
C
O

N
T

R
O

LLA
B

ILIT
Y

A
N

A
L

Y
S

IS
and

P
LA

N
T

W
ID

E
C

O
N

T
R

O
L

S
igurd

S
kogestad

D
epartm

entofC
hem

icalE
ngineering

N
orw
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U
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ofS

cienceand
Technology

N
-7034

T
rondheim

,N
orw

ay

P
reparedfor

shortcoursein
T

rondheim
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O
ct.1999

O
U

T
LIN

E

1.Introduction

2.W
hatis

P
lantw

idecontroland
C

ontrollability
analysis?

3.P
lantw

idecontrol-
controlstructuredesign

4.S
om

etools
–

controllability
analysis

5.A
n

outline
ofa

procedure

6.S
om

eexam
ples

�

TennesseeE
astm

anplantw
idechallengeproblem

�

R
eactorw

ith
recycle

(“snow
balling”

??)

�

B
uffertanksfor

pH
-control

�

D
istillation

colum
n

control

�

O
ptim

izing
controlofP

etlyukdistillation

7.C
onclusion

2

T
he

T
rondheim

P
lantw

ide
controlgroup

:

�

A
udun

F
aanes(pH

-neutralization;controlstructuredesign)

�

M
arius

G
ovatsm

ark
(R

efinery;H
D

A
plant)

�

Iv
ar

H
alvorsen

(P
etlyukdistillation;self-optim

izingcontrol)

�

T
ruls

Larsson
(m

ethanolplants;controlstructuredesign)

�

Tore
Lid

(R
efinery)

�

S
igurd

S
kogestad

associated(earlier)m
em

bers

�

JohnM
orud

(S
intefK

jem
i)

�

K
jetil

H
avre

(A
B

B
)

�

B
jø

rn
G

lem
m

estad(B
orealis)

plus

�

M
orten

H
ovd,In

st.fo
r

te
kn

iskkyb
e

rte
n

ikk

�

S
tig

S
trand,S

ta
to

il

3

W
ritten

m
aterial:

�

M
u

ltiva
ria

b
le

Fe
e

d
b

a
ck

C
o

n
tro

l,S
.S

kogestadand
I.

P
ostlethwaite,W

iley,1996

–
C

hapter5:Lim
ationson

perform
ancein

S
IS

O
system

s(controllability)

–
C

hapter6:Lim
ationson

perform
ancein

M
IM

O
system

s(m
ore

controllability)

–
C

hapter10:C
ontrolstructuredesign(plantw

idecontrol)
�

A
review

o
fp

la
n

tw
id

eco
n

tro
l,S

.S
kogestadand

T.Larsson,(Internalreport,A
ug.

1998).A
vailable

at:
h
t
t
p
:
/
/
w
w
w
.
c
h
e
m
b
i
o
.
n
t
n
u
.
n
o
/
u
s
e
r
s
/
s
k
o
g
e
/
p
u
b
l
i
c
a
t
i
o
n
s
/
1
9
9
8
/
p
l
a
n
t
w
i
d
e
r
e
v
i
e
w
1
.
p
d
f

�

P
h.D

.thesisesofM
orud

(1995),G
lem

m
estad(1997)and

H
avre

(1998).

�

P
la

n
tw

id
eco

n
tro

l:
T

h
e

se
a

rch
fo

r
th

e
se

lf-o
p

tim
izin

gco
n

tro
lstru

ctu
re,S

.S
koges-

tad
(preparedfor

publicationin
J.P

roc.C
ontrol).A

vaialableat:
h
t
t
p
:
/
/
w
w
w
.
c
h
e
m
b
i
o
.
n
t
n
u
.
n
o
/
u
s
e
r
s
/
s
k
o
g
e
/
p
u
b
l
i
c
a
t
i
o
n
s
/
1
9
9
9
/
s
e
l
f
1
.
p
d
f
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E
X

IS
T

IN
G

C
O

N
T

RO
L

T
H

E
O

RY

G
eneralcontroller

design
form

ulation
(P

h.D
.level)�

�

�

�� �

sensedoutputs
controlsignals

exogenousinputs
(w

eighted)
exogenousoutputs
(w

eighted)

�

� �

�

�	

:
D

isturbances(
 )
and

setpoints(� )

�� :
M

easurem
ents( �� 
�

)
and

setpoints(� )

�� :
M

anipulatedinputs(� )

�� :
C

ontrolerror,��
�

�

F
ind

a
controller�

w
hich

basedon
the

inform
ationin� ,generatesa

controlsignal

�

w
hich

counteractsthe
influenceof	

on� ,
therebym

inim
izing

the
closed-loop

norm
from	

to� .

5

P
R

AC
T

IC
E

Typicalbaselevelcontrolstructure

6

P
R

AC
T

IC
E

Typicalcontrolhierarchy

7

R
elevantquestionsin

practice

1.H
ow

shouldthe
plantbe

controlled(p
la

n
tw

id
eco

n
tro

l)
?

2.Is
the

planteasyordifficultto
control?

(co
n

tro
lla

b
ility

a
n

a
lysis)?

8



C
ontrollability

analysis
(Is

the
planteasyordifficultto

control?)

�

Judgecontrolpropertiesw
ithouta

detailedcontrolsystem
design

�

U
sefulatthe

early
D

E
S

IG
N

stage(com
paredesigns)

�

U
sefulfor

evaluatingalternative
controlstructuresfor

plantw
idecontrol

N
e

e
d

:A
dynam

icm
odelof

the
plant(from

w
hich

w
e

can
obtain

a
linearizedm

odel)
M

ostofthe
tools:B

asedon
a

linearm
odel

P
lantw

ide
control

�

T
he

strategy
and

S
T

RU
C

T
U

R
E

ofthe
controlsystem

�

W
hich

boxesshouldw
e

have
and

w
hich

signalsshouldbe
sendbetw

eenthem
?

