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Change of active constraints. Four cases
MV-MV switching (because MV may saturate)

• Need many MVs to cover whole steady-state range 
• Use only one MV at a time
• Three options: 

A1. Split range control, 
A2. Different setpoints, 
A3. Valve position control (VPC) 

CV-CV switching (because we may reach new CV constraint)
• Must select between CVs
• «Only» option: Many controllers with selector

Now: MV-CV switching

Simple MV-CV switching: CV can be given up when reach MV saturation
• This means we followed «input saturation rule»
• Don’t need to do anything

Complex MV-CV switching: CV cannot be given up (need to «repair loops»)
• Must combine MV-MV switching (three options) with CV-CV switching (selector)

Process

Process

Process

Process

Adriana Reyes-Lua and Sigurd Skogestad, Systematic Design of Active Constraint Switching Using Classical Advanced Control Structures, Ind.Eng.Chem.Res, 2020

Note: we are here assuming that the constraints are not conflicting so that switching is possible
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Simple MV-CV switching

• When MV (u) saturates, we can give up the CV (y).
• Don’t need to do anything, except having anti-windup in the controller

• This is because we have followed the

Input saturation rule: “Pair a MV that may saturate with a CV that can be 
given up (when the MV saturates)”

• Many examples (that it works is not always so obvious!)
• 1. Driving as fast as possible to the airport

• 2. Heating of cabin in the winter

• 3. Anti-surge control
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Optimization with PI-controller
max y
s.t. y ≤ ymax

u ≤ umax

Example: Drive as fast as possible to airport (u=power, y=speed, ymax = 110 km/h)
• Optimal solution has two active constraint regions: 

1. y = ymax
→ speed limit 

2. u = umax
→max power

• Solved with PI-controller 
• ysp = ymax

• Anti-windup:  I-action is off when u=umax

s.t. = subject to
y = CV = controlled variable

Simple MV-CV switching, Example 1
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Avoid freezing in cabin

Simple MV-CV switching, Example 2

Keep CV=T>Tmin = 8C in cabin in winter by 
using MV=heating 

If it’s hot outside (>8C), then the heat will 
go to zero (MV=Q=0), but this does not 
matter as the constraint is over-satisfied. 
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Minimize u (heating), subject to
𝑇 ≥ 𝑇𝑚𝑖𝑛

𝑢 ≥ 0

• Actually, no selector required, because MV=z has a 
«built-in» max-selector at z=0.



Anti-surge control (= min-constraint on F)

Example 3, «simple» MV-CV switching

Keep minimum flow Fmin for pump 
or compressor using recycle valve. 

If the flow F0 (and thus F) becomes 
large then the recycle valve will 
close (MV=0), but this does not 
matter as the constraint F≥Fmin  is 
over-satisfied. 
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Minimize u (recycle), subject to
𝐹 ≥ 𝐹𝑚𝑖𝑛

𝑢 = 𝑧 ≥ 0

• No selector is required, because MV=z has a «built-in» max-selector at z=0.



Summary: Simple MV-CV switching

• When MV (u) saturates, we can give up the CV (y).
• Don’t need to do anything, except having anti-windup in the controller

• This is because we have followed the

Input saturation rule: “Pair a MV that may saturate with a CV that can be given up (when the MV saturates)”

• Many examples (that it works is not always so obvious!)
• 1. Driving as fast as possible to the airport

• u=power ≤ umax 
• y = speed ≤ ymax 

• ys = ymax = 90 km/h
• “If we reach max power (u=umax), we must give up controlling y”

• 2. Heating of cabin in the winter
• u=power ≥ 0 
• y = temperature ≥ 8C
• ys = ymin = 8C
• “If we reach min. power (u=0), then it is hot outside - and there is no need to control y”

• 3. Anti-surge control
• u =recycle ≥ 0, 
• y = flowrate  ≥  ymin

• ys = ymin 
• “If we reach min. recycle (u=0), then the feedrate is larger than ymin - and there is no need to control y”
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Example: Compressor with max-constraint on F0
(in addition to the min-constraint on F)
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• Both CV-constraints are satisfied by a large z
⇒ Max-selector for CV-CV

• When we reach MV-constraint (z=0) both CV-constraints are oversatisfied
⇒ Simple MV-CV switching

CV-CV switching

Minimize u (recycle), subject to
u = z ≥ 0 (satisfied by large u=z, «built in»)
CV1 = F  ≥ Fmin (satisfied by large u=z)
CV2 = F0 ≤ F0,max (satisfied by large u=z)
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p0 F0
Fp

QUIZ Compressor control

Suggest a solution which achieves
• p< pmax= 37 bar    (max delivery pressure)
• P0 > pmin = 30 bar  (min. suction pressure)
• F < Fmax = 19 t/h   (max. production rate)
• F0 > Fmin = 10 t/h  (min. through compressor

to avoid surge)

CW
p0 F0 Fp

CW

FC

PC PCFC

MAX 

pmin=
30bar

Fmax=
19 t/h

pmax=
37bar

Fmin=
10 t/h

z

SOLUTION

All these 4 constraints are satisfied by a large z
-> MAX-selector

MAX 

z

Zmin=0 MAX 

z
Zmin=0

FC



Finally: Complex MV-CV switching

• Didn’t follow input saturation rule

• This requires a repairing of loops 

• Need to combine MV-MV switching with CV-CV-switching

• The CV-CV switching always uses a selector

• As usual, there are three alternatives for the MV-MV switching:
1. Split range control (block /\): Has problems because limits may change

2. Several controllers with different setpoints (often the best for MV-CV switching)

3. Valve position control (Gives «long loop» but avoids repairing). 

+4. Shinskey alternative (not covered here)
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TC

u=Fuel gas

Flue gas

Process fluid

Air

T1s = 500C

TC
T2max=700C

LS y1=T1

y2=T2

uA

uB

u=min(uA,uB)

Example: Furnace control
Furnace control : Cannot give up control of y1=T1. 
What to do?

