSES

E.G. Shinskey, «Controlling multivariable processes», ISA, 1981,
Ch.3

Cristina Zotica, Krister Forsman, Sigurd Skogestad ,»Bidirectional inventory control with optimal use of
intermediate storage», Computers and chemical engineering, 2022 e Fig. -7, Producton rte can be se atafherend o he process r constained at any

> noint without loss of inventory control.
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Fig. 13. Simulation of a temporary (19 min) bottleneck in flowrate F, for the proposed control structure in Fig. 10. The TPM is initially at the product (F).



Unit 1 Unit 2 Unit 3

Challenge: Can MPC be made to do his? Optimally reconfigure loops and find optimal buffer?



MPC for nventory control

Challenges:

1. No knowledge of future bottlenecks/disturbances
2. Inaccuratelyidentified bottlenecks (off-set free behaviour)

3. Maintam computational tractability
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...........................................................

MPC formulation P& = b = b e D

* Mass balance for mventory (series ofintegrators)
* Choice ofobjective (cost J)??

min J
h.F
M . .
h(tpe1) = h(ty) + —F(tg) 1 if F; enters vessel i
a . . :
M;; = < —1 if F; exits vessel ¢
hmin S h(tk) < hmax / / .
0 otherwise
0 < F(tk) < Fmax (4 manipulated variable)

e.g. F; relationto h, & hy
M21 — 1,M11 —_ _1
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Desired behaviour: bottleneck isolation

* the inventory before the bottleneck should be high, and those
after should be low

%hl%hz%,m%
<

bottleneck

4|><l_)h14N—}hg N*ﬁ:g

FD F]. Fﬂ F3

bottleneck

Zotica, C., Forsman, K., and Skogestad, S. (2022). Bidirectional inventory control with optimal use of intermediate storage. Computers 8¢
Chemical Engineering, 159,107677.



Desired behaviour

* the inventory before the bottleneck should be high, and those
after should be low

Fﬂ Fy Fy FS

bottleneck

Objective?

Option 1: maximize flows between tanks
Option 2: maximize outflow and weighted inventories



Choice of MPC objective

1. “Trick”: Unreachable setpoints 2. Maximize outflow &inventories
Nk‘. Ny, Ny
J =Y Y*IF(te) — Fopll3 J=-) " (FN(tk) +) rr,,,;h,,,;(tk))
k=0 k=0 i—1
Maximizes the flow out oftanks Tanks closerto exit have higher a
0 < 04 <1
(easyto use formore complex

topologies)

objectives give same behaviour &match decentralised approach
28
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Disturbance: bottleneck shifts 02|
* F; for 10 min 00 . . . .
. 0 20 40 60 80
* F,for 50 mm Time [min]
* F; for 10 min | —
—F
What happens if L4} —F
the disturbance 1s = L2
not known? 1.0 [d{pbitpnd
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Example 2

Disturbance: new bottleneck:
* F; for 10 mm
* F,for 50 mm
* F;for 10 mm

Fy

Disturbance: leak in Tank 3

Disturbances are unknown
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(MPC continuouslyallocates an
unreachable FO)
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Disturbance model

Augmented model Goal: desired response in yy
Tii1 = Azy + Bug + Bady, despite model mismatch
dy1 = dy,

Y = Cxr + Cydg
To = Zojo, do = &0|0 Need to chose By, Cyq, Ky, K

Update equations
er =Yk — Cpp_1 — cdgklk_l This 1s difficult!

Tk = Tglk—1 + Keeg

di|k = dg—1 + Kaeg

Pannocchia, G. (2015). Offset-free tracking mpc: Atutorial review and comparison of different formulations. In 2015 European control conference (ECC). 31



Disturbance models: simple choices

Deadbeat output Deadbeat input
* the disturbance directlyenters ¢ the disturbance acts as an
the output input
B,=0C;=1LK,=0K; =1 B,=1,C; =0,K,=0,K; =1
Vi =CXk+Idk Xi+1 =Axk+Buk+Idk

* (most common)

32



Example 2:

Fy

Augment the output (Cy)
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Augment the mput (By)
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—_— N,
e 1
0.8 — 1
- TP 99 . 9
Standard “simple” choices don’t work
0.4 = OTF
0.2 0.2 F {Lt
00 0 20 10 60 8ln 0-0

Time [min)|

Augmented system is not detectable!

-'Lll]
Time [min]

60

80

Iy

—h,
—h,

—h

Augmented observer has +eigenvalue,
system matrix eigenvalues at 1
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Youla-Kucera parameterisation

Instead of picking 4 matrices, tune a single matrix Q

Bg ZQJCd =I_CQJKx=Q1Kd =1

1.0

If (A — QCA) has negative eigenvalues
* Augmented system detectable
* Observeris asymptotically stable
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Imade this example to find a case where MPC does not work;
Bidirectional inventory control with mmimum flow for F,

M. My
~\ : (1e )
1(1.7 mlln @5
Fy [ max
FOS H }:, F]s H IJ H 1r F’}q
= Fos 7 13777

LMj)i cf)loz’w: F =0 m}l e @ @ ___________ . m?n DR o=\ v S . 111:'111 DR @ ...... > m:;n

M, =40% Loy b et e

H =90%.
Fy F Fy l—J F

Unit 1 Unit 2 - Unit 3

Fig. 37. Bidirectional inventory control scheme for maximizing throughput (dashed black lines) while attempting to satisfy minimum flow constraint on F, (red lines).
H, L, M; and M are inventory setpoints.

The control structure in Fig. 37 may easily be dismissed as being
too complicated so MPC should be used instead. At first this seems
reasonable, but a closer analysis shows that MPC may not be able to
solve the problem (Bernardino & Skogestad, 2023).® Besides, is the
control structure in Fig. 37 really that complicated? Of course, it is
a matter of how much time one is willing to put into understanding
and studying such structures. Traditionally, people in academia have
dismissed almost any industrial structure with selectors to be ad hoc
and difficult to understand, but this view should be challenged.
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MPC can be used to 1solate bottlenecks without:
* Requiring forecast ofbottlenecks
 Correct identification ofbottlenecks

The scheme canreadilybe extended to account for:

* Delays in transportation
* Tunings of transients

* More complextopologies

Thank you for
your attention!
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