�

U
sefulatthe

laterdesignstage(m
ake

P
&

ID
)

�

U
sefulfor

re-evaluationofcontrolsystem
atexisting

plant(C
om

m
on!)

9

R
elationship

betw
eencontrollability

analysisand
planw

tide
control

�

P
lantw

ide
control:

C
ontrollability

analysusis
usedfor

a
quick

evaluation
of

al-
ternative

controlstructures

�

C
ontrollability

analysisatearly
designstage:N

otdoneon
the

entireplant;m
ust

assum
esom

ethingaboutthe
plantw

idecontrolstructre

�

B
oth

controllability
analysisand

plantw
ide

control

Tw
o

basicapproaches:

1.S
ystem

aticbasedon
dynam

icprocessm
odel(theoretical)

2.P
rocess-oriented(insights)

10

P
LA

N
T

W
ID

E
C

O
N

T
RO

L
T

he
control

philosphy
for

the
overall

plant
w

ith
em

phasison
the

structural
deci-

sions:

�

W
hich

“boxes”
(controllers;decisionm

akers)do
w

e
have

and
w

hatinform
ation

(signals)are
sendbetw

eenthem

N
O

T
:

�

T
he

inside
ofthe

boxes(designand
tuning

ofallthe
controllers)

T
he

m
ostim

portantsub-problem
:C

O
N

T
RO

L
S

T
RU

C
T

U
R

E
D

E
S

IG
N

11

A
lan

Foss(“C
ritique

ofchem
icalprocesscontroltheory”,A

IC
hE

Journal,1973):

T
h

e
ce

n
tra

lissu
eto

b
e

re
so

lve
d...is

th
e

d
e

te
rm

in
a

tio
no

fco
n

tro
lsyste

m
stru

ctu
re.

W
h

ich
va

ria
b

le
ssh

o
u

ldb
e

m
e

a
su

red
,w

h
ich

in
p

u
tssh

o
u

ldb
e

m
a

n
ip

u
la

te
da

n
d

w
h

ich
lin

ks
sh

o
u

ldb
e

m
a

d
eb

e
tw

e
e

nth
e

tw
o

se
ts?

T
h

e
g

a
p

is
p

re
se

n
tin

d
e

e
d

,bu
tco

n
tra

ry
to

th
e

view
s

o
fm

a
n

y,it
is

th
e

th
e

o
re

ticia
n

w
h

o
m

u
stclo

seit.

12



C
O

N
T

RO
L

S
T

RU
C

T
U

R
E

D
E

S
IG

N
Tasks:

1.S
e

le
ctio

no
f

co
n

tro
lle

d
o

u
tp

u
ts(a

setof
variablesw

hich
are

to
be

controlled
to

achieve
a

setofspecificobjectives)

2.S
e

le
ctio

no
fm

a
n

ip
u

la
tio

n
sa

n
d

m
e

a
su

rem
e

n
ts(setsofvariablesw

hich
can

be
m

a-
nipulatedand

m
easuredfor

controlpurposes)

3.S
e

le
ctio

no
fcontrolconfiguration

(a
structureinterconnectingm

easurem
ents/com

m
ands

and
m

anipulatedvariables)

4.S
e

le
ctio

no
fco

n
tro

lle
r

typ
e

(controllaw
specification,e.g.,P

ID
,decoupler,LQ

G
,

etc.).

N
ote

distinction
betw

eencontrolstru
ctu

re
(alltasks)and

co
n

fig
u

ra
tio

n
(task3).

Tasks1
and

2
com

bined:input/output
selection

Task3
(configuration):input/output

pairing

S
hinskey

(1967,1988);M
orari(1982);S

tephanopoulos(1984);B
alchenand

M
um

m
e

(1988)

N
ett(1989);van

de
W

aland
de

Jager(1995);S
kogestadand

P
ostlethwaite

(1996)

A
pproach

C
ontrolstructure

design:

13

�

Top-dow
n

considerationofcontrolobjectivesand
available

degreesoffreedom
to

m
eetthese(tasks1

and
2)

�

B
ottom

-updesignofthe
controlsystem

,startingw
ith

stabilization(tasks3,4,5).

14

TA
S

K
1:S

electionofcontrolledoutputs

C
o

n
tro

lle
d

o
u

tp
u

t� :
M

easuredoutputw
ith

reference(� ,�� )
Tw

o
distinctquestions:

1.W
hatshouldbe

the
controlledvariables� ?

(includesopen-loopby
selecting� �

� )
2.W

hatis
theiroptim

alvalues(��� �

)?

S
econdquestion:A

lotoftheory.

B
U

T
F

irst
question:A

lm
ostno

theory.
D

ecisionsm
ostly

m
ade

on
experienceand

intuition.

15

�

W
hy

do
w

e
in

a
plantcontrola

lot
of

internalvariables,lik
e

tem
-

peratures,pressuresandcom
positions,for

w
hich

thereare
no

control
requirem

ents?

A
N

S
W

E
R

:
�

W
e

have
degreesoffreedom

thatneedto
be

specifiedto
achieve

op-
tim

aloperation

�

B
utw

hy
do

w
e

selecta
particularsetofcontrolledvariables?

E
xam

ple:A
distillation

colum
n“inside”the

plant.W
hy

controlthe
com

positionrather
than

specifyingdirectly
the

reflux
flow

?

A
N

S
W

E
R

:

�

To
reducethe

sensitivity
to

uncertaintyand
achieve

self-optim
izing

control

16



E
xam

ple
1:

C
ake

baking
G

iven:B
ake

cake
for

15
m

inutes

G
o

a
l(p

u
rp

o
se

):W
ell-baked

inside
and

nice
outside

M
anipulatedinput(degreeoffreedom

):H
eatinput� �

�

Im
p

le
m

e
n

ta
tio

n:

1.O
pen-loopim

plem
entation:H

eatinput�

�

P
roblem

:S
ensitive

to
uncertaintyand

optim
alvalue

dependsstrongly
on

size
ofoven

2.C
losed-loopim

plem
entation:

 �

oven
tem

perature

“O
ptim

izer”:
C

ook
book

(look-up
table)

U
sedin

practice.Insensitive
to

changes.

