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Many different types of processes to control

Reactors
— Tube reactors, tank reactors
— Continuous, batch, semi-batch
Heat exchangers
— Liquid - liquid, steam - liquid
Distillation columns
— Continuous, batch
Evaporators
Vaporizers
Crystallizers
Centrifuges
Filters
Dryers
Boilers

In order to optimize controls you need to have
good process understanding.
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Typical tasks for the control group

Improve productivity by decreased variation and increased automation.

« Smarter control structures, e.g. feedforwards, mid-ranging, cascades, maximizing control,
ratio-in-cascade, split-range, conditional control

« PID control parameter tuning

« Plant wide control

« Introduce new controllers

« Support in design and commissioning of new plants

« Vast majority of all work is done on existing plants.
— "Control optimization”

« Assumption: Minimal or no changes are to be made in equipment “No steel”
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Tools and data sources

« The most important tools in the optimization work is Matlab, Python and TrendMiner.
« Most important data comes from a process historian (IP.21).

« We have developed our own libraries for
— Data collection from process historian
— Data analysis
— Simulation of controllers and control structures
— Identification
— Assessment of control performance
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Representation of control structures: P&ID
(piping and instrumentation diagram)

Simple example: gas pipe

--------- ---------- <

Constant
pressure = 1 bar(g) % §<} >  Atmosphere
Vir 4 p p) 12

FC = flow controller, PC = pressure controller, LC = level ctrl, TC=temperature ctrl

FT = flow transmitter, etc

Why not use block diagrams, as in most control textbooks?
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Block diagram for the same process
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Practical PID control

« The four most important parameters in a PID-controller are
— Gain
— Integration time
— PV filter time constant

1 1 1
— Beta factor us) =K {'BT(S) 1+ sT¢ y(s)+ S_Ti<r(S) 1+ sTy y(s))}

« The PV filter prevents the controller from acting on noise that is not within control bandwidth anyway.
— There is no other way to achieve this.

« Example from Perstorp plant: 182 PID-controllers
— 107 of those have T, >0.
— 6 of them have derivative action

K. Forsman, 20231116, No. 8 Note: PV = process variable =y
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Examples of “exotic” control parameters

« Anti-reset-windup parameters
—  ARW limits (hi and low)
— ARW time constant

« Integration deadband
« Ramp rates (setpoint and controller output)

« Backcalculation parameters (cascade control)
— What should happen to the master controller when the slave controller saturates

« Tracking options
« Alarms: high, low, highhigh, lowlow, deviation high, deviation low
«  Which operating modes are allowed

K. Forsman, 2023-11-16, No. 9
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Most common process model structures

Ke—sL ~
KLT 1+sT
- > ~80% of all loops
. —ve
Integrating s(1+ sT)
/
—sL )
Py k,(1+ sT,)e
s(1+ sT;)
K(1+ sT,)e st
PPZ L+ ST+ 5T > ~15% of all loops
1 3
Ke—SL
P3 —_—
(1+sT)3
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The biggest challenge: model uncertainties

« Finding a decent process model (transfer functions etc) can be very hard
— Trials are often needed

« Due to variation in process conditions we can expect process parameters to vary by up to a factor two.
« There are several thousands controllers, so we cannot monitor their performance individually.
« Too aggressive (unstable) control tuning causes much bigger problems than too defensive

« Conclusion: We need robust tuning.
— Closed loop time constant often larger than process time constant (lambda factor >1, Ms around 1.2-1.4)
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Controller output at setpoint change

Defensive tuning Aggressive tuning

"Lag action” "Lead action”
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PID tuning, done carefully, can take you a long way

« For a given process, there are many different structures that will all work.
« Often, choosing the right control structure is the best way to optimize operations.

— (Topic for second half of the lecture)
« The drawback with that is that it requires reprogramming of the control system and training for operators.

