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TKP4140. Process control .

In this course you must use both sides of your
brain — and try to connect them in the end!

2. Then we switch to the left side: 1. We start towards the right side (first two weeks)

Modelling - mathematics, Control structures — concepts- intuition
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It will be a lot of work, but it will be fun, and the goal is that you in the end can
design real control systems that work well!




Why control?

« Until now: Design of process. Assume steady-state

* Now: Operation
R Actual value(dynamic)
~-=-=tf--c----= - Steady-state (average)

, time
In practice never steady-state:
- Feed changes
« Startup
 Operator changes >  "Disturbances” (d’s)
 Failures

..... D
- Control is needed to counteract disturbances — remain at steady state

- 30% of investment costs are typically for instrumentation and control



Dealing with disturbances.

Three approaches:

1. Design process so it’s insensitive to disturbances
«  Example: Use buffer tank to dampen (smoothen) disturbances

T
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2. Detect and remove the source of disturbances

«  Sometimes called “statistical process control” (SPC)
But it's not control in our sense of the word

«  Example: Detect and eliminate variations in feed (e.g., by using

better quality raw material)

3. Counteract disturbances using MV (this course).
MV = manipulated variable (usually valve)



3. Counteract disturbances (this course).

Process control (“prosessregulering”):

Do something (usually manipulate valve) -
to counteract the effect of the disturbances | %

(a) Manual control: Need operator

(b) Automatic control: Need measurement + automatic valve + computer

Goals automatic control:
« Smaller variations
* more consistent quality
» More optimal (“squeeze and shift”)
« Smaller losses (environment)
» Lower costs
* More production

Industry: Still large potential for improvements!



Motivation for better control: Squeeze and shift rule
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Example: Control of shower temperature

Temperature: 5s delay in pipe (6 = V/q = 100ml/20 mi/s = 5s)

TIK]

q [M3/s] want constant

Potential problem with
feedback control:

Delay + impatient (“high gain”)
-> Overreact -> Instability

Time delay 0 is the main enemy of feedback control



Classification of variables

l d
\/ u || Process y |
input (MV) (shower) output (CV)

Independent variables (“the cause”):
(@) Inputs (MV, u): Variables we can adjust (valves)
(b) Disturbances (DV, d): Variables outside our control

Dependent (output) variables (“the effect or result”):
(c) Primary outputs (CVs, y): Variables we want to keep at a given
setpoint y,

(d) Secondary process variables (y,) , Internal variables in dynamic
model (“states”) (x)

MV = manipulated vartiable (input u)
CV = controlled variable (output y) (sometimes called PV=process variable)
DV = disturbance variable (d)



Classification of variables: Shower process

5s delay: 6 =V/q=100ml/20 ml/s = 5s

2

LUV TIK] Control objective. MVs, CVs, DVs
9- q [m?/s] 1. Control objective
Keep temperature (y,=T) a given setpoint
Keep total flow (y,=q) at given setpoint
WRANEL 2. Classify variables

MVs (u) = gy, qc (strictly speaking, valve positions z,,, zc)
CVs(y)=T.q

DVs (d) = gy, qc (strictly speaking, upstream pressures,
s e Pus Pc, Which gives “uncontrolled” flow changes)




Start lecture 2

Inputs for control (MVs)

» Usually: Inputs (MVs) are valves.

— Physical input is valve position (z), but we
often simplify and say that flow (q) is input

B
"z’ 31:%7

Valve equation: ¢[m?>/s] = C,f(z)\/DP/p _
DP = pressure drop across valve [N/m?] 0 e
f(z) = valve characteristic (Linear valve: f(z)=z)
C, = valve constant [m?] = C,A (A [m?] = valve area, C, = 1 (typical))
p = fluid density [kg/m3]




Control

» Use inputs (MVs, u) to counteract the
effect of the disturbances (DVs, d) such
that the outputs (CVs, y) are kept close to

their setpoints (y,)

ld
u R y ,
input (MV) Process output (CV)




Two fundamentall control principles
d

u R y
input (MV) Process output (CV)

[
»

 Feedback: Measure the result (= controlled variable CV; output y)
and keep adjusting the manipulated variable (MV; input u) until the
results is OK

— Example: Measure the temperature y=T (CV) and adjust the flow (u) of
cold water (MV)

 Feedforward: Measure the cause (= disturbance d; DV) and based
on a prediction (model!) make a "feedforward” adjustment of the MV
(input u) to (hopefully) counteract its effect on the result (output y)
— Feedforward control requires a good model!