17

E
xam

ple
2:

D
istillation

colum
n

G
o

a
l(p

u
rp

o
se

):O
peratethe

colum
n

such
thatoveralloperatingcostsof

the
entire

plantare
m

inim
ized

(prim
arily

determ
inedby

steady-stateconsiderations)

D
eg

re
e

so
ffre

e
d

o
m

a
tste

a
d

ysta
te(w

ith
given

feed
and

pressure):2
M

ay
for

exam
plebe

selectedas

1.S
plit ����

and
reflux  

O
p

tim
iza

tio
nofthe

entire
plantyields

optim
alvalue

ofthesetw
o

variables
(along

w
ith

the
correspondingvaluesfor

the
othercolum

n
operatingvariables,suchas

com
positions,tem

peratures,etc.)

B
U

T
how

shouldthe
optim

alsolution
be

im
plem

ented?

18

T
hereare

m
any

otherpossiblepairs( ’s)w
hich

can
be

keptconstant

2.Tw
o

productcom
positions(!"� !# )

3.Tw
o

tem
peratures($%&' � $(%�

)

4.R
eflux

and
one

tem
perature( � $%&' )

5.R
eflux

ratio
and

one
tem

perature( � �� $%&' )
6.Tw

o
ratios(e.g.  � �� )��*

)

7.R
eflux

and
boilup

(  � )

)

8.+++

Q
uestion:

�

W
hich

ofthesepairs( ’s)shouldbe
keptatthe

given
optim

alsetpoint?

Issues:

�

C
hangesin

operatingpoint(disturbances)

�

A
ccuracy

ofcontrol(m
easurem

entnoise)

19

,

--

---- �

--
�

O
ptim

izer

C
ontroller

O
ptim

izer

O
bjective

.

O
bjective

/ 0
1 2-

+.

O
bjective

1 2
.

(a)
(b)

(c)

O
ptim

izing
C

ontroller

/

(a)
O

pen-loopoptim
ization.

(b)
H

E
R

E
:C

losed-loopim
plem

entationw
ith

separatecontrollayer.

(c)
Integratedoptim

izationand
control.

H
ierarchicalstructuring:

�

o
p

tim
iza

tio
nla

ye
r—

com
putesreferences�

�

co
n

tro
lla

ye
r—

im
plem

entsthis
in

practice,43
�

(� 3
�� ).

20



S
E

LF
-O

P
T

IM
IZ

IN
G

C
O

N
T

RO
L

�

F
ind

the
setofcontrolledvariables� ,w

hich
w

hen
keptconstant,resultin

close-to-
optim

aloperation(in
spite

ofdisturbancesand
otherchanges)

�

S
teady-stateanalysisoften

sufficient

21

O
utline

ofthe
idea

ofself-optim
izing

control

�

B
a

sis:
H

ave 5
6

degreesoffreedom
atsteady-statew

hich
shouldbe

usedto
opti-

m
ize

the
operation

�

A
ssu

m
e

:H
ave

an
optim

izerw
hich

for
a

given
setof

nom
inaldisturbancescom

-
putesalloptim

alvalues(offlow
s,tem

peraturesetc.).

�

Q
u

e
stio

n
:H

ow
should

this
optim

alsolution
be

included
in

practice?
(W

hich5
6

variablesshouldbe
specified?)

�

In
itia

l
A

n
sw

e
r:D

oesnotm
atter(aslong

asthey
are

independent)

�

B
u

tth
e

re
a

lw
o

rld
is

u
n

ce
rta

in
:

1.T
he

datato
the

optim
izerm

ay
be

incorrect

2.T
here

are
unknow

n
disturbancesentering

during
the

tim
e

betw
eeneach

opti-
m

ization

3.T
he

relative
accuracy

in
the

im
plem

entation(“signalto
noise

ratio”)
for

each
variableis

different.

T
husthe

initialansw
eris

only
true

in
a

perfectw
orld

(w
ith

no
uncertainty).

22

�

B
e

tte
rA

n
sw

e
r:C

hooseasspecifiedvariables(co
n

tro
lle

d
o

u
tp

u
ts)the

setw
hich

are
leastsensitive

to
uncertainty,i.e.w

hich
achieve

self-optim
izingcontrol.

�

M
o

re
p

re
cice

ly:T
he

selectedsetofvariables�

should

1.H
ave

a
sm

allvariation
in

optim
alsetpoints

2.B
e

easyto
controlaccurately(sm

allim
plem

entationerror)

3.S
houldbe

sensitive
to

the
m

anipulatedinputs(� )
(i.e.have

a
large

range)

4.B
e

independent(notcloselycorrelated)

Today:S
teady-stateoptim

izationis
perform

edroutinely

T
hus:H

ave
the

m
ain

tools
neededfor

a
properselectionofcontrolledoutputs:

�

S
teady-statem

odel

�

Inform
ation

aboutoperationalconstraints

�

W
ell-definedeconom

icobjective
(scalarcostfunction7

to
be

m
inim

ized)

23

P
rocedure

for
selectingcontrolled

outputs

S
tep

1:D
egree

of
freedom

analysis.
D

eterm
inethe

num
berof

degreesof
freedom

( 56 )
available

for
optim

ization,and
identify

a
baseset(� )

for
the

degreesoffree-
dom

.

S
tep

2:C
ostfunction

and
constraints.

D
efine

the
optim

aloperation
problem

by
form

ulating
a

scalarcostfunction7

to
be

m
inim

ized
for

optim
aloperation,and

specifythe
constraintsthatneedto

be
satisfied.

