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Objective: To introduce some general approaches to model based tuning,
and how in special cases they lead to PI or PID controllers
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Figure1: Block diagramof linearfeedbackcontrolsystem

1 Introduction

Previously during thebasiccoursein automaticcontrol it is easyto get the impressionthat

PID tuningtypically shouldbeperformedby trial anderror. Onesystematicmethod,based

ononly limited knowledgeabouttheprocess,is introducedin Section3.3of GladandLjung.

In thesenoteswe will discussgeneraltuningmethodsthat take asan input a transferfunc-

tion modelof the process.Also notice that lead-lagdesignasdescribedin Chapter5 of

Glad-Ljungcouldbe regardedasanothersystematicmethodto designPID controllers(al-

beit leadingto aseriesform – cf. Section5.6 in Glad-Ljung).

2 Direct Synthesis

A typical block diagramfor a feedbackcontrol systemis depictedin Figure1. The most

straightforwarddesignapproachof all is to directly solve for thecontrollergivena desired

closed-looptransferfunction.

Basedon theblockdiagramwe get

Gc � s ��� Y � s �
R � s � � G � s � F � s �

1
�

G � s � F � s �
Thensolvingfor F � s � yields

F � s ��� 1
G � s � Y � s ��� R � s �

1 � Y � s �	� R � s � (1)

From this it canbe observed that if perfectcontrol is desired,i.e. Y � s ��� R � s �
� 1 it would

requireF � s ��� ∞. A commonchoiceis

Y � s �
R � s � � 1

λs
�

1
(2)

whichgivesastepresponseexponentiallyapproachingthesetpoint.Thetuningthenconsists

of selectingan appropriatevalueof λ. This canbe donevia trial anderror (somerulesof

thumbcanusuallybegiven)or by computersimulationtestsonthemodelbeforeimplement-

ing on therealprocess.
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Example 1 (First order system): Assumethatthemodelis givenby

G � s ��
 kp

τs � 1

Thenwith thechoice(2) thecontrollerbecomes

F � s ��
 τs � 1
kp

1
λs � 1

1 � 1
λs � 1


 τs � 1
kpλs

This is in factaPI controller. If wecompareto thestandardform

F � s ��
 K

�
1 � 1

TIs � 
 K
TI

� TIs � 1�
s

thecontrollerobtainedby thedirectsynthesisobviouslycorrespondsto

TI 
 τ; K 
 TI

kpλ

 τ

kpλ

Example 2 (Second order system): Assumethattheprocessis givenby

G � s ��
 kp� τ1s � 1��� τ2s � 1�
Thendirectapplicationof (1) with theclosed-loopsystem(2) gives

F � s ��
 � τ1s � 1��� τ2s � 1�
kpλs


 τ1τ2s2 ��� τ1 � τ2 � s � 1
kpλs

This is anidealPID controller

F � s ��
 K

�
1 � 1

TIs
� TDs � 
 K

�
TDs � s � 1� TI

s �
with

K 
 τ1 � τ2

kpλ
; TI 
 τ1 � τ2; TD 
 τ1τ2

τ1 � τ2

As pointedout alreadypreviously in the courseit is, however, impossibleto realizethis

controller in practice,having a purederivative action. This problemcanbe re-solved by

usingasecondorderdesiredclosed-loopsystem.For example

Y � s �
R � s � 
 1� λs � 1� 2

yields

F � s ��
 � τ1s � 1��� τ2s � 1�
kp

1�
λs � 1� 2

1 � 1�
λs � 1� 2 
 � τ1s � 1��� τ2s � 1�

kpλs � λs � 2�
 τ1τ2s2 ��� τ1 � τ2 � s � 1
2kpλ � λ � 2s � 1�
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which is aPID controllerwith filteredderivativeaction.Comparingwith thestandardform

F � s ��� K � 1  1
TIs

 TDs
γs  1 ! � K � � γ  TD � s2  �� 1  γ " TI � s  1" TI

s � γs  1� ! (3)

gives,aftersomestraightforwardcalculations,

K � τ1  τ2 # γ
2λkp

; TI � τ1  τ2 # γ; TD � τ1τ2

τ1  τ2 # γ
; γ � λ

2

Noticethatwhenchoosingthemodelorderof thedesiredclosed-loopsothat thecontroller

is realizable,then direct synthesisactually designsthe derivative filter parameteras well

(contraryto mostotherapproacheswhousea γ linkedto TD, for example,asγ � 0 $ 1TD).