— Example: Room mate (disturbance d) says "I am tapping cold water” -
and you know your friend so well (model) that you can make the correct
increase in your cold water (MV) to counteract d.

— NOT VERY REALISTIC FOR SHOWER EXAMPLE
— BUT a good example of feedforward is coming in time to lecture!



BLOCK DIAGRAMS

FEEDBACK (measure output): ld
Ys ~ Ys-Ym | Controller u | Process Yy
Desired value .l error (brain) input (MV) (shower) output (CV)
Setpoint
Ym Measurement|
measured output device

FEEDFORWARD (measure disturbance):

d
d, Measurement
measured disturbance device
Controller u | Process Yy
(brain) | input(MV) | (shower) output (CV)

*All lines: Signals (information)

*Blocks: controllers and process
*Do not confuse block diagram (lines are signals) with flowsheet (lines are flows); see below




FEEDBACK

+ Self-correcting with negative feedback (keeps adjusting until
y=y, at steady state)

+ Do not need good model (but must know an!)

- May give instability if controller overreacts
- Need good and fast measurement of output

MAIN ENEMY OF FEEDBACK: TIME DELAY
(in process or in measurement of y)

FEEDFORWARD

+ Consider when Iarge time delay (in process or in measurement of y)
+ May react before damage is done

- Need good model

- Sensitive to changes and errors

- Works only for known and measured disturbances
USUALLY COMBINED WITH FEEDBACK



We use two kind of diagrams

* Block diagram (information)
— Used by control engineers

 Flowsheet (piping & instrumentation diagram, P&ID)
— Used by process engineers



Piping and instrumentation diagram
(P&ID) (flowsheet)

» Solid lines: mass flow (streams)

* Dashed lines: signals (control) - -----
4 [/
Example: Shower
............................................. @---E
valves e ) o I L




Notation feedback controllers (P&ID)

TS
(setpoint CV)

|
|
|
|
v

T
(measured CV) MV (could be valve)

_______ —— —— —

2nd letter:
C: controller
I: indicator (measurement)
T: transmitter (measurement)
A: alarm

1st letter: Controlled variable (CV) = What we are trying to control (keep constant)
T: temperature

F: flow

L: level

P: pressure

DP: differential pressure (Ap)

A, C: Analyzer (composition) (can also have self-defining symbols like CO2, pH, etc.)
D: density

M: moisture

E: enthalpy/energy

V: viscosity

H: Hand control (manual operation of valve)



Example flowsheet: Level control

(with given outflow)

Inflow (u) .
' H
l/f\l l u ! s
N E O — H :'
. eeeed
Outflow (d)

CLASSIFICATION OF VARIABLES FOR CONTROL (MV, CV, DV):

INPUT (u, MV): INFLOW
OUTPUT (y, CV): LEVEL
DISTURBANCE (d, DV): OUTFLOW



Level control when inflow is given
(more common)

Inflow (d)

R Hé

Outflow (u)
CLASSIFICATION OF VARIABLES FOR CONTROL (MV, CV, DV):

INPUT (u, MV): OUTFLOW (Input for control!)
OUTPUT (y, CV): LEVEL
DISTURBANCE (d, DV): INFLOW



@ N

Example: Evaporator with heating

e [M3/s]
Te [K]

From evaporation

I S U P H

reactor
gég level measurement

temperature measurement T
°

------- M q [m3/s]

% \ N T K]
VN
concentrate

qy [M3/s]
TH [K] Input 1 Input 2
Heating fluid A (outflow) | q
Output 1 _ _
Control objective H
« Keep level H at desired value Output 2 0 N
 Keep temperature T at desired value T

Classify variables (CVs, MVs, important DVs)

Qualitative model: Process matrix (+-0 from MVs to CVs)
to help with pairings and sign of controller gain (K,)

Suggest pairings and put control loops on the
flowsheet Avoid pairing on zero gain (otherwise you will depend on other loops being closed)

Suggested pairings




2024: Start lecture 3

Most important control structures

1. Feedback control
2. Cascade control
3. Ratio control (special case of feedforward, but needs no model)

The last two are used if standard feedback is not good enough,
typically because of delay in measurement of y.