— DCS programmers is a scarce resource
— Test run of the new paradigm is more challenging; DCS programmer needs to be available

« Surprisingly often, just tuning the PID controllers with great care can take you a long way

K. Forsman, 2023-11-16, No. 13
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Example: Dryer temperature control

« Modeling on historical data, possible because the control output saturated intermittently

— Integrating process, with time constant and deadtime

« Old controller parameters: Gain = 10, Integral time = 3600 s, Derivative time = 0, Feedforward gain = -10
« New parameters: Gain = 1.3, Integral time = 5300 s, Derivative time = 600 s, Feedforward gain =0
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Example: Feed vessel temperature control

« Model based on historical operations data: integration + dead time
« Controller gain changed from 3.33 to 70
 Integral time changed from 900 s to 2100 s

Retuning

Fri2g t 21 C::lﬂ A A V T 3 0 t05 08 Mon 07
27-0ct-2022 22:54 07-Nov-2022 21:54
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Why we need process control

« Our processes are not perfect, and not perfectly predictable.

— We need to compensate for disturbances

8.00
7.85 ]
Flow vs valve position
7.70
7.55]
7.40
7.25
7.10
6.95

6.80

6.65 L

6.50 u

65.00 67.50 70.00 7250

75.00 77.50 &0.00 82.50 85.00

« If all process equipment, all raw material, all utilities
we wouldn't need process control.

—  We wouldn’t need any measurements either.
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Some pitfalls in using process data for modeling
«  When modeling a process, using historical data can be very tricky.
« There are some very common mistakes, explained by the examples below.

« The common theme is that feedback control “reverses causality”
— In the process itself (open loop) the MV is the independent variable and the CV is the dependent variable.
— For a feedback controlled process, the CV is the independent variable, and the MV is the dependent variable.

MV = manipulated variable (u)
CV = controlled variable (y)

K. Forsman, 2023-11-16, No. 18
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MV-CV plot; Example 1; Level controller

What can you say about the process, based on the data below?

.............
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MV-CV plot; Example 2; Temp controller

What can you say about the process, based on the data below?

CV

K. Forsman, 2023-11-16, No. 20
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Determine MV action; Example 1

Data from a level control loop in Auto.
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a0 90 100

Determine if the controller manipulates the v
upstream or the downstream flow. :
Setpoint is constant = 52. 51 150
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Careful when modeling on closed loop data

« Conclusion from these examples:
Normally, you can't use historical data from normal operations to model the process.

— Not even with advanced methods like anything from machine learning

« Almost all variable dependencies known to plant staff and engineers are already used to some
extent for controlling the process.

« You will not find the relevant correlations.

 You will find irrelevant correlations.

K. Forsman, 2023-11-16, No. 22
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Real world example: is there a causal effect?

Based only on this data, can you tell if y
can be controlled by manipulating u?

Time [min]

k —sL

)4

_— e .
.
s(l+sT) provides a very good model structure
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Model fit in Matlab
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Ex: Level control with improvement opportunity i

——

-

« The level in the tank varies too much, because there are pressure variations in the line for the incoming flow.
« We can't tune the controller more aggressively - then it becomes unstable.
« Can we still improve control performance?

K. Forsman, 2023-11-16, No. 26
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Solution: Control the flow too

= Cascade control

K. Forsman, 2023-11-16, No. 27
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Important: Motivate by disturbances

For any control structure, the argument for using it should be based on which disturbances you have.

* In the case above:
— If level variations were not due to varying feed pressure, then cascade control may not be the right solution.

« This holds for all process control:
— The reason for using feedback control is disturbances.

« Process control deals with real plants.

« Example: A volumetric pump normally delivers a flow that is an exact, repeatable function of its input signal
(frequency or current).
— In that case, you should not use feedback flow control.