Also observe that this designof γ oftenleadsto largervaluesthantheabove default choice.

For exampleτ1 � τ2 � τ with thechoiceλ � τ would leadto TD � τ " 6 andγ � τ " 2, i.e. γ �
3TD!

Non-invertible plants

We are confidentmost readers,after somepractice,will agreethat the direct synthesis

methodis easyto apply. Oncea model for the processhasbeenfound, all that needsto

be doneis to decideon a desiredclosed-loopsystemand insert into (1). If the desired

closed-loopis parametrizedasabove, thenregardlessof the processmodelorder, thereis

only asingleparameterλ left to fine tunethespeedof thesystem.

You perhapsthenimmediatelyask: What is the catch? Are thereno drawbackswith this

very computationallysimpleapproach?One,which we will returnto laterin this chapteris

thattheresponsemaybeunnecessarilyslow for inputdisturbances,dueto thatthecontroller

cancelstheplant.

Thecancellationcausesanother, moreimportantproblem,though. Someprocessescannot

or shouldnot be inverted. An exampleof the first category is processeswith time delay,

whereinversioncorrespondsto predictingthe input aheadof time. Exampleof processes

thatshouldnotbeinvertedareoneswith a zeroin theright-half plane,sincethis wouldcor-

respondto introducinganunstablepolein thecontroller. Eventhoughit wouldbecancelled

in the closed-looptransferfunction it leadsto an internally unstableprocess,i.e. infinite

controlsignalswouldberequired.

Thereis, however, asolutionto thisproblem,andit is to not invert thatpartof thedynamics.

Oneway to do thatis to factorizetheplantas

G � s ��� G %&� s � G ' � s �
whereG %&� s � containsall thenon-invertibledynamics(andhasG %&� 0��� 1). ThenG %&� s � is

retainedin thedesiredclosed-loopsystem,i.e.

Y � s �
R � s � � G %(� s � H � s �
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which afterinsertioninto (1) resultsin thecontroller

F ) s *�+ 1
G ) s * G ,&) s * H ) s *

1 - G ,&) s * H ) s * + 1
G . ) s * H ) s *

1 - G ,() s * H ) s * (4)

Wewill illustratethis by acoupleof examples.

Example 3 (Right-half plane zero): Assumethatwewantto controltheprocess

G ) s *�+ kp )/- βs 0 1*) τ1s 0 1*�) τ2s 0 1*
which hasa zeroin s +1- 12 β. As pointedout earlier, processeswith RHP zerosarefun-

damentallyhardto control sincethe initial responseto a control actiongoesin the wrong

direction(cf.Section5.8 in Glad-Ljung).Think, for example,of a furnacewhereincreasing

thefuel flow mayinitially haveacoolingeffect,but of courseeventuallyleadsto anincrease

in temperature.

FactorizingG ) s * into

G . ) s *�+ kp) τ1s 0 1*�) τ2s 0 1*43 G ,5) s *�+6- βs 0 1

andusing

H ) s *�+ 1
λs 0 1

thenby (4) gives

F ) s *7+ ) τ1s 0 1*�) τ2s 0 1*
kp

. βs , 1
λs , 1

1 - . βs , 1
λs , 1

+ ) τ1s 0 1*�) τ2s 0 1*
kp ) λ 0 β * s

Rewriting F ) s * as

F ) s *8+ 1
kp ) λ 0 β *:9 τ1τ2s2 0�) τ1 0 τ2 * s 0 1

s ;+ τ1 0 τ2

kp ) λ 0 β *:9 1 0 1) τ1 0 τ2 * s 0 τ1τ2

τ1 0 τ2
s ;

Thiscorrespondsto anidealPID controllerwith

K + τ1 0 τ2

kp ) λ 0 β * ; TI + τ1 0 τ2; TD + τ1τ2

τ1 0 τ2

Noticethatthis designputsa limit on how muchgaincanbeappliedsince

K < τ1 0 τ2

kpβ

whenλ < 0. This is becausetheclosed-loopsystemwill gounstableif thegainis increased

indefinitely. Also observe that the limiting K becomessmallerfor largerβ. Theslower the
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RHPzerois (i.e. thecloserit is to theorigin) thelongertheresponsespendsgoingthewrong

way, andthereforethemoreseverethelimitation onachievablecontrolperformanceis!