S
tep

3:Identify
the

m
ostim

portant
disturbances

(uncertainty).
T

hese
m

ay
be

causedby

�

E
rrorsin

the
assum

ed(nom
inal)m

odelusedin
the

optim
ization(including

the
effectofincorrectvaluesfor

the
nom

inaldisturbances
8

usedin
the

optim
iza-

tion)

�

D
isturbances
 �


8 (including
param

eterchanges)thatoccurafterthe
optim

iza-
tion

�

Im
plem

entationerrors(
9 )
for

the
controlled

variables�

(e.g.due
to

m
easure-

m
enterrororpoorcontrol)

S
tep

4:O
ptim

ization.

F
ind

the
optim

alsteady-stateoperationfor
the

variousdisturbances

S
tep

5:Identify
candidate

controlled
variables.Typically,theseare

m
easuredvari-

ablesorsim
ple

com
binationsthereof.Look

for
variablesw

hich
optim

alsetpointis

24



constant.

S
tep

6:E
valuation

ofloss.C
om

putethe
m

eanvalue
ofthe

lossfor
alternative

setsof
controlledvariables� .T

his
is

doneby
evaluatingthe

loss
 : �� 
; �
7: �� 
; �
7: �&' %: 
; � 
; <
� �
=?>@: �� A

9� 
;

(1)

w
ith

fixed
setpoints��

for
the

defined
disturbances
B C

and
im

plem
entation

errors
9 B C9 .
S

tep
7:F

urther
analysisand

selection.

�

S
electfor

furtherconsiderationthe
setsofcontrolledvariablesw

ith
acceptable

loss.

�

S
eeif

they
are

adequatew
ith

respectto
othercriteria

thatm
ay

be
relevant,such

lik
e

–
region

offeasibility
–

expecteddynam
iccontrolperform

ance(input-outputcontrollability)

25

T
oy

exam
ple

Let7 �
: � �

;ED

w
herenom

inally
8 �
F .Forthis

problem
w

e
alw

ayshave7&' %: 
; �
F

correspondingto�&' %: 
; �

 .
Let

is
now

considerthree
alternative

choicesfor
the

controlledoutput(e.g.w
e

can
assum

ethey
are

threealternative
m

easurem
ents)

�@ �
F +G: � �

; <
�D �
HF�<
�I �
GF� �
J


For
the

nom
inalcasew

ith
8 �
F

w
e

have
in

allthree
casesthat�&' %: 
8; �

F ,
so

w
e

selectin
allthree

cases�� �
F .

S
ince�&' %: 
; �


 ,w
e

have
thatthe

optim
alvalue

for
the

threealternative
controlledoutputsasa

function
ofthe

disturbanceare

�@&' %: 
; �
F<
�D&' %: 
; �
HF
<
�I &' % �
J


W
e

assum
ethatthe

variableshave
been

scaledsuch
thatK 
K L

G

(disturbance)and

K 
9MK L
G� N �
G� H� O

(assum
esam

em
agnitudeof

im
plem

entationerrorfor
all

three
variables).

Letus
firstevaluatehow

the
threecandidatevariablesm

eetthe
threerequirem

ents.

1.Its
o

p
tim

a
lva

lu
e

is
in

se
n

sitiveto
d

istu
rb

a
n

ce
s.F

rom
this

pointof
view

,
the

pre-
ferred

controlledvariableis�@ (zero
sensitivity),

follo
w

ed
by�I

(sensitivity
5)and

�D

(sensitivity
20).

2.It
is

e
a

syto
co

n
tro

la
ccu

ra
te

ly.
T

hereis
no

differenceheresincethe
im

plem
enta-

tion
error
9 is

the
sam

efor
the

threevariables.

3.Its
va

lu
e

is
se

n
sitiveto

ch
a

n
ge

sin� .T
his

favors�D

(gain
20),follo

w
ed

by�I

(gain
10),w

hereasvariable�@ (gain
0.1)is

very
poorin

this
respect.
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Letus
nextevaluatethe

losses.Forthis
sim

ple
exam

plethe
lossescan

be
evaluated

analytically,and
w

e
find

for
the

threealternatives

 @ �
: GF
9 @;PD<
 D �
: F +FJ
9 D �

;PD<
 I �
: F +G
9I �
F +J
;QD

(For
exam

ple,for�I

w
e

have� �
: �I A
J
;� GF

and
w

ith�I �
�I � A

9I �

9I

w
e

get

7 �
: � �

; D�
: F +G
9I A
F +J
 �

; D

).W
ithK 
K �G

andK 
9K �G

the
w

orst-casevalues
ofthe

lossesare @ �
GFF<
 D �
G+FJ D�
G+GF HJ<
 I �
F +R D�
F +OR

and
w

e
find

thato
u

tp
u

t�I

is
th

e
b

e
stove

ra
ll

ch
o

ice
fo

r
se

lf-o
p

tim
izin

gco
n

tro
l(w

ith
the

sm
allestloss),and�@

is
the

w
orst.(T

his
is

the
sam

econclusionthatfollo
w

ed
by

consideringthe
threerequirem

ents.)W
e

seethatw
ith

no
im

plem
entationerror(
9 �

F )

�@ w
ould

be
the

best,and
w

ith
no

disturbance(
 �
F )�D

w
ould

be
the

best.
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S
im

ple
toolfor

selectingcontrolled
outputs:

�

Let� �
S �

(linearm
odel)

�
S

caleoutputs�

(andS

)
such

thatT � �
��� �: 
;TU3
G

(due
to

m
easurem

enterrors
and

disturbances)

�
P

refera
setofcontrolledoutputsw

ith
largeV: S: F;; .

N
ote: WV: S >@: F;; �

G� V: S: F;; .

28



S
U

M
M

A
R

Y
R

ulesfor
selectingcontrolledoutputsX

S
electthe

controlledoutputs�

suchthat:

1.O
ptim

alvalue��� �: 
; is
insensitive

to
disturbances(changesin

the
operatingpoint)

2.R
esultinsensitive

to
expectedcontrolerrorfor� .