K. Forsman, 2023-11-16, No. 28
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Centrifugal pump + control valve: Not repeatable

Volumetric pump: Completely repeatable

Flow step responses
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Cascade control block diagram

« Which disturbances motivate the use of cascade control?

u1:r2

n—9| C

h)

O—=
s

—=
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Example: Dilution process

Dilution water header

TT &

Consumers
X FV

Stock E ; C

« Task: Control the concentration measured by the transmitter CT, by manipulating dilution water valve FV.
«  How would you do that?

K. Forsman, 2023-11-16, No. 31



Structure for concentration control

Dilution water header

TT S

Consumers

« Concentration (consistency) control in cascade against dilution water flow.

 Questions:

— Which disturbances/variations motivates the use of an FC?
— Which disturbances/variations motivates the use of a CC?

K. Forsman, 2023-11-16, No. 32
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Concentration control; Scenario analysis

Dilution water header

Consumers @FCspoCop @

Scenario: There is a pressure drop in the dilution water header, because one of the other consumers
suddenly increases its demand.

« We will now see how the cascade controller reacts to this, depending on the tuning of master and
slave controller.

K. Forsman, 2023-11-16, No. 33
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Slave controller much faster
than master.
Time constant in slave
5-10 times faster than in master.
controller reacts (in principle).

The disturbance is handled by
the slave controller before the master

Rule of thumb for cascade control to work:
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Difference between slave and
master smaller than in
previous slide.

140 160 180

120

80

The disturbance is handled by

the slave controller
but the master controller also

reacts, later on.

180
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80
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40

20

180
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Master and slave controller almost

equally fast.

The disturbance is thrown
back and forth between master

and slave
Almost unstable.

Slave SP and PV

150 250 350

50

K. Forsman, 2023-11-16, No. 36
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Backgrouna

« Control the level in a tank, by manipulating the feed to the tank, in cascade.
« Flow is controlled by manipulating a pump with variable speed drive, not a control valve

(This example is part of a bidirectional control example, coming in later slides.)

e

K. Forsman, 2023-11-16, No. 38



Bump tests for modeling the flow process

140 FICA_44301, bump tests; 2023-11-08
I I

130 -

_ Process value

% ol (controlled variable) Whence the time delay of

= 5-10 seconds?

o
1o~
100 -

\ \ \ \ \ | \
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S22  Controller output
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Process model for the first step response

, 140
* Process gain: |
— Engineering units: 7
— Scaled: 2.19 1351
« Time constant: 7s
« Deadtime:10 s 130+ i
;E 1251 Green = 7
£ model output
120 [ 2
Blue =
actual response
115 F 2
110 2
1 1 1 1 | 1 1 1
10 20 30 40 50 60 70 80
Time [s]
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Process model: second step response

« Process gain:
— In engineering units: 7.5 135 i
— Scaled: 2.34
« Time constant: 8s 0 |
« Deadtime:6s
125 1
=
o
E
120 1
115 1
110 1
105 | | | | | | | | | | |

10 20 30 40 50 60 70 80 90 100 10
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Closed loop behavior for different ctrl gains
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Simulated closed loop behavior

« These control parameters are
not good.

« Theintegral time is too long
and the gain is too high.

« The closed loop simulation
confirms that the process
model is good, though.

K. Forsman, 2023-11-16, No. 43

Process value, Setpoint
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KLT process; K=2.2, T=
I

8, L=7; Controller: Kc=0.6; Ti=30; Td=0; Tdf=1; beta=1; Tarw=10; Tf=0;
I

I /\\/\
- Control parameters tried online .
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Recommended control parameters: simulation

° Tuning ph||OSOphy IKLT process; K=2.2, T:?, L=7: Controller: I(c:|0.25; Ti=8; Td=0; Tdf:W;lbeta:W; Tarw=10; Tf=0; ‘

o
<)
I

Long process deadtime means
we cannot use aggressive tuning.
However, this will be a slave
controller, means that we cannot
have a sluggish response.