Inputs (MV)
u = Fuel gas flowrate
u2 = Process flowrate

Output (CV)
y1 = process temperature T1

(with desired setpoint)

u2

MIN

Complex MV-CV switching

Normally u2

is used for  
something else
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TC

u1=Fuel gas

Flue gas

Process fluid

Air

T1s = 500C

TC2
T2max=700C

LS y1=T1

y2=T2

uA

uB

u=min(uA,uB)

TC

T’1s = T1s-5C=495C

u2

TC1
Using MV-MV 

switching

Inputs (MV)
u = Fuel gas flowrate
u2 = Process flowrate

Output (CV)
y1 = process temperature

(with desired setpoint)

Note: Standard Split Range Control (Alt. 1) is not good here for 
MV-MV swiitching.
Because could be two reasons for too little fuel

• Fuel is cut back by override (safety)
• Fuel at max, 

So don’t know limit for MV1 to use in SRC-block.
Also, Alt. 3 (VPC) is not really an alternative as u1 is not 
saturating but overridden. What we could do instead, is to let uB

from TC2 go to the min-selector for u2 (with a backoff, e.g., 
T2max=690C) but this would involve a long loop through TC1 and 
uA and is not recommended. 

Complex MV-CV switching

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

MIN

Cannot give up controlling T1
Solution: Cut back on process feed (u2) when T1 drops too low
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MIN

CV-CV 
switching 



Use Alt. 2: Split parallell control (two setpoints)

TC

u1=Fuel gas

Flue gas

Process fluid

Air

T1s = 500C

TC
T2max=700C

LS y1=T1

y2=T2

uA

uB

u=min(uA,uB)

Inputs (MV)
u = Fuel gas flowrate
u2 = Process flowrate

Output (CV)
y1 = process temperature

(with desired setpoint)

TC

T’1s = T1s-5C=495C

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

MIN
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u2

MIN

Complex CV-MV switching



Disturbance F1 [m3/s]

Example : Level control 

LC

SP

FC
F10,m

F0,s

F0 [m3/s]

TPM at feed, so level control is with outflow

Problem: Lose level control if we feed too much so outflow valve saturate at fully open (z1=100%) 

z1

z0

z1
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Disturbance

LC

FC

SP-L

F0,m

F0,s

LC

SP-H

MIN

F0 [m3/s]

F1 [m3/s]

LC
Using

MV-MV 
switching

Solution: Complex MV-CV switching
(bidirectional inventory control)

Three alternatives for MV-MV switching
1. Split range control (problem since F0s varies). 
2. Split parallel control
3. VPC

z1
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CV-CV 
switching

F’0,s



Disturbance F1 [m3/s]

LC

SP

FC

F0,s

F0 [m3/s]

z1

z0

z1,s = 90%  
(need some back-off from 100%)

MIN

Alt. 3 MV-MV switching: VPC

VPC

VPC: “reduce inflow (F0) if outflow valve (z1) approaches fully open” 

z1
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F’0,s

Complex MV-CV switching
Bidirectional inventory control

Ooopss… long loop



Disturbance

LC

FC

SP-L

F0,s

SP-L = low level setpoint = 50 % (or 20%)
SP-H = high level setpoint = 60 % (or 80%)

LC

SP-H

MIN

F0 [m3/s]

F1 [m3/s]

In addition: Use of two setpoints is good for using buffer dynamically!!

Alt. 2 MV-MV switching: Split parallel control 
(recommended)

F’0,s z1
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Complex MV-CV switching
Bidirectional inventory control

When F1 saturates (100%) we cannot keep SP-L, so level rises until we reach SP-H and F0 takes over



More general: Bidirectional control with MIN-
selector on both inlet and outlet

• TPM at feed: What should we do if F saturates (at max) or is taken 
over by another controller (Fs) so that we lose control?

• Solution: Bidirectional control where TPM is automatically moved

F0

LC

SP

F0s

F

LC1

MIN

SPL

LC2

MIN

SPH

F0s Fs

F0 F

TPM



Bidirectional control of gas-liquid separator

Simplified notation: This is actually 
two different controllers with 
different setpoints (H and L)

TPM can move freely between F, V and B depending on where bottleneck is



Example adaptive cruise control: 
CV-CV switch followed by MV-MV switch

Note: This is not Complex MV-CV switching, because then the order would be opposite.
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Cow example in here

22



Cow case study (Norway, outdoor 15C to -20C)

CT

TT

Fan: u1

Heater: u2 Temperature 

transmitter

CO2 transmitter

Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

M.Adlouni / Gemini

Disturbances:
1. Number of cows (they generate CO2 and heat)

• Because of heat from cows it’s always colder outside
2. Outdoor temperature (between 15C and -20C)

• The cows are outside in the summer



CI TI

u1

u1=50%

Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

Nominal operation. Very happy cows 



CI TI

u1

u1=50%

MAXCC

SP=1000ppm
Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

Lower CO2 (less than 1000ppm) is satisfied by large fan speed ⇒ MAX-selector



CI TI

u1

u1=50%

MIN

MAXCC

TC

SP=5C

SP=1000ppm
Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

Winter: T (inside) may drop to 5C.
Control: Higher T (above 5C) is satisfied by small fan speed ⇒ MIN-selector