« Cascade: Use extra output measurement (y,)

« Ratio/feedforward: Use disturbance measurement (d)



Cascade control

« Primary Controller (“master”) gives setpoint to a secondary controller (“slave”)

—  Without cascade: “Master” controller directly adjusts u (input, MV) to control y
With cascade: Local “slave” controller uses u to control “extra”/fast measurement (y,).

“Master” controller adjusts setpoint y,..

 Example: Flow controller on valve (very common!)
— y=level H in tank (or could be temperature etc.)
— u = valve position (z)
— vy, = flowrate q through valve

WITHOUT CASCADE WITH CASCADE (2 controllers)
flow in measured i _ ured
evel : HS flow in lrzssls red H
-- b .Y?@ o hy- @ S
— . valve position L S B
E 4———————————y—2:lq
%I R \ . > MV2=Z i ;roev:'/:\sured

N |
flow out P t |+—>



What are the benefits of adding a flow
controller (inner cascade)?

qS w
v,
AW
S— I/P
Extra measurement y,= q — q
PV (X) ‘ :
P[> 2l > > e
FUZ7 142 Cy

Flow rate: ¢ = €, f(2),/ 5> [m? /]

1. Fast local control: Eliminates effect of disturbances in p, and p,
(FC reacts faster than outer level loop)

2. Counteracts nonlinearity in valve, f(z)
With fast flow control we can assume q = g,

Ny

(valve opening)



Example: Evaporator with heating

e [M3/s]
Tr [K]

Cr [mol/m3]

Feed: From evaporation

reactor
%%% level measurement

| ___ H
temperature measurement T )
"""" * Concentrated product
g [m3/s]
LN TIK
c VN "¢ [mol/m3]
Heating fluid : ,
I concentration measurement
qn [M3/s] !
Ty [K]

Control objectives

 Keep level H at desired value

« NOW: Keep composition ¢ at desired value
BUT: Composition measurement has large delay + unreliable
Suggest control structure based on cascade control



Ratio control

« Special case of feedforward (the most common one)

|t actually does not require a model, just physical insight!

 VERY common for mixing

Example: Process with two feeds q,(d) and q, (u), where ratio should be constant.

Use multiplication block (x):

' (02/9)s

1 (desired flow ratio)

Qi___. RS
(measured (MV: manipulated variable)

flow
disturbance)

“Measure disturbance (d=q,) and adjust input (u=q,) such that
ratio is at given value (q,/q4)s"



Usually: Combine ratio (feedforward) with
feedback

 Adjust (q,/9,), based on feedback from
process, for example, composition

controller.
* This is a special case of cascade control

— Example cake baking: Use recipe (ratio control = feedforward),
but adjust ratio if result is not as desired (feedback)

— Example evaporator: Fix ratio q./q- (and use feedback from
y=c to fine tune ratio)



EXAMPLE: MIXING PROCESS

RATIO CONTROL with outer cascade (to adjust ratio setpoint)

(92/91)s
d1,m Qs
&,
q [m3/s]
C, [mol/m3] qzm‘ C.0
Concentrate " l l i Water

R H
=P per " LTS
: g [m3/s]

M ¢ [mol/m3]

Diluted product



Procedure for design of control system

N —

6.

Define control objective (why control?)
Classify variables

. CVs (y)
. MVs (u)
. Disturbances (d)

+ measurements

Process description
. Flow sheet
. Model: Process matrix
- Qualitative: with 0, +, -, (+)*, (-)*
- Quantitative: transfer matrix (see later)
Control structure
. Feedback

- Pairing of variables (avoid pairing on 0!)