(a)“O
ptim

um
is

flat”
and/or

(b)
C

an
achieve

tightcontrolof�
(needaccuratem

easurem
ent)

3.T
he

outputsare
w

eakly
correlated

T
his

is
usuallybasedon

a
steady-stateanalysis

29

TA
S

K
2:S

electionofm
anipulationsand

m
easurem

ents
D

ynam
icsand

co
n

tro
lla

b
ility

are
m

ore
im

portanthere.

�

M
anipulations�

–
usually

fixed
(the

valves),butm
ay

notw
antto

use
allof

them
(seetask1)orm

ay
changetheirlocation.

�

M
easurem

ents–
m

ay
w

antto
add

secondarym
easurem

ents D�

to

1.C
om

pensatefor
lack

ofm
easurem

entsofprim
ary

output

2.Im
prove

dynam
icresponse–

e.g.by
addinga

m
easurem

entof D

“close”to
the

m
anipulation�

the
m

anipulation�

C
an

perform
controllability

analysisofalternative
com

binations.

30

P
RO

B
LE

M
:C

om
binatorialgrow

th

P
ossibilitiesw

ith
1

toY

inputsand
1

to 

outputs(N
ett,1989):

Z[� \@^][_ \@a`bbbc  dfegggh `bbbc Yi egggh

Y �
 �
H:

4+
2+

2+
1=

9candidates

Y �
 �
j:

225
candidates,etc.

T
O

O
LS

T
H

A
T

A
V

O
ID

C
O

M
B

IN
A

T
O

R
IA

L
G

R
O

W
T

H
D

E
S

IR
E

D
.

R
G

A
is

one
suchtool.
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TA
S

K
3:S

electionofcontrolconfiguration
C

ontroller�

connectsavailable
m

easurem
ents/com

m
ands

(� )
and

m
anipulations(� ):

� �
��

C
ontrolconfiguration:

T
h

e
re

strictio
n

sim
p

o
se

do
n

th
e

stru
ctu

re
o

fth
e

ove
ra

llco
n

-
tro

lle
r �

b
y

d
e

co
m

p
o

sin
git

in
to

a
se

to
flo

ca
lco

n
tro

lle
rs

(su
b

co
n

trolle
rs,u

n
its,

e
le

m
e

n
ts,blo

cks)w
ith

p
re

d
e

te
rm

in
e

dlin
ks

a
n

d
w

ith
a

p
o

ssib
lyp

re
d

e
te

rm
in

e
dd

e
-

sig
n

se
q

u
e

n
ce.

S
om

eelem
entsusedto

build
up

configuration:

�

D
ecentralizedcontrollers(�

diagonal)

�

C
ascadecontrollers(w

ith
predeterm

inedorderfor
tuning)

�

F
eedforward

elem
ents

�

D
ecouplingelem

ents

�

S
electors

k

S
plitthe

“big”
controllerinto

m
any

sm
allerboxes.
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C
ascadedcontrollers

lm� +- n ��m �n lo+- ��o
� �o

P
lant

�
p o

q

p m
r

q(a)E
xtra

m
easurem

entss t

(conventionalcas-
cadecontrol)

luv� +- n��m
� �m

l� +- n��o
� �or

q
P

lant

� pr

q(b)E
xtra

inputs6t

(inputreset-
ting)

33

W
hy

usecontrolconfigurations?

�

D
ecom

posedconfigurationsoften
quite

com
plex.

�

B
etterperform

ance:O
ptim

ization
problem

–
resulting

in
a

centralizedm
ultivari-

able
controller.

S
o

w
hy

usecontrolconfigurations?

�

C
ostassociatedw

ith
obtaininggood

plantm
odels(neededfor

centralizedcontrol).

�

C
ascade,decentralized,etc.:C

ontrolleris
usuallytunedon-line

one
ata

tim
e

w
ith

little
m

odelling
effort.

�k

R
ely

on
feedbackratherthan

on
m

odels

34

O
theradvantagesdecentralized/cascade/hierar

chicalconfigurations:

�

“S
tabilize”the

plantsuchthatit
is

can
be

controlledby
operators.

�

S
im

ple
oreven

on-line
tuning

�

T
uning

param
etershave

directand
“localized”effect

�

O
ften

easierto
understandfor

operators

�

Tend
to

be
insensitive

to
uncertainty

�

A
llo

w
sim

ple
m

odelsw
hen

designinghigherlayers

�

R
educethe

needfor
controllinks

�

A
llo

w
for

decentralizedim
plem

entation

�

S
im

plerim
plem

entation

�

R
educedcom

putationload

�

Longersam
plingintervals

for
the

higherlayers

C
o

m
m

e
n

t.T
he

term
s“stabilize”and

“unstable”asusedby
operatingpeoplem

ay
not

referto
a

plantthatis
unstablein

a
m

athem
aticalsense,butratherto

a
plantthatis

se
n

sitiveto
disturbancesand

w
hich

is
difficultto

controlm
anually.
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T
H

E
O

RY
F

O
R

C
O

N
T

RO
L

C
O

N
F

IG
U

R
AT

IO
N

S
Partialcontrol

C
loseloop

involving�D

and D

using
controller �D

:

wwww

�

�

�
� --

�
�

---� �

�m�o

xolo p m
y

�o zmm zmozom zoo
z{ m z{ o

+

+p o+-

+

+

++

F
igure

.1:B
lock

diagram
ofa

partialcontrolsystem

IM
P

O
RTA

N
T

�

C
losing

a
loop

doesnotim
ply

a
loss

of
degreesof

freedom
(D

O
F

s)(since
the

setpoint�D

replaces�D

asa
D

O
F

),B
U

T
w

e
usually“use

up”
som

eofthe
dynam

ic
range.