CI TI

u1

u1=50%

MAXCC

TC

SP=5C

SP=1000ppm

TC

SP=4C

u2

MIN

Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

Winter (colder): Cannot reduce fan more because CO2 > 1000 ppm.
Start heater. Use split parallell control (could use split range control instead)



CI TI

u1

u1=50%

MAXCC

TC

SP=5C

SP=1000ppm

TC

SP=4C

u2

TC

SP=0C

MIN

MIN

Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

Winter (even colder outide): Heater at max and T drops to 0C. 
To avoid freezing unhappy cows: reduce fan speed and accept CO2 > 1000 ppm
Recall: Higher T (above 0C) is satisfied by small fan speed ⇒ MIN-selector



CI TI

u1

u1=50%

MAXCC

TC

SP=5C

SP=1000ppm

TC

u2

TC

SP=0C

MIN

MIN

CC

SP=3000ppm

MAX

SP=4C

Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

Winter (even colder outside): CO2 reaches unacepptable level (3000ppm) 
Recall: Lower CO2 is satisfied by large fan speed ⇒ MAX-selector



CI TI

u1

u1=50%

MAXCC

TC

SP=5C

SP=1000ppm

TC

u2

TC

SP=0C

MIN

MIN

CC

SP=3000ppm

MAX

SP=4C

TC

SP=20C

Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

Lower T (below 20C) is satisfied by large fan speed ⇒ MAX-selector
(Consistent with large fan speed (MAX-selector) to keep CO2 < 3000ppm!)



CI TI

u1

u1=50%

MAXCC

TC

SP=5C

SP=1000ppm

TC

u2

TC

SP=0C

MIN

MIN

CC

SP=3000ppm

MAX

SP=4C

TC

SP=20C
Happy cows
• y1=C (CO2) less than 1000 ppm
• y2=T between 5C and 20C
• Not too much draft or noise from fan

• 50% fan speed is good

Unhappy cows
• y2=T less than 0C

Even more unhappy
• y1=C above 3000 ppm (poor air quality)

MVs
• u1=fan (cheap)
• u2=heater (expensive)

FINAL OPTIMAL CONTROL STRUCTURE: 
4 TCs, 2 CCs, 4 selectors

If extreme cold: Use blankets for cows
If very hot: Spray water on cows



Implementing optimal operation by switching

• Most people think 
• You need a detailed nonlinear model and an on-line optimizer (RTO) if you want to optimize the process
• You need a dynamic model and model predictive control (MPC) if you want to handle constraints
• The alternative is Machine Learning

• No! In many cases you just need to measure the constraints and use PID control
• «Conventional advanced regulatory control (ARC)»

• How can this be possible?
• Because optimal operation is usually at constraints
• Feedback with PID-controllers can be used to identify and control the active constraints
• For unconstrained degrees of freedom, one often have «self-optimizing» variables

• This fact is not well known, even to control professors
• Because most industrial ARC-applications seem ad hoc
• Few systematic design methods exists

• Today ARC and MPC are in parallel universes
• Both are needed in the control engineer's toolbox

34



more elements
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E8. Anti-windup for the integral mode

36

Without anti-windup:

With anti-windup using tracking:



Anti-windup with cascade control

Inner loopOuter loop
valve

Outer loop tracks y2

when valve saturates*
Conventional AW:
u tracks ෤𝑢

|.|

* This selector makes sure we use anti windup in the outer loop (and track y2) 
only when the inner loop (u) is saturating  37



E9. Two degrees-of-freedom control

• One degree-of freedom control: Controller uses e=ys-y

• Two degrees-of freedom control: y and ys used differently. 
• For example, no derivative action on setpoint or beta-factor.

• More generally, setpoint filter Fs and measurement filter F.

39



Setpoints

Here are 3 approaches to «two-degree-of-freedom» design for 
setpoints

I. Factor b (beta) on P-action

II. Prefilter Fs(s)

III. Feedforward controller A(s) from setpoint plus «prefilter» B(s) to 
decouple design of feedforward (A) and feedback (K) controllers

40



I. Beta-factor (b) and comparison with 
prefilter
The use of beta-factor is very common in industrial controllers. The  idea is to 
send a fraction b through the P-term. We get with PI-control

        u = Kc (b*ys-y) + Kc/tauI s (ys-y) = Kc (b+1/tauI s) ys - c(s) y

where  c(s) = Kc(1+1/tauI s) is the feedback part of the PI-controller. Let us 
compare this with using a prefilter Fs(s) together with PI-control:

 u = Kc (1+1/tauI s) Fs(s) ys - c(s) y 

We then have (CONCLUSION)           

 Fs(s) = (b*tauI*s + 1) / (tauI*s+1)

Thus, f(s)=1 (no filter) for b=1  and f(s)=1/(tauI*s+1) for b=0. It is also 
possible to let b>1 if we want to "speed up" the setpoint response. 
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II. Design of setpoint prefilter Fs(s)

• Let T(s) = gc/(1+gc) be the setpoint response with feedback only

• Then choose Fs(s) such that Ts(s) = Fs(s)*T(s) where Ts is the desired 
setpoint response.

• Very simple!

• It works well as shown for PI-control of integrating process on the 
next page (in spite of using the time delay approximation e- θ s = 1-θs).
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Example II: Setpoint filter to reduce overshoot 
with PI-control for integrating process 

43
https://skoge.folk.ntnu.no/publications/2003/tuningPID/   see comment 13 (from 2004, but I think unpublished)

Consider a first-order process with a large tau (tau=infinity will be integrating). 