Thecontrollerdesignedabove is anidealPID controller. As hasbeenpointedoutmorethan

onceby now, in practicewe needto filter thederivative action. To designsucha controller

weshouldinsteadchoose,for example,

H = s >�? 1= λs @ 1> 2
which leadsto thecontroller

F = s >8? = τ1s @ 1>�= τ2s @ 1>
kp A βs B 1C

λs B 1 > 2
1 D A βs B 1C

λs B 1 > 2 ? = τ1s @ 1>�= τ2s @ 1>
kps = λ2s @ 2λ @ β >? τ1τ2s2 @�= τ1 @ τ2 > s @ 1

kp = 2λ @ β > s = λ2 E = 2λ @ β > s @ 1>
Thencomparingwith (3) yields,againafter straightforwardbut somewhat tediouscalcula-

tions,

K ? τ1 @ τ2 D γ
kp = 2λ @ β > ; TI ? τ1 @ τ2 D γ; TD ? τ1τ2

τ1 @ τ2 D γ
D γ; γ ? λ2

2λ @ β

Example 4 (process with deadtime): A numberof plantsin processindustrycanbe de-

scribedby a first orderplusdeadtimemodel,i.e.

G = s >�? kpe A θs

τs @ 1

Henceit is importantto beableto quickly designagoodcontrollerfor suchasystem.

In orderto usedirectsynthesisfor thedesignwehave two differentoptions.

Rational approximation

To beableto usestandardcontrollerswe needto approximatee A sθ. Onecommonapproxi-

mationis theso-calledfirst orderPad́e approximation

e A θs F D θ
2s @ 1

θ
2s @ 1

which gives

G = s > F kp =/D θ
2s @ 1>= τs @ 1>�= θ2s @ 1>

We have now obtaineda processmodelwith a RHPzeroandthedesigncanbecarriedout

asdescribedin Example3 above, leadingto aPID controller.
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Include deadtime in G G
Theothermainalternative is to factorizetheprocessinto

G H(I s J�K e L θs; G L I s J�K kp

τs M 1

Thenapplicationof directsynthesiswith a

H I s J�K 1
λs M 1

resultsin thecontroller

F I s J�K τs M 1
kp

1
λs M 1 N e L θs

This controllerwill needto have a time delaybuilt into the controller. This can,however,

easilybeachievedwhenimplementingthecontrollerin acomputer(seeChapter13for more

details).Theclosed-loopsystembecomes

Y I s J�K G H&I s J H I s J R I s JOK e L θs

λs M 1
R I s J

Hencewe getthesameshaperesponseaswithout deadtimeonly delayedθ time units. This

is usuallycalleddeadtimecompensation(or OttoSmithcontroller– cf. Section7.4 in Glad-

Ljung).

Still, the deadtimecompensatingcontroller requiresa specialimplementation.Therefore

peoplesometimesselectto approximatee L θs at this stageby a first orderTaylor seriesex-

pansion,i.e.

e L θs P 1 N θs

which leadsto

F I s J�K τs M 1
kp I λ M θ J s

This is obviouslyaPI controllerwith theparameters

K K τ
kp I λ M θ J ; TI K τ

Recentlythis hasbeensuggestedasa standardfor tuningbasiccontrollersin Swedishpulp

andpaperindustry(togetherwith a recommendationonpossiblechoicesof λ).

3 Internal Model Control

We will now describea more generalmodel basedframework for controller designthat

involvesthe direct synthesisasa specialcase. It is basedon the block diagramshown in

Figure2. To emphasizethedifferencebetweenthemodelandthetrueprocess,wehavehere
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Figure2: Block diagraminternalmodelcontrol (everythingwithin dashedlinesbelongsto

thecontroller)

introducedthenotationĜ S s T for theplantmodel. Sincethecontrollerexplicitly containsa

modelof theplantthis is usuallyreferredto asinternalmodelcontrolor IMC. Thedesignis

thento choosethetransferfunctionQ S s T .
Let usstartby comparingthisblockdiagramto thestandardonewehavebeenusingupuntil

now (seee.g.Figurereffig5.2).Theblock diagramgives

U S s TVU Q S s T�S R S s T R S Y S s T R Ĝ S s T U S s T	T�TWU Q S s T�S R S s T R Y S s T	T Q Q S s T Ĝ S s T U S s T
i.e.