w
®
I
|

w1
[e2]
I

Recommended control parameters -

0]
>
I
|

Process value, Setpoint

w1
ro
I
|

« Compromise. Desired closed loop

time constant: 8 s ' | | | ‘
0 20 40 60 80 100 120

wu
o
|

« Lambda tuning
(= SIMC rule, in this case.)
Integral time =
process time constant

Control signal

60 80 100 120
Time
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Level controller open loop bump tests
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25

Very nice reponse
Perfect match with theory

15+
1 | | | | | | | | | |
14:42 14:44 14:46 14:48 14:50 14:52 14:54 14:56 14:58 15:00 15:02
Nov 08, 2023
200 — —
150 — -
100 — —
- Outlet flow
to be manipulated by LC
o \ | \ \ \ | | | \ \
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Nov 08, 2023
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Modeling an integrating process (level)

* In most cases the only dynamics is an integration.
Regression analysis:  b=-0.0023; bint=[-0.0023, -0.0022], V= 0.082; Flow bias=0.239

« The only thing to estimate in the process model is
the coefficient to PV from integral of MV. ,al
« Thus: a linear regression problem.
2.6
« To the right: estimated level vs actual level, 241
for the data in the previous slide. Lol
1.8 P
1.6 -
14
1.2 -
11 1|2 1‘4 1‘6 1‘8 ; 2‘.2 2‘4 2|6 2‘8
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Simulation for the entire system

Process 1 (master) Process type: Integrating

K1 0.23 ™ 0 L1 0.1

Master controller

+

Kel 1.7 i 10 Td1

Bl 15 Tawt 5 M

Process 2 (slave) Process type: KLT

K2 22 T2 0.13 L2 0.11

Slave controller

+

Kc2 0.25 Ti2 0.13 Td2

B2 1= Tam2 Fl— ™

K. Forsman, 2023-11-16, No. 47

Yy 0 (Master)

Yo 1, (Slave)
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o |

Master loop: Level
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Fvaporator with poor level control

-

| |

------

K. Forsman, 2023-11-16, No. 49
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Problem:

l :
Buul This level control worked poorly, because
this valve is very nonlinear.
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J | I
Il
|
| Solution:
| Manipulate the flow in
cascade against level,
o n)_ Ll using the flow meter.
|
ATAN
N/ |
=
L b S |
SECAWLAN |
i erW__________:__@_
= K< D — O
] -
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More stable level and smoother flow using cascade control

B5 Fyoveioee .............. ............. HRTTTUR .............. .............. ............... _ B _______________ .............. ............... ............... ............... _

LC.PV
LC.PV
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: i 1 1 i
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i I i i
0 200 400 600 800 1000 1200 1400

FI.PV
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i : 4 | b .
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100 100 : : : : : : :
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i i i i i i
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Time [min] Time [min]

In this case, cascade control is used to linearize the slave process,

rather than for disturbance rejection.
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Ex: Level control with improvement opportunity i

« The level in the tank varies too much because of variations in output flow.
« We can't tune the controller more aggressively - then it becomes unstable.
« How can we improve control performance?

K. Forsman, 2023-11-16, No. 52
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Feedforward: Give early information to the controller

t
u(t) = K, (e(t) + Tll_]. e> + Upp

0

Feedback term \ E— _________________ KFF <___——“__——“__—_“—_—_"—__“——_“———_“——“———E

Feedforward term

n
_|

K. Forsman, 2023-11-16, No. 53



[




Crystallizer: Level disturbance from wash sequence

« Acrystallizer is automatically flushed with water, once every second hour.
The water flow is large enough to affect level.

« It'simportant to keep a steady level.

Improvement suggestions?

Flush
water

K. Forsman, 2023-11-16, No. 55
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Crystallizer: Feedforward reduces level variations

A feedforward from on-off-valve to level controller reduces level variations.
Thus, it's ok to make a FF from a discrete (binary) variable.