 G(s) = k exp(-theta*s)/(tau*s+1)

It is be controlled by a SIMC PI-controller 

 c(s) = Kc (tauI*s+1)/(tauI*s) with Kc = 1/k’ (1/(tauc+theta))  

where k’= k/tau and tauc is the closed-loop time constant.

 

Assume that we want to get the same setpoint response as with the original IMC-controller, which has tauI = tau (this response is nice, see red curve next page). 

For the IMC-controller, we get gc = e-theta*s/(tauc+theta)s. We evaluate T=gc/1+gc, where we for the term 1+gc we use the approximation e-theta*s=1-theta*s. This gives 

 TIMC=y/ys = e-theta*s / (tauc*s+1)   

Let us now use a different value for tauI (for example, tauI=4*(tauc+theta) according to SIMC-rule), which gives an overshoot in the setpoint response (red curve next page).

We evaluate T=gc/(1+gc) and for the term 1+gc we again make use of the approximation e-theta*s=1-theta*s. We find that closed-loop response is (without a prefilter)

 T=y/ys'=gc/(1+gc) = (tauI*s + 1) e-theta*s / x(s) 

where 

x(s) = tauI*tauc*s^2 + [(tauI/tau)*(theta+tauc) + tauI - theta]*s + 1

For an integrating process (with tauI=infinity) we get x(s) = tauI*tauc*s^2 + [tauI - theta]*s + 1.

With a prefilter fs(s), the setpoint response is Tf= fs(s) * T. So to make (the approximation of) Tf equal to TIMC we must select 

fs(s) = x(s) / (tauc*s+1)*(tauI*s+1) 

Note that we for the case tauI=tau get x(s)=(tauc*s+1)(tauI*s+1) and fs(s)=1 (as excpected).

Example 1. For the almost-integrating process in Figure 3 (tau=30, theta=1) in the SIMC-paper, we get for the SIMC-tunings (tauI=8, tauc=theta=1) 

 x(s) = 8s^2 + 7.53 s + 1 = (6.25s+1)(1.28s+1) 

So the setpoint filter is

 fs(s) = (6.25s+1)(1.28s+1)/(8s+1)(s+1) = (8s^2+7.53s+1)/(8s^2+9s+1) 

This prefilter makes the setpoint response for tauI=8 almost identical to the one shown with tauI=30 (Fig.3). (I checked with Matlab and it works like a charm!). 

Example 2. The next page shows the response for an integrating process. Notice that the filter Fs(s) works great, as the blue and black curves are almost the same-

https://skoge.folk.ntnu.no/publications/2003/tuningPID/


Example II. Integrating process, g(s)=exp(-s)/s.
Setpoint response with PI-control with taui=infty 
(blue), taui=8 (SIMC, red) and taui=8 with prefilter Fs 
(black)

44

s=tf('s')
ks=1, tau=9999, theta=1;
G = ks*exp(-theta*s)/(s+1/tau)
tauc=theta
Kc=1/(ks*(tauc+theta)) % SIMC  
taui1=tau 
taui2=4*(tauc+theta)
C1 = Kc*(1+ 1/(taui1*s))
L1 = G*C1
T1=L1/(1+L1)
C2 = Kc*(1+ 1/(taui2*s))
L2 = G*C2
T2=L2/(1+L2)
tauI=taui2
Fs = (tauI*tauc*s^2 + [(tauI/tau)*(theta+tauc) + tauI - theta]*s + 1)/ ((tauc*s+1)*(tauI*s+1)) 
Tf2= Fs*T2
figure(1), step(T1,T2,Tf2,’black’)

8 s^2 + 7 s + 1
Fs =   -- -------------------
          8 s^2 + 9 s + 1

We can get a similar response (to black) with beta-factor
b = 0.72 ; although it’s a bit slower initially. It corresponds
to Fs = 5.76 s + 1 / 8 s +1 
See green response next page



Compare with beta-factor b=0.72 (green)

45

Beta-factor (green) is a bit slower than a 
second-order prefilter (method II) - but it is 
good enough and recommended in practice .

If we want to completely avoid the overshoot 
(and also have a fast response) then we
should use Method III and choose a setpoint
response = exp(-s)/(s+1).
It gives the dashed green curve (see next)



Method III. Setpoint response = exp(-s)/(s+1) 
with no overshoot (dashed)

46

e

G = exp(-s)/(30s+1), Fy = 1
Ts = Setpoint response = exp(-s)/(s+1) 
𝐴 = G-1*Ts = (30s+1)/(s+1)
B(s) = FyGA = exp(-s)/(s+1).

Note: In this case, the feedback controller (K) does not 
matter for the design. However, the measurement filter Fy 
has some minor effect.



Method III. Feedforward A(s) plus term B(s) to decouple 
design of prefilter and feedback controller

The idea here is to design the feedback part (K) and the feedforward (A) independently, and then 
use the “prefilter” term B so that they can be combined without fighting. B(s) should be the 
desired (expected) setpoint response resulting from using the feedforward controller A. Then the 
feedback controller will not counteract the desired feedforward action. 

We have:  u   =  A r + K e,    where e = B r - y

Let Fr denote the desired setpoint response

• Typically, the feedforward block is 𝐴 = 𝐺−
−1𝐹𝑟 where 𝐺− is the invertible part of G.