U S s T�U Q S s T
1 R Q S s T Ĝ S s T S R S s T R Y S s T	T

Hence,sincein thestandardnotationU S s TOU F S s T�S R S s T R Y S s T�T , IMC obviouslycorresponds

to

F S s T�U Q S s T
1 R Q S s T Ĝ S s T (5)

Thismeansthatessentiallyany conventionalcontrollercanbereformulatedto IMC andvice

versa.Whatis thenthepoint in introducingtheIMC concept?Firstly, by searchingoverall

stableQ S s T we cover all controllersthatcanstabilizeG S s T . Secondly, it turnsout thatusing

the IMC block diagramit is easierto find theclosed-loopsystem,which simplifiescontrol

design.Ideally, for a perfectmodel(i.e. Ĝ S s T�U G S s T ) andno disturbances,thesignalin the

feedbackpathis zero.Hencetheclosed-loopsystemis simply foundas

Y S s T�U G S s T Q S s T R S s T
Notice that now the closed-loopsystemis linearly dependenton Q S s T , asopposedto F S s T
which canbefoundin bothnumeratoranddenominatorof theclosed-loopsystem.

Consequently, if wewanttheclosed-loopsystemto be

Y S s T�U H S s T R S s T
8



thenweshoulduse

Q X s Y�Z 1

Ĝ X s Y H X s Y
Insertingthis into (5) yields

F X s Y�Z 1

Ĝ X s Y H X s Y
1 [ H X s Y

which is thedirectsynthesiscontroller.

Thusdirectsynthesiscorrespondsto thespecialchoiceof Q X s Y obtainedwheninvertingĜ X s Y .
Theproblemof non-invertibleplantsis thenwithin IMC dealtwith by using

Q X s Y�Z 1

Ĝ \ X s Y H X s Y
leadingto thesameresultasin directsynthesisabove.

The advantagewith IMC, comparedto direct synthesis,is that it is moregeneral,but also

offersmoreinsightinto theanalysisof thesystem.

As an exampleof the latter, recall the claim above thatdirect synthesismaygive too slow

controlfor inputdisturbances.A blockdiagramwith inputdisturbanceis shown in Figure3.

Ideally wehave

Y X s Y�Z H X s Y R X s Y^]�X 1 [ H X s Y	Y G X s Y D X s Y
Then,unless(1-H(s))cancelspartof G X s Y , theoriginal dynamicswill still bepresentin the

relationshipbetweenD andY . This maybea majordrawbackif theaim is to speedup the

responsecomparedto theoriginalone.
PSfragreplacements
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Figure3: Block diagramof internalmodelcontrolwith input disturbance

Another drawback with IMC is that sincea modelof the processis run internally to the

controllerit can,without modification,only handleopen-loopstableprocesses.Thesetwo

drawbacksmeanthatfor certaincasesIMC cannotbe(easily)applied,andwethereforeneed

othermodelbasedapproaches.
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4 Pole placement

Oneratherstraightforwardmodelbasedapproach,whichis mentionedseveraltimesin Glad-

Ljung, is to solve for thecontrollerparametersto getadesiredsetof closed-looppoles.

This methodovercomestheproblemof slow input disturbancerejectionandcaneasilyhan-

dle unstableplants. The drawback,however, is that the designcalculationscanbe rather

complicated,in particularfor higherorderprocesses.

We will examplify pole placementby carryingout calculationsfor PI andPID designof a

tanklevel example.

4.1 Example: tank level control

Consideracontrolproblemthatis verycommonin theprocessindustry, namelylevelcontrol.

Theproblemis depictedin Figure4.

PSfragreplacements

qi

V
h

qo

Figure4: Level tank.

Wehave thefollowing differentialaquationfor thevolumeV in thetank

dV
dt ` qi a t bdc qo a t b

whereqi andqo aretheinlet andoutletflows, respectively. Alternatively, if thelevel h is the

desiredoutput,assumingconstantcross-sectionalareaof thetankA,

A
dh
dt ` qi a t bdc qo a t b (6)

Thecontrolis performedby manipulatingtheinlet flow ratevia thevalve. Assumingthatthe

valve immediatelydeliversthedemandedflow, we have in thegeneralnotationu a t b ` qi a t b
(andof coursey a t b ` h a t b ). Themaindisturbancewill betheoutletflow, which is typically

determinedby othercontrolloopsdownstream.Hencewehave d a t b ` qo a t b .
10



Laplacetransformationnow gives

Y e s f�g 1h A
s
e U e s fdi D e s f	fWg kp

s
e U e s fji D e s f	f

wherekp g 1h A. A blockdiagramof the system(including the controlleryet to be deter-

mined)is shown in Figure5. Notice that from a control theoreticpoint of view the outlet

flow is reallyaninputdisturbance!Furthermore,observethattheprocessdynamicsaregiven

by a pureintegrator, contraryto thetanksusedin thelab with freeflowing outlet(which are

very rarein industry!) leadingto aself-stabilizinglevel dynamics.