. Cascade loops (MV from one controller
(master) is setpoint for another (slave))

. Feedforward control (ratio)

. Put on process & instrumentation

diagram (P&ID)
Control algorithm
. On/off
. PID (proportional-integral-derivative)
. Model based (MPC)
Implementation

. Computer + connect measurements
(sensors) and valves (actuators)

*(has some effect, but too small or with too much delay for control)

Input 1 input2
Output 1 + -
Qutput2 | 0 +

Process matrix

* Avoid pairing on zero gain (otherwise you will
depend on other loops being closed)

» Also: Use for determining sign of controller gain (K.)

Process engineer (YOU):

* Responsible for items 1- 4
* The most important is
process understanding



2021, 2024: Start lecture 4

Example: Shower

1. Define control objective (why control?)
. CVs: Control temperature T and flow q
2. Classify variables ?"-L‘.;:.T
- CVs(y):Tq g
. MVs (u): qc (really zc), gh (really zh) o
. Disturbances (d): Focus on main qCG}z
3. Process description 7
. Flow sheet /
. Model: Process matrix keAnEL
4. Control structure
. Pairing of variables (Alt.1, Alt.2)
. Multivariable (Alt 3)
Input 1 Input2
qc gh
Output 1
T - +
Output 2
g + +

In this case the process matrix has no 0’s ) Interactive, so pairing is not obvious!

\
Multivariable control (“decoupling”) is used in practice: : :,l—«‘
One handle (up/down) for total flow (gh+qc), one (left/right) for ratio (gh/qc) < |



Advanced regulatory control (for later)

Decoupling shower using ARC

Comment:
«— Maybe better with FC on g (upper
left FC). Then need a subtraction

des = (Actap)s- n
‘

FR G |
74 G du)s
L F 1 s

- /4
N : -
FlP et | T
]
| = f

ARC = Advanced Regulatory Control



3x3 pairing example

Pairing: Choose one pairing from each row/column. Avoid pairing on O’'s

Inputs

Y1

Outputs Y2

Y3

Conclusion:

Y1 <7 Uy
Yo <7 Uj
Ys <7 U2



Rules for pairing of variables and
choice of control structure

1. The response (from input to output) should be fast, large and in one direction.
Avoid pairing on 0! Avoid dead time and inverse responses!

 r

och ‘,
RESEONSE QUTEUT Yl V
=T
(NPUT n (&)
_BAD (“uf)
/
] Ya,
t=0 time t=0 ‘ \r‘/ {K\f (5\7\9 3:
RADA VRAD 2: Swodh
Time deby [ nvctrse 1SPONSe zk@cﬁ\li,\{fﬁiﬂr‘
2. The input (MV) should preferably affect only one output (to avoid interaction
between the loops; want some O’s in the process matrix)
3. Try to avoid input saturation (valve fully open or closed) in “basic” control loops for
level and pressure
4. The measurement of the output y should be fast and accurate. It should be located

close to the input (MV) and to important disturbances.
Use extra measurements y2 and cascade control if this is not satisfied

5. The system should be simple
Avoid too many feedforward and cascade loops
6. “Obvious” loops (for example, for level and pressure) should be closed first, before

you spend too much time on deriving process matrices etc.

Main rule(1,2,4): “Pair close”



Control hierarchy based on “time scale
separation”

Scheduling
(weeks)

Site-wide optimization
(day)

y \ |
x

|
Local optimization
(hour)

| :
SUPEIVISORY ] MPC or ARC (cascade/switching/...)

control o
. (slower advanced and multivariable control)
minutes

Control . ;
layer setpoints

hegulatory
control | PID (fast “regulatory” control)
(seconds) |

MPC = model predictive control

P RO C E S S PID = proportional+integral+derivative control




Example: Distillation

« Here: Given feed (i.e., feedrate is disturbance)

1. Objective: “Stabilize” column + keep compositions in top and bottom constant
— But compositions measurements are delayed + unreliable

2. Classify variables

3. Process description
— Flowsheet
— Process matrix

4. Control structure: Stabilize column “profile” using sensitive temperature
measurement.



2024: This is at end of lecture 4

-ﬁ—_k--——

M' |rm

F = feed [mol/s]

D = distillate

B = bottoms

L = reflux

V = boilup = Qg/AH"??