• A typical choice is 𝐹𝑟 =
1

𝜏𝑟𝑠+1

• Example. G=exp(-s)/(30s+1), Fv=1 (perfect measurement) and taur=tauc=1. Use “IMC-like” design and write G = G+ G- where 
the non-invertible part is G+=exp(-s) and then the invertible part is G-=1/(30s+1). Gives feedforward A = (30s+1)/(s+1)

• The main idea is to choose B such that A (FF) and K (FB) can be designed independently!!

• Solution (Lang and Ham,1955): Choose 𝐵 = 𝐹𝑦𝐺𝐴 so that transfer function from r to e is zero (with perfect 
model)!  (Important: B does not depend on the feedback controller K)

• The feedback will then only take action if the feedforward is not working as expected (due to model error).

• We must have B(0) = I so that we will have no offset (y = r at steady state) even with model error for G

• Example. B(s) = FyGA = FyG+Fr = exp(-4s)/(s+1). Note that B(0)=1. 

• The feedback controller K can be designed for disturbance rejection and robustness, e.g., using 
SIMC rules.

• Example. Approximate as first-order with delay process with theta=4+3+7/2=10.5 and tau1=7+7/2=10.5, and use SIMC! With 
tauc=theta get Kc=0.5 and taui=10.5. 

e

• The same approach applies to disturbances (d replaces r) 
• See later

For details see word file (mostly from 2016)
Lang, G., and J. M. Ham. "Conditional feedback systems-A new approach to feedback control." Transactions of the American Institute of Electrical Engineers, Part II: Applications and Industry 74.3 (1955): 152-161.



Measurement filter F(s)

• Very common, especially with noisy
measurements

• Used also alone (without Fs)
• Most common: First-order filter

Recommended: 𝜏𝐹 ≤
𝜏𝑐

2
(preferably smaller, 

typically 𝜏𝐹 = 0.1 𝜏𝑐)

• 𝜏𝑐: Closed-loop time constant (SIMC)
48



E10. Gain scheduling

• Very popular for PID within EE and ME, e.g., airplanes, automotive.

• Controller (PID) tunings change as a given function of the scheduling variable, e.g.,  
• disturbance d

• process input u

• process output y

• setpoint ys

• control error e=ys-y
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A little on feedforward control (E11)
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e

ym

Block diagram of feedforward control

c = Feedback controller 

cFd = Feedforward controller. 

Ideal, inverts process g: 𝒄𝑭𝒅 = 𝒈
_𝟏𝒈𝒅 𝒈𝒅𝒎

_𝟏

Usually: Add feedforward when feedback alone is not good enough,

for example, because of measurement delay in gm

gm

cFd

gdm

Feedforward control: Measure disturbance (d)

dm

Process
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Details Feedforward control
• Model: 𝑦 = 𝑔 𝑢 + 𝑔𝑑 𝑑

• Measured disturbance: 𝑑𝑚 = 𝑔𝑑𝑚 𝑑

• Feedforward controller: 𝑢 = 𝑐𝐹𝐹 𝑑𝑚

• Get 𝑦 = 𝑔 𝑐𝐹𝐹 𝑔𝑑𝑚 + 𝑔𝑑 𝑑

• Ideal feedforward:

• 𝑦 = 0 ⇒ 𝑐𝐹𝐹, 𝑖𝑑𝑒𝑎𝑙 = −𝑔−1 𝑔𝑑 𝑔𝑑𝑚
−1 = −

𝑔𝑑

𝑔𝑑𝑚 𝑔

• In practice: 𝑐𝐹𝐹 𝑠  must be realizable
• Order pole polynomial ≥ order zero polynomial

• No prediction allowed (𝜃 cannot be negative)

• Must avoid that 𝑐𝐹𝐹 has too high gain to avoid (to avoid aggressive input changes)

• Common simplification: 𝑐𝐹𝐹 = 𝑘 (static gain)

• General. Approximate 𝑐𝐹𝐹, 𝑖𝑑𝑒𝑎𝑙 as : 

𝑐𝐹𝐹 𝑠 = 𝑘
𝑇1𝑠 + 1 …

𝜏1𝑠 + 1 𝜏2𝑠 + 1 …
𝑒−𝜃𝑠

where we must have at least as many 𝜏’s as 𝑇’s

g

d

yu

gd

Measurement

dm

cFF

gdm
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Example feedforward

«Chicken factor»
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What is best? Feedback or feedforward?
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Example: Feedback vs. feedforward for setpoint control 
of uncertain process

y = G(s) u
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Example: Feedback vs. feedforward for setpoint control 
of uncertain process

y = G(s) u
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• But what happens if the process changes?
• Consider a gain change so that the model is wrong

• Process gain from k=3 to k’=4.5
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Gain error (feedback and feedforward):  From k=3 to k’=4.5
Time delay (feedback): From 𝜃 = 0 𝑡𝑜 𝜃 = 1.5
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B

Disturbances: Avoid fighting of feedforward and feedback (with B)

* This idea was originally proposed by Lang and Ham (1955) for the case with combined feedback and feedforward from setpoints. The paper is referred to from D’azzo and Houpis in their 2nd edition from 1966, but not in the third from 1988.  
Åstrøm and Hägglund also discuss this structure in great detail in their PID-book from 2006. Also see Guzman and Hägglund (2021) they use H=B) who refer to Brosilow and Joseph (2002).
Lang, G., and J. M. Ham. "Conditional feedback systems-A new approach to feedback control." Transactions of the American Institute of Electrical Engineers, Part II: Applications and Industry 74.3 (1955): 152-161.