K. Forsman, 2023-11-16, No. 56

Crystallizer feed

Flush water

l SOq.
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Smaller level variations in crystallizer

Without feedforward from on-off valve With feedforward

PV, SP
PV, SP

i 1 i 1 1 i t i 1 i I i 1 1 i 1 i 1
500 505 510 515 520 525 530 535 540 545 550 470 475 480 485 490 495 500 205 510 515 520

76 i 1 i 1 i 1 i 1 6 i I i 1 1 i 1 i 1
200 505 510 515 520 525 530 535 240 545 550 470 475 480 485 4490 495 500 205 510 515 520
Time fime
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Why don't we do the full compensation?

N

PY, SP

OF

K. Forsman, 2023-11-16, No. 58

26
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28
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i ! i ! i i ! i !
470 4745 480 4585 490 495 500 L05 510 515 520

Time

There is a residual level disturbance,
because the feedforward gain used was
only 0.8 of that calculated theoretically.

Why didn't we use the full
gain for compensating?




Bidirectional control
An application example
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Application backgrouna

We will connect to a new source for process water, in addition to the existing one. (Site: Stenungsund)
— Motivated by sustainability: re-use waste water

« Control challenge: Buffer management

The bottle neck of the entire system is sometimes in waster water supply, sometimes in plant consumption and
sometimes in purification (membrane unit).

— How do we control buffer levels?

It is out of the question to let operators control the levels manually, because that would be too much work.

New source: Stravliden Plant cooling towers

Existing source: Hallungen

K. Forsman, 2023-11-16, No. 60
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Recap: Bidirectional control

In a chain Qf inventories you may need o 4@ 4@ 4@
different directionality of the level ' '
controllers depending on where the bottle _@_> _@_. _@_. _@_.

neck (or throughput manipulator) is.

TPM

i
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Continued recap

« A bidirectional control scheme handles all the cases automatically.
« The control structure reconfigures itself based on the position of the bottle neck.
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High setpoint —
€.9. 80% Low setpoint Mminimum

e.q. 20%

selector

Both LC use the same
level sensor

®
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Process, without controls

Stravliden

()

Pump

station

Possibility for
overflow
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. = A flow that is not possible to manipulate

Feed tank

from a controller

<20%

—‘—> UF+RO

| Permeate

Askerdfjorden

tank

FC
33
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External
process water
(Hallungen)
—
FC
34

X LCV

o)

.| Cooling |

tower basin
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Comparison to simplified topology

« In this application, the level controllers cannot manipulate enough flows to control all levels.
«  We need an overflow, and additional feed flow

LCHI LCLO f----» < |[=------ LCHI LCLO f----+ < [=------ LCHI LCLO
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Control solution implemented: Bidirectional control

Stravliden

min
SEL1

pc

- Pump-
station

Possibility for
overflow
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.| Cooling
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Heat exchanger control:
Maximizing throughput
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Maximizing throughput in a HEX (cooler)

Temperature must be held at a given setpoint, e.g. 45 degrees.

Cooling
water

——————————

"Traditional” structure:

Operator gives SP
for throughput
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Maximizing throughput in a cooler; cont'd

If the flow valve is the limiting factor,
then this structure should be used.

[>4<] >

Set to 100%
by operator

If the cooling water valve is limiting,
then use this structure. T !
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Maximizing throughput in a cooler; cont'd

It is not uncommon that sometimes the flow valve and sometimes the cw valve is limiting, e.q.
due to cooling water temperature variations.

There is a structure that handles both cases...

Vi
(10— o1 o —
NN o,
U !
Y u
al|oselit |
range v,
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Two step dilution: How to use the extra DoF?

Mixing
chest

O

This consistency
should be controlled

Dilution water header
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Two step dilution = Typical case for mid-ranging

Mixing
chest
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Block diagram for VPC: Give setpoint for u,

u

r1=SPf01‘y—> Cl ! Pl
Fine valve
y
(+ -
u,
r, = SP for u, - G, P,
1

Coarse valve

VPC = valve position controller
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