Lp = condensate = Qp/AHY??

Qp [J/s] = cooling

Qg [J/s] = heating

AH"?P = heat of vaporization
(typical 40 kJ/mol]

Material balances for condenser and reboiler:
dMp/dt = Ly — L — D [mol/s]
dMg/dt = Lg — V — B [mol/s]

Note: We could write balances on mass basis [kg/s], but for
distillation mol/s is better because molar flowrates are
almost constant inside the column (but not mass flowrates

Level H[m]:

Inventory M [mol] = V [m?3] p,, [mol/m?]

VolumeV =AH

Molar density c¢= p [kg/m3] / MW [kg/mol]

Data water:

p = 1000 kg/m3, MW = 18¢-3 kg/mol, p,,=55e3 mol/m?




2024: start lecture 5 (after finishing up example)

Typical distillation control:
« Level control using LV-configuration

(reflux L and boilup V left for CC)
« Two-point composition control (CC) .
— with inner T-loop (cascade) ! @_ | @

Slave (fas
Master (slow)




Cascade control

distillation

With slave flow controller +
slave T-controller in top




Inventory control and TPM

Inventory control: Usually control of level and pressure
Throughput manipulator (TPM): Where the operator sets production rate
Usually TPM at feed, but better for economics: Close to production bottleneck

Radiation Rule for level and pressure control («to keep things flowing»):
Inventory control should be radiating around TPM

o :

TeM}- _,@ : (), () A1)}
R : i a4 P P )
; X mic i — X

() TPN ar tnlet (feed): Tmvemtory comtrol tn dreciion of fow
AT 1CY- {10} - (Y, ()
: 'xj : H IH_J H I'x:I__.,-" : ! U f _,f-"
s HEe e P e
(5] TPM a1 purilet (oo-demand): Invemory cooired io direction opposite o fow
R — -
i - i ~ 4 Bt
IR HER PR HE e R

(c] Creneral case with TPM mside the plant: Fadiatns inventory cooirol

Fizwrs 2 6: Self-consistency requires a radiatmg inventory control around a fived
flowr (TP



Rules for inventory control

Rule 1. Cannot control (set the flowrate) the same flow twice
Rule 2. Controlling inlet or outlet pressure indirectly sets the flow (indirectly makes it a TPm)
Rule 3. Follow the radiation rule whenever possible

Breaking the radiation rule leads to undesirable «long loops»*:

Comment: Originally the TPM was at the feed (F;) -
but then the outflow (F3) reached saturation (so this
became the TPM) — and we let F, take over the
TPM inventory control in the last unit.

This may work OK if the inventory control in units 1

zg = 1 (bottleneck) and 2 is very fast.
F ” 2 [ l o

(d) Inventory control with undesired “long loop”, not in accordance with the
“radiation rule” (for given product flow, TPM= F;)

*A «Long loop» does not follow the «pair close» rule, and the functioning of a long loop depends on other loops being closed.



QUIZ. Are these structures workable (consistent)? Yes or No?

FC,
;TPM
O
: I I
i} — S .
| om

{d) I¥ 00 1o-

I mass holdup inside the
red box? Is it self-
| regulated?



Quiz 2. Gas-liquid separator.
Where is TPM? Consistent (One is not)?

TPM:

control exit

Doesn't follow radiation rule + TPM
Cannot have two TPMs —  P6S:

(c) i o (d)

Case (a): Given feedrate. Could alternatively set p, Rule: Setting in-pressure Po sets inflow = TPM at inlet or inlet direction (no cases above)

Cases (b) and (c): Gas production limiting A L = A 3 i
Case (d). Liquid production imiting Setting out-pressure pg sets outflow = TPM at outlet or outlket direction (offdiagonal two cases)
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