• Problem: If feedforward is not perfect (typically 
because of a delay in g), feedback may try to correct for 
temporary deviations in y (which feedforward will 
handle, but it needs a little time). 

• To avoid this fighting between feedforward (cFd) and 
feedback (c), we want the transfer function (with 
feedforward included) from d to the feedback 
controller input (e) to be zero*. So we want

•  B*gdm*d – gm*(gd+g*cFd*gdm)*d= 0 

Here gm includes a possible measurement filter F. We get

 B = (gd+gdm*cFd*g)*gm / gdm. 

This is usually realizable unless gdm has a large delay.
Note that (gd+gdm*cFd*g) is the expected response from d 
to y with feedforward.
With perfect feedforward it will be 0 and we get B=0. 

We want to choose B such that Cfd (FF) and 
c (FB) can be designed independently!!



• g=exp(-s), gd=1, gm=1

• Cff=-1

• Pure I-controller with Ki=0.5 (SIMC)

• B = (cff*g*gdm + gd)*gm = 1 - exp(-
s)



E11. Simple static estimators

• Inferential element

• Soft sensor 
• Linear: May use SVD (PLS) 

• Nonlinear: May use neural networks
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E12. Linear decoupling 
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E13. Linearization elements

• Typically, logarithm or nonlinear feedforward blocks

• General approach: See Input transformations
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Nonlinear static feedforward based on input 
transformations (with setpoint v0 from feedback):

Linear feedforward, u = CFddm + c e 

Ideal Feedforward (with no feedback, c=0): Want y=0.
In the linear case
      y = gd*d + g*u = (gd + g*cFd*gm) d 
To get y=0, the ideal dynamic feedforward controller (if 
realizable) inverts the process:

𝐿𝑖𝑛𝑒𝑎𝑟: 𝑐𝐹𝑑,𝑖𝑑𝑒𝑎𝑙 𝑠 = 𝑔
_1𝑔𝑑 𝑔𝑑𝑚

_1

67

If perfect measurements: gm=1, gdm=1

Main problem feedforward: Sensitive to model error and changes (nonlinearity)

E14. Calculation block based on transformed input (SEE LATER)



Additional standard elements
• E16. Simple nonlinear static elements

• Multpliction
• Division (avoid or at least be careful)
• Square root
• Dead zone
• Dead band
• Limiter (saturation element)
• On/off

• E17. Simple linear dynamic elements
• Lead-lag filter
• Time delay
• … more…

• E18. Standard logic elements
• If, then, else 
• Example: Select depending on sign of another signal:
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What about the Smith Predictor? Forget it!
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A smart invention: Cross-limiting control
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Comment on need for rules

• The human brain (at least mine) has problems in analyzing even quite
simple cases

• Two «simple» cases are: 
• choice of max- and min- selectors

• how to get consistent inventory control

• I frequently need to og back to the «selector rules» or the «radiation
rule» to get this right.
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More on inventory control  
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Inventory 
control for 
units in series

Follows radiation rule

Does NOT follow
radiation rule

Radiating rule: 
Inventory control should be 
‘‘radiating’’ around a given 
flow (TPM).

74



Disturbance

LC

FC

SP-L

F0,s

SP-L = low level setpoint = 50 % (or 20%)
SP-H = high level setpoint = 60 % (or 80%)

LC

SP-H

MIN

F0 [m3/s]

F1 [m3/s]

Use of two setpoints is good for using buffer dynamically!!

Recall: Bidirectional inventory controlusing Split parallel control 

F’0,s z1

75

Complex MV-CV switching



Reconfigures TPM automatically with optimal buffer management!!

F.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

,

Generalization of bidirectional inventory control

Maximize
throughput:

Fs=∞

76

Bidirectional inventory control



Reconfigures TPM automatically with optimal buffer management!!

77

Bidirectional inventory control

Shinskey: “Production rate can be set at either end of the process or 
constrained at any intermediate point without loss of inventory control…… 
The tank capacities are used for buffering between operations, delaying the 
transmission of upsets in either direction. Momentary upsets in one 
operation might not interfere with adjacent operations at all. “



F0=1 F2=1 F3=1F1=1

1=∞=∞ =∞

78

Given product flow

All levels are high (SP-H)



F0=1 F2=1 F3=1F1=0.5

1=∞=∞

0.5

79

Temporary reduction in 
flow F1 (feed to unit 2)



F0=0.5 F2=1 F3=1F1=0.5

1

0.5
=∞=∞

80

Level 1 constant: 
Reduction in feed to unit 1

Level in unit 2 drops



F0=0.5 F2=0.5 F3=1F1=0.5

1

0.5
=∞=∞

81

Level 2 reaches SP-L:
Flow reduction
moves to unit 3



F0=0.5 F2=0.5 F3=0.5

1=∞=∞

82

Flow reduction reaches
product after some time

0.5



F0=0.5 F2=0.5 F3=0.5F1

1=∞=∞ =∞

83

Temporary flow
reduction in F1 is over.
Get z1=1 (fully open).

System recovers: 
Temporary need F0 > 1



F0=1.6 Fully open F3=1z2=1:Fully 
open

1=∞=∞ =∞
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F0=1 F2=1 F3=1F1=1

1=∞=∞ =∞

Final steady state
All levels are high (SP-H)



F0=1 F2=1 F3=1F1=1

1=∞=∞

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

YES. Use «trick»/insight of unachievable high setpoints on all flows

86



Comments on Bidirectional inventory control

• It’s almost like magic (meaning that it’s difficult to understand what is 
actually happening)

• It both moves the TPM optimally and gives optimal levels.