36



Partialcontrol
M

eas./C
ontrolC

ontrolobjective
of @ ?

for D

?
S

equentialdecentralizedcontrol
Y

es
Y

es
S

equentialcascadecontrol
Y

es
N

o
“T

rue”partialcontrol
N

o
Y

es
Indirectcontrol

N
o

N
o

37

S
et D �

�D �
|D

 @ �
: S@@ �
S@D S >@DD SD@;

}

~�

�

���6

�@ A
: S� @ �
S@D S >@DD S� D;

}

~�

�

����


A
S@D S >@DD
}
~�
�

���� : �D �
|D;

S
o

m
ecrite

ria
fo

r
se

le
ctin

g�D

a
n

d D

in
lo

w
e

r-la
ye

r:

1.Low
erlayerm

ustquickly
im

plem
entthe

setpointsfrom
higherlayers,i.e.,control-

lability
ofsubsystem�D

/ D

shouldbe
good.(SDD

)

2.P
rovide

for
localdisturbancerejection.

(partialdisturbanve
gain ��

should
be

sm
all)

3.Im
pose

no
unnecessarycontrollim

itations
on

problem
involving�@

and/or�D

to
control @ .( �6

or �� )

�

A
void

negative
R

G
A

for
pairing�D�  D

–
otherw

ise�6

lik
ely

hasR
H

P
-zero

“U
nnecessary”:Lim

itations
(R

H
P

-zeros,ill-conditioning,etc.)notin
originalprob-

lem
involving�

and

38

T
H

E
O

RY
F

O
R

C
O

N
T

RO
L

C
O

N
F

IG
U

R
AT

IO
N

S
S

tabilization

Tool:P
ole

directions
E

xam
ple:TennesseE

astm
anchallengeproblem

39

S
um

m
aryofprocedurefor

plantw
idecontrol

T
he

overallprocedureconsistsof

I.
Top-dow

n
analysisto

identify
degreesoffreedom

and
controlobjectives

II.
B

ottom
-up

design
ofthe

contolstructure

Iteration
is

requiredin
this

overallprocedure!

40



A
plantw

idecontroldesignprocedure

S
tep

Tools
(in

addition
to

insight)
Top-dow

n
analysis:

1.
C

O
N

T
R

O
L

L
E

D
V

A
R

IA
B

L
E

S:
W

hatis
the

controlobjective
and

w
hich

vari-
ablesshouldbe

controlled?

S
te

a
d

y-sta
tem

o
d

e
la

n
d

o
p

e
ra

tio
n

a
lo

b
je

ctive
s

�

D
egreeoffreedom

analysis

�

S
electcondidatecontrolledvariables

�

E
valuate

(econom
ic)loss

and
look

for
“self-optim

izing”controlstructure

2.
P

R
O

D
U

C
T

IO
N

R
A

T
E:

W
hereshouldthe

throughputbe
set?

T
his

choice
hasa

large
effecton

the
rem

aining
controlsystem

O
ptim

alchoice
follo

w
s

from
steady-stateopti-

m
ization,butm

ay
requirecontinousreconfigu-

ration
(useM

P
C

)
If

setone
place:

T
he

throughputm
anipulator

should
have

a
strong

and
directeffect

on
the

productionrate.

.

41

A
plantw

idecontroldesignprocedure

.
B

ottom
up

design:
(W

ith
given

controlled
and

m
anipualtedvari-

ables)

C
ontrollability

analysis
C

om
putezeros,poles,relative

gain
array,m

ini-
m

um
singularvalue,etc.

3.
S

T
A

B
IL

IZ
A

T
IO

N
.

S
electionofm

easurem
entsand

inputsfor
stabi-

lization
(including

slow
ly

drifting
m

odes).
G

oal:enablem
anualoperationofthe

plant

Po
le

ve
cto

rs
G

ive
insightaboutw

hich
m

easurem
entsand

in-
putscan

be
usedforeachunstablem

ode.S
elect

large
elem

ents:S
m

allinputenergy
neededand

large
noisetolerated.

4.
C

A
S

C
A

D
E

D
C

O
N

T
R

O
L

L
E

R
S.

S
election

of
(extra)

secondarym
easurem

ents
(and

inputs)to
im

prove
dynam

ic
control.

U
se

offeedforward
control(ratio

controllers).

Pa
rtia

lly
co

n
tro

lle
d

p
la

n
t

T
he

relationshipsfora
partially

controlledplant
tellhow

the
plantlooks

from
the

above
control

layer.

5.
D

E
C

E
N

T
R

A
L

IZ
E

D
C

O
N

T
R

O
L.

If
noninteractingprocess:design

a
decentral-

ized
controlstructure.

C
o

n
tro

lla
b

ility
a

n
a

lysisfo
r

d
e

ce
n

tralize
d

co
n

-
tro

l
Pairon

relative
gain

arraycloseto
identity

m
a-

trix
atcrossoverfrequency,

provided
notnega-

tive
atstead-state.M

ore
inform

ation
for

tuning
(requiredbandw

idth):C
losedloop

disturbance
gain

(C
LD

G
)perform

ancegain
array(P

R
G

A
).

6.
M

U
L

T
IV

A
R

IA
B

L
E

C
O

N
T

R
O

L

�

U
se

for
interactingprocess(coordination

including
feedforward

control)

�

M
P

C
:U

se
for

tracking
active

constraints
(If

steady-stateoptim
ization

show
s

that
the

active
constraintsare

changingw
ith

disturbances)

7.
R

E
A

L
T

IM
E

O
P

T
IM

IZ
A

T
IO

N

V
alidation.

N
onlineardynam

icsim
ulation

42

C
O

N
T

RO
LLA

B
ILIT

Y
A

N
A

L
Y

S
IS

B
efore

attem
ptingcontrollerdesignone

shouldanalyzethe
plant:

�

Is
it

a
difficultcontrolproblem

?

�

D
oesthereexista

controllerthatm
eetsthe

specs?

�

H
ow

shouldthe
processbe

changedto
im

prove
control?

43

Q
U

A
LIT

A
T

IV
E

R
U

LE
S

from
S

eborg
etal.(1989)

(chapteron
“T

he
artofprocesscontrol”):

1
.C

o
n

tro
lo

u
tp

u
tsth

a
ta

re
n

o
tse

lf-reg
u

la
tin

g

2
.C

o
n

tro
lo

u
tp

u
tsth

a
th

a
ve

fa
vo

ra
b

le
d

yn
a

m
ica

n
d

sta
tic

ch
a

ra
cte

ristics,i.e.,th
e

re
sh

o
u

ldexista
n

in
p

u
tw

ith
a

sig
n

ifica
n

t,d
ire

cta
n

d
ra

p
id

e
ffe

ct.