In an industrialcontrol systemthe control signalandlevel outputmay be scaledto be ex-

pressedin 0 to 100percent(correspondingto valve fully closedor fully open).Thenknow-

ing A is not enoughto determinethenumeratorof theprocess.Theeasiestway to dealwith

this problemis by assuming

G e s f�g kp

s
anddeterminekp from abumptestlike theoneshown in Figure6. Then

kp g ∆y
∆u∆t

PI control

First studytuningof aPI controlleron theform

F e s f�g K k 1 l 1
TIs m

Straightforwardcalculations,basedon theblockdiagramin Figure5, yield

Y e s f�g Kkp e s l 1h TI f
s2 l Kkp e s l 1h TI f R e s fdi kps

s2 l Kkp e s l 1h TI f D e s f (7)

Supposewewantdoublepolesin s gni 1h λ, i.e. thedesiredcharacteristicfunctionise s l 1h λ f 2 g s2 l 2h λs l 1h λ2 g 0

PSfragreplacements
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s

F e s f y

Figure5: Block diagramof tanklevel controlsystem
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Figure6: Bumptestto determineslopekp.

Comparisonwith (7) thenleadsto thefollowing equations

Kkp o 2p λ
Kkp p TI o 1p λ2

Thesolutionto thefirst equationabove is obviously

K o 2
kpλ

andinsertingthisK into thesecondequationyields

TI o 2λ

This is in factquitea goodway to tunea level controller. Thenumberof tuningparameters

hasnow beenreducedto one,λ, with theunit time. This so-called“λ-tuning” resultsin the

closedloopsystem

Y q s r o 2λs s 1
λ2s2 s 2λs s 1

R q s rdt kpλ2s

λ2s2 s 2λs s 1
D q s r

Figure7 shows the responsesto first a unit setpointstepandthena unit stepin the outlet

flow for λ o 50. It canactuallybe calculatedanalytically that λ correspondsto the time

whenthe level crossesthe new setpoint(after a stepin r) aswell asthe time betweenthe

disturbancestepandthefollowing peakerror. This providesa goodbasisfor understanding

suitablevaluesof λ in practice.

PID control

Finally we will alsobriefly discussthepotentialbenefitsof PID controlandagainillustrate

on thetanklevel controlproblem.
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Figure7: StepresponsesPI control tanklevel (λ u 50, kp u 0 v 02). Unit stepsin setpointat

t u 100andin outletflow at t u 600.

As suggestedearlierin this chapter, anindustrialPID controllertypically hastheform

F w s x�u K y 1 z 1
TIs

z TDs
γs z 1 { u K w	w γ z TD x s2 z�w 1 z γ | TI x s z 1| TI x

s w γs z 1x
Againstraightforwardcalculationsgive

Y w s x8u Kkp w	w γ z TD x s2 z�w 1 z γ | TI x s z 1| TI x
s2 w γs z 1x^z Kkp w	w γ z TD x s2 z�w 1 z γ | TI x s z 1| TI x R w s xd}

kps w γs z 1x
s2 w γs z 1x^z Kkp w	w γ z TD x s2 z�w 1 z γ | TI x s z 1| TI x D w s x

Hence,thecharacteristicequationis foundto be

γs3 z�w 1 z Kkp w γ z TD x	x s2 z Kkp w 1 z γ | TI x s z Kkp | TI u 0

Supposewe want to placeall threepoles in s u~} 1| λ, i.e. we would like to obtain the

characteristicequation w s z 1| λ x 3 u s3 z 3| λs2 z 3| λ2s z 1| λ3 u 0

Dividing thefirst equationby γ andcomparingcoefficientsyieldsw 1 z Kkp w γ z TD x	x	| γ u 3| λ
Kkp w 1 z γ | TI x	| γ u 3| λ2

Kkp |�w TIγ x7u 1| λ3

Thefirst thing to noticeis thatwe have four unknown parameters,but only threeequations

(sincethereareonly threepoles).Oneparameterhasto befixed. Usingthestandardchoice
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Figure8: Stepresponsesof tanklevel (λ � 50,kp � 0 � 02). Solid– PID control,dashed– PI

control.