• It is more like an invention.

• One cannot generally except to be able to solve complex problems 
without coordination, but this is a special case.
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Extension . Bidirectional inventory control with minimum flow for F2

Max flow: Fs=∞
𝐿 = 10%,
𝑀𝐿 = 40%,
𝑀𝐻 = 60% 
𝐻 = 90%.

16 July 2022
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Industrial example (Perstorp)
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Don’t need bidirectional control on all units

IC

MIN

H L
IC

MIN

H L
IC

MIN

H L
IC

MIN

H L

MIN

IC

MIN

H L
IC

MIN

IC

IC
H L

MIN

small holdup small holdup

«Long loop» can be OK in some cases



Level control 

1. Pairing: Use in- or outflow
• Radiation rule

2. Tuning: Tight or slow («averaging») level control?
• Averaging (slow) is good to dampen flow disturbances

• But is this really so important?

• «Floating» (uncontrolled level) is good for isolating process parts
• This may be achieved with bidirectional inventory control. 

• But requires tight control when we reach max- or min level
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Bidirectional control for recycle processes
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Recycle combines split and mixing.

Two cases of split:

• «Fixed split» (Separator). No extra control DOF

• «Adjustable split» (stream split, Extra control DOF) 

93

Bidirectional control for plants with recycle

DOF = degree of freedom 



-
-

Mixing
(use ratio control for feeds)

Separator
(«fixed» split) Adjustable split

(same composition)

Example



Adjustable split*

2A -> B 

LI

LIF1

gas

F2 F3

F6

F4

gas

liquid

liquid

liquid
cooling

cooling

B (product)

A +I (feed)

A +I (purge)F7

TPM

LI PI

Process 4
Motivating example

PI
F5

Separator = Fixed split

*Adjustable split gives extra DOF.
BUT: I do not normally recommend two valves in series (like here) unless purge is very small.
So would normally move F5 to the recycle.



2A -> B 

LC

LCF1

gas

F2 F3

F6

F4

gas

liquid

liquid

liquid
cooling

cooling

B (product)

A +I (feed)

A +I (purge)
F7

TPM

LC PC

Process 4

composition control of I

CC

PC
F5

Control



2A -> B 

LC

LCF1

gas

F2 F3

F6

F4

gas

liquid

liquid

liquid
cooling

cooling

B (product)

A +I (feed)

A +I (purge)
F7

TPM

LC PC

Process 4

BIDIECTIONAL
Inventory Control?

composition control of I

CC

PC
F5



2A -> B 

LC

LC PC

LC

PC

F1

gas

F2 F3

F4

gas

liquid

liquid

B (product)

A +I (feed)

A +I (purge)
F7BIDIECTIONAL

Inventory Control

TPM
(when z1=z1s)

MIN

MIN

MINMIN MIN

z6s

z2s

z1s
z3s

z4s

H H

H

H
L

L

L

L

This LC is two controllers which both control level.
• The one with outflow F2 as the MV has a Low level setpoint
• The one with inflow F1 as the MV has a High level setpoint

L H
Process 4

composition control of I

CC

F5

3 H-setpoints go to this MIN-selector:
Reduce F3 if
1. too high pressure (cooler 2 max), 
2. too much gas (high level) (F6 limiting)
3. too much liquid (high level) (F4 limiting)

Cooler 2

Cooler 1

F6



2A -> B 

LC

LC PC

LC

PC

F1

gas

F2 F3

F4

gas

liquid

liquid

B (product)

A +I (feed)

A +I (purge)
F7BIDIECTIONAL

Inventory Control

TPM
(when z1=z1s)

MIN

MIN

MINMIN MIN

z6s

z2s

z1s
z3s

z4s

H H

H

H
L

L

L

L

L H
Process 4

composition control of I

CC

F5

Cooler 2

Cooler 1

F6

The H «override» controllers are new

HH

If the Recycle is very large (F6 >> F1) then it may be necessary to add a HH-override to protect tank 1 from overflowing
(it will only have a dynamic effect)



Mixing = Stream merging (junction)

Bidrectional inventory control

HH=90%
H=80%
L=20%



Mixing with ratio control 

Bidrectional inventory control



Adjustable split (same composition for F1A and F1B)

Bidrectional inventory control

F1BsH=80%
L=20%
LL=10%

• F1Bs is extra DOF and is normally set.
• But if F0 is too high and F1A closes (0%), we add LL override



• For: Distillation, cyclone, filter, crystallizer, phase separator, 

Fixed split fraction (separator, different  compositions)

Bidrectional inventory control

H=80%
L=20%



Example 1 «fixed split»: Bidirectional control 
of gas-liquid separator



Bidrectional inventory control with fixed split
Example 2. Distillation

4 H-overrides go back to feed:
LC(top), LC (btm), PC, CC (btm)



Recycle plants
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Recycle example with adjustable split (location flexible)

HH=90%
H=80%
L=10%
LL=5%

Can set flow (Fs) two places in this network (the system will automatically figure it out)
For consistency the overrides (HH and LL) are on the recycle branch



Simulations with Matlab

All 14 level controllers use 5&5 rule (6 H, 6 L, 1 HH, 1 LL):

• Kc = 5 %/%
• Corresponds to tauc=tau/Kc=0.2 tau

• Integral time, τI = 5 τ (where τ = Mmax/Fmax = redidence time =10 min)

• No oscillations for single tank since Kc τI = 25 τ > 4 τ 

• Tracking time for anti-windup, τT = τI  





M3 should og to LL=5%



Recycle example with separator (fixed split)