3
.S

e
le

ctin
p

u
tsth

a
th

a
vela

rge
e

ffe
ctso

n
th

e
o

u
tp

u
ts.

4
.S

e
le

ctin
p

u
tsth

a
tra

p
id

ly
e

ffe
ctth

e
co

n
tro

lle
d

va
ria

b
le

s

�

W
e

have
developedcontrollability

tools
w

hich
quantify

thesestatem
ents.

�

S
calevariables.M

ustthen
require

1.S
elf-regulation:K S�K � G

atallfrequencies

2.D
isturbancerejection: ���� S�� � @� � ���� � G

3.D
isturbancerejection:K SK �

K S�K atfrequenciesw
hereK S�K � G

44



“P
E

R
F

E
C

T
C

O
N

T
R

O
L”

and
plant

inversion.
(M

orari,1983)

 �
S:��; �A
S�: �; 


Idealfeedforward
control, �

� :� �
S >@� �
S >@S� 


(2)

F
eedbackcontrol:

� �
S >@$� �
� >@$S� 


(3)

Forfrequenciesbelow
the

bandw
idth(��

�#;��$ 3
�:

T
hen

(3)=
(2).

C
ontrollability

is
lim

ited
ifS >@cannotbe

realized:

�

D
elay

(Inverseyields
prediction)

�

Inverseresponse=
R

H
P

-zero(Inverseyields
instability)

�

Inputconstraints(Inverseyields
saturation)

�

U
ncertainty(Inversenotcorrect)
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P
O

O
R

C
O

N
T

R
O

LLA
B

ILIT
Y

C
A

N
B

E
C

A
U

S
E

D
B

Y
:

1.D
elay

orinverseresponsein�� ��

2.or�� �� is
of“high

order”(tanks-in-series)so
thatw

e
have

an
“apparentdelay”

3.C
onstraintsin

the
plantinputs(a

potentialproblem
if

the
plantgain

is
sm

all)

4.Large
disturbanceeffects(w

hich
require“fastcontrol”and/orlarge

plantinputsto
counteract)

5.Instability:F
eedbackw

ith
the

active
use

of
plantinputs

is
required.M

ay
be

unableto
reactsuffi-

ciently
fastif

thereis
an

effective
delayin

the
loop.A

nd:M
ay

have
problem

sw
ith

inputsaturation
if

thereis
m

easurem
entnoiseordisturbances

6.W
ith

feedback:D
elay/inverseresponseorinfrequentorlacking

m
easurem

entof� .
M

ay
try

(a)
Localfeedback(cascade)basedon

anotherm
easurem

ent,e.g.tem
perature

(b)
E

stim
ationof�

from
otherm

easurem
ents46

7.N
onlinearityorlarge

variationsin
the

operatingpointw
hich

m
ake

linearcontroldifficult.M
ay

try

(a)
Localfeedback(innercascades)

(b)
N

onlineartransform
ationsofthe

inputsoroutputs,e.g.���

(c)
G

ain
schedulingcontrollers(e.g.batchprocess)

(d)
N

onlinearcontroller

8.M
IM

O
R

H
P

-zeros:M
ay

have
internalcouplingsresulting

in
m

ultivariable
R

H
P

-zeros�

F
unda-

m
entalproblem

in
controlling

som
ecom

binationofoutputs.

9.M
IM

O
plantgain:M

ay
notbe

able
to

controlalloutputsindependently(if
the

“w
orstcase”plant

gain�� ��

is
sm

all).

10.M
IM

O
interactions:M

ay
have

large
R

G
A

-elem
ents(causedby

strong
tw

o-w
ay

interactionsbe-
tw

eenthe
outputs)w

hich
m

akesm
ultivariablecontroldifficult.

11.F
eedforward

control:S
houldbe

consideredif
feedbackcontrolis

difficult(e.g.due
to

delaysin
the

feedbackloop
orM

IM
O

interactions)and
an

“early”
m

easurem
entofthe

disturbanceis
possible.

T
here

are
tools

available
w

hich
quantify

this.
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E
X

A
M

P
LE

:pH
-N

eutralizationprocess

A
cid

B
ase

pH
=

-1
pH

=
15

�� �
GF

m
ol/l

�� � �
GF

m
ol/l

Salt water (10 l/s)
pH = 7
c = 0.0000001 mol/l

V = 10000 l H

+- 1

 �

concentrationofproduct(m
eas.delay� =

10
s)

� �
�� ¡(¢��


 �
�� ¡¢9M�

Introduceexcessofacid� �
�� �
�� �

[m
ol/l].

In
term

sof�

the
dynam

icm
odelis

a
sim

ple
m

ixing
process!!



£ : ) �; �
¤ ¥ �¥ A
¤ # �# �
¤ �

E
X

T
R

E
M

E
LY

S
E

N
S

IT
IV

E
T

O
D

IS
T

U
R

BA
N

C
E

S
.
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IM
P

R
O

V
E

C
O

N
T

RO
LLA

B
ILIT

Y
B

Y
R

E
D

E
S

IG
N

O
F

P
RO

C
E

S
S

�

U
se

severalsim
ilartanksin

seriesw
ith

gradualadjustm
ent

¦§©¨ª
¦§«¨ª

-
- ¬ ¬

-

� q
�

-

A
C

ID
B

A
S

E

pH
I

pH
C

49

W
ith|

tanks:

S�: �; �
®��: GA
¯�;E°

.

¯ :
residencetim

e
in

eachtank.