γ � αTD (whereα is still to bedetermined)yields(aftersomecalculations)

K � αTITD

kpλ3 ; TI � 3λ � αTD

whereTD is therealvaluedsolutionto theequation� α � 1 � α � T 3
D � 3λ � 1 � α � T 2

D � 3λ2TD � λ3 � α � 0

For kp � 0 � 02, thechoicesλ � 50andα � 1 � 5 leadto theparameters

K � 1 � 54; TI � 33� 0; TD � 78� 0; γ � 117

Figure8 shows a simulationof thetanklevel underPID control,wherealsothepreviousPI

control resultsabove have beenplotted. By addingderivative actionthe outputis brought

backto thesetpointafter thedisturbancealmosttwice asfast,with a negligible increasein

controleffort.

5 Example: distillation column

We will finish this chapterby comparingIMC andpoleplacementon a simplifiedmodelof

adistillation column.Figure9 depictsa typicaldistillation columnwith thevariables
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xF – feedcomposition

F – feedflow rate

yD – distillatecomposition

L – reflux

xB – bottomcomposition

V – boil-up

yD

PSfragreplacements
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Figure9: A distillationcolumn

A linearized(andsimplified) modelof the columnwith two control signalsL andV looks

like �
∆YD � s �
∆XB � s ����� 1

τs � 1

�
k11 k12

k21 k22 � � ∆L � s �
∆V � s ���

wherethegainski j usuallyaresuchthat thecorrespondingmatrix is closeto singular. This

makescontrollingbothyD andxB to desiredsetpointsa very hardcontrolproblem. It is in

factpossible,though. In this example,andoften in practice,we will, however, concentrate

on controlof oneoutput;thedistillate.

Typically thetop left cornerof thesystemcanbe

∆YD � s � � 0 � 9
200s � 1

∆L � s �
wherethetimeunit (andhencealsothetimeconstant)is in minutes.

IMC

Direct applicationof directsynthesis/IMCyields

F � s � � 200s � 1
0 � 9λs

15



which is aPI controllerwith

K � 200
0 � 9λ

; TI � 200

For examplethechoiceλ � 10givesK � 22� 2.

Pole placement

GiventhePI controller

F � s ��� K � s � 1� TI

s �
theclosed-loopsystembecomes

Gc � s ��� 0 � 9K � s � 1� TI �
s � 200s � 1�^� 0 � 9K � s � 1� TI �

Hence,we have thecharacteristicequation

200s2 ��� 1 � 0 � 9K � s � 0 � 9K � TI � 0

or afterdividing by 200

s2 ��� 1 � 0 � 9K �	� 200s � 0 � 9K ��� TI200��� 0

Now assumingthatwewantpolesin, for example,

s �n� 0 � 05 � 0 � 05i

givesa desiredcharacteristicequation� s � 0 � 05 � 0 � 05i ��� s � 0 � 05 � 0 � 05i �j� s2 � 0 � 1s � 0 � 005

Comparingcoefficientsthengivesthefollowing equations

1 � 0 � 9K
200

� 0 � 1
0 � 9K
TI200

� 0 � 005

which is solvedby

K � 21� 1; TI � 19

Simulation comparison

Let us now comparethe two solutionsby simulatingstepresponses.An importantdistur-

banceto the systemis varying feedcomposition,which goesthroughessentiallythe same

dynamicsasthereflux, i.e. wehave

∆YD � s ��� 0 � 9
200s � 1

∆L � s �^� kF

200s � 1
∆XF � s �

16
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Figure10: Stepresponsesfor distillationcolumn.Solid– IMC, dashed– poleplacement.

Figure 10 shows stepresponsesfor the two controllersfor kF � 1, first to a unit stepin

setpointandthento a negativefive unit stepin ∆xF . IMC givesa very goodresponseto the

setpointstepHowever, sincefor adistillationcolumnthereis enoughcontrolpowerto speed

up thesystemseveraltimes,it is agoodexampleof aprocesswhereIMC givestoosluggish

disturbancerejection.

Pole placementon the other handhandlesthe disturbancemuchbetterwithout having to

apply larger peakcontrol signal, but insteadgivesa significantovershootto the setpoint

step.If necessary, though,thatis aproblemwhichcanbehandledseparatelyby filtering the

setpoint.
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