HH=90%
H=80%
L=20%

Can set flow (Fs) only one place in this network (f is assumed fixed)





Finally give up:

LS  =  MIN

A1: Benzene
A2: Ethylene
B: Ethylbenzene (product)
C: Diethylbenzene (undersired)
A1+A2 →B
B + A2 → C
C + A1 → 2B

A1+A2 →B
B + A2 → C

C + A1 → 2B xA1

A1 + (A2) (recycle)

B (product)

C (recycle)

A2(feed)

A1(feed)
(in excess in recycle)

When V1=V1
MAX

Example bidirectional inventory control
(It uses split-parallel control, but note here that we don’t use the inventory for bottleneck isolation)

xC

(If this is too high then
there is a problem in the
previous column)

Note: Total A1 feed

Comment 22 May 2025: Better to 
«dual» ratio control (for FC for A1 feed) 
so you always have ratio control on the
fast time scale



LS  =  MIN

A1: Benzene
A2: Ethylene
B: Ethylbenzene (product)
C: Diethylbenzene (undersired)
A1+A2 →B
B + A2 → C
C + A1 → 2B

A1+A2 →B
B + A2 → C

C + A1 → 2B xA1

A1, A2 (recycle)

B (product)

C (recycle)

A2(feed)

A1(feed)

Example bidirectional inventory control

xC

(If this is too high then
there is a problem in the
previous column)

FC-SR

SR

Comment 22 May 2025: Better to 
«dual» ratio control (for FC for A1 feed) 
so you always have ratio control on the
fast time scale .
BUT get two FCs in series ? See new FC-
SR. Should be OK (see next slide) 





Implementing optimal operation
Summary
• Most people think 

• You need a detailed nonlinear model and an on-line optimizer (RTO) if you want to optimize the process
• You need a dynamic model and model predictive control (MPC) if you want to handle constraints
• The alternative is Machine Learning

• No! In many cases you just need to measure the constraints and use PID control
• «Conventional advanced regulatory control (ARC)»

• How can this be possible?
• Because optimal operation is usually at constraints
• Feedback with PID-controllers can be used to identify and control the active constraints
• For unconstrained degrees of freedom, one often have «self-optimizing» variables

• This fact is not well known, even to control professors
• Because most ARC-applications are ad hoc
• Few systematic design methods exists

• Today ARC and MPC are in parallel universes
• Both are needed in the control engineer's toolbox



Can we have two controllers (here FCs) in cascade
(controlling the same variable)? (Yes)

121

FC1
F

Fs

z

Assume static linear valve with gain 1:  
F=z (process).

Only dynamics come from I-controller FC1:

𝑧 =
1

𝜏𝐼1𝑠
𝐹𝑠 − 𝐹

Combine:

 𝐹 =
1

𝜏𝐼1𝑠+1
𝐹𝑠

F

Fs

z

Two I-controllers for F (assume FC2 is fast):

𝐹𝑠2 =
1

𝜏𝐼1𝑠
𝐹𝑠 − 𝐹 ; 𝑧 =

1

𝜏𝐼2𝑠
𝐹𝑠2− 𝐹

Use F=z and eliminate Fs2:

𝐹 =
1

𝜏𝐼1 𝜏𝐼2𝑠2+𝜏𝐼1𝑠+1
𝐹𝑠

If 𝜏𝐼1 ≫ 𝜏𝐼2:

 𝐹 ≈
1

(𝜏𝐼1 𝑠+1)(𝜏𝐼2 𝑠+1)
𝐹𝑠

FC1 FC2
Fs2

OK, so it’s possible… but necessarily a good idea



Comments on Inventory control (level, 
pressure)
• All inventories (level, pressure) must be regulated by

• Controller, or 
• “self-regulated” (e.g., overflow for level, open valve for pressure)
• Exception closed system: Must leave one inventory (level) uncontrolled

• Usually only one TPM 
• To get consistent mass balance: Can only fix same flow once
• But there are exceptions

• Multiple feeds (they are then usually set in ratio to the “main” TPM)
• Recycle systems often have a flow that can be set freely

• Rule for maximizing production for cases where we cannot rearrange inventory loops 
(that is, we don’t use bidirectional inventory control): Locate TPM at expected bottleneck

• Otherwise you will need a “long loop” and you get loss in production because of backoff from 
constraint
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Summary: Systematic design of advanced
regulatory control (ARC) system

• First design simple control system for nominal operation
• With single-loop PID control we need to make pairing between inputs (MVs) and 

outputs (CVs): 

• Should try to follow two rules
1. «Pair close rule» (for dynamics).

2. «Input saturation rule»:

Process
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• Make a list of possible new contraints that may be encountered (because of disturbances, parameter 
changes, price changes)

• Reach constraint on new CV
• Simplest: Find an unused input (simple MV-CV switching)
• Otherwise: CV-CV switching using selector (may involve giving up a CV-constraint or a self-optimizing CV)

• Reach constraint on MV (which is used to control a CV)
• Simplest (If we followed input saturation rule):

• Can give ip controlling the CV (Simple MV-CV switching)
• Don’t ned to do anything

• Otherwise (if we cannot give up controlling CV)
• Simplest: Find an unused input 

• MV-MV switching

• Otherwise: Pair with a MV that already controls another CV
• Complex MV-CV switching
• Must combine MV-MV and CV-CV switching

• Is this always possible? No, pairing inputs and outputs may be impossible with many constraints.

• May then instead use RTO or feedback-RTO

• Maybe MPC?

Then: design of switching schemes
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