10
-4
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w
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m
easurem

entdelay.
G
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¯�
�± : ®�;²D³ °�
G

Totalvolum
e
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|¯¤

w
here¤ �

F +F G
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W
ith� �

GF

s
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follo
w

ing
designshave

the
sam

econtrollability:
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|
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j
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J
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R

R +ÇR
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Æ

J +ÆF

F +Å G

M
inim
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totalvolum

e:3.66
m I

(18
tanksof203

leach).
E
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um
:3

or4
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A
greesw

ith
engineeringrules.
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�

P
olesare

affectedby
recycle

ofenergy
and

m
assand

by
interconnections

�
Parallelpathsm

ay
give

zeros-
possiblecontrolproblem

s

�
R

ecycle
yields

positive
feedbackand

often
large

o
p

e
n

-lo
o

ptim
e

constants
�

T
his

doesn
o

tnecessarilym
eanthatclo

se
d

-lo
o

p
m

ustbe
slow

�
S

eeM
Y

T
H

on
distillation

contolw
hereopen-looptim

e
constantfor

com
positions

is
long

becauseofpositive
feedbackfrom

reflux
and

boilup

�

Luyben’s
“snow

balleffect”
is

m
ostly

a
steady-statedesignproblem

(do
notfeed

m
ore

than
the

system
can

handle...)
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E
X

A
M

P
LE

:R
ecycle

aroundreactor(snow
ballefect)

S
im

ple
exam

ple(Luyben,Y
u):

�

R
eactionÈÉ *

�

R
ecycle

ofunreactedA

�

P
roductis

pure
B

A
t

steady-state

�¼¼Ê  µË
�
Ì ¼ ½¼ Í¸· Î  ½  µÏÎ½Í¼¸Á·  Í �
ÐÍ ÊºÁ· Î  ½  µÏ

w
hereG

enerationofB
in

reactorisS# �
®: $; !¥ )Ñ
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S# �
®: $; !¥ )Ñ

T
hreew

aysto
increaseS# :

1.Increasereactortem
perature$

2.Increase!¥

by
increasingthe

recycle
ratioÒÒ

!¥ �
ÒÒ

GA
ÒÒ

(the
“snow

balleffect”
of

Luyben
is

that!¥
É G

asÒÒ É
Ó

–
occursw

hen
the

reactoris
too

sm
all)

3.Increasethe
reactorvolum

e)Ñ

�

B
U

T:
Loose

m
oney

by
notoperatingatm

axim
um

volum
e

(P
ossibletrade-off

betw
eenoperatingcostsand

controllability)

�

G
asphasereactor:Increasingthe

pressurehasthe
sam

eeffect(largerinventory
in

reactor).
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S
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S �

(LV
-configuration)

S: F; �
ãäå ÅÆ +Å
�ÅR +j

GFÅ +H �GFÇ +R æçè

R
G

A
-value

about35
atsteady-statek

S
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interaction
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R
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B
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M

Typically,overallcontrolproblem
has5

inputs

� �
Ã  )
�
*
)ëÄ

(flow
s:reflux  

,boilup)

,distillate �

,bottom
flow *

,overheadvapour)ë )
and

5
outputs

 �
Ã  "
!#
Y"
Y#
ìÄ

(com
positionsand

inventories:top
com

position "

,
bottom

com
position!# ,

con-
denserholdupY"

,reboilerholdupY# ,pressureì )
W

ithoutany
controlw

e
have

aJ í
J

m
odel

 �
S �A
S� 


(w
hich

generallyhassom
elarge

R
G

A
-elem

entsatsteady-state)
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D
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T
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T
IO

N
C

O
N

F
IG

U
R

A
T

IO
N

S
T

hereare
usuallythree“unstable”outputsw

ith
no

orlittle
steady-stateeffect

 D �
Ã Y"
Y#
ìÄ

R
em

ainingoutputs

 @ �
Ã  "
!#Ä

M
any

possiblechoicesfor
the

threeinputsfor
stabilization.Forexam

ple,w
ith

�D �
Ã �
*
)ëÄ

w
e

getthe )

-configurationw
here�@ �

Ã  )
Ä

are
leftfor

com
positioncontrol.

A
notherconfigurationis

the�)

-configuration(hassm
allR

G
A

-elem
ents)w

here

�@ �
Ã �
)
Ä

A
fter

closing
the

stabilizing
loops(�D î

 D

)
w

e
geta H í

H
m

odelfor
the

rem
aining

“partially
controlled”system

 @ �
S 6ï�@ A
S 6ï� 


W
hich

configurationsis
the

best?
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A
nalyzeS 6ïandS 6ï� w

ith
respectto

1.N
o

com
positioncontrol

�

C
onsiderdisturbancegainS 6ï� (e.g.effectoffeedrateon

com
positions)

2.C
loseone

com
positionloop

(“one-pointcontrol”)

�

C
onsiderpartialdisturbancegain

(e.g.
effectof

feedrateon "

w
ith

constant

!# )
3.C

losetw
o

com
positionloops(“tw

o-pointcontrol”)

�

C
onsiderinteractionsin

term
sofR

G
A

�

C
onsider“closed-loopdisturbancegains”(C

LD
G

)for
single-loopcontrol

P
roblem

:

�

N
o

single
bestconfiguration

�

G
enerally,getdifferentconclusionon

eachofthe
threecases

�k

S
tabilizing

controlis
notnecessarilya

trivialissue
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nshave
large

R
G

A
-elem

ents
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F
undam

entalcontrolproblem
s(cannothave

decouplingcontrol)

B
U

T
: �)

configuration
has

sm
allR

G
A

-elem
entsand

w
e

can
decouplethe

com
-

positions
loops

H
ow

is
this

possible?

S
olution

to
paradox: �)

configurationhascoupling
betw

eencom
positionand

level
loops
(w

hereas  )

hasdecouplingbetw
eenleveland

com
position)
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C
O

N
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LU
S

IO
N

S
/F

U
T

U
R

E
W

O
R

K

1.Im
portantproblem

-
theoryhasbeenlacking

2.G
eneralprocedure(notonly

processcontrol)

3.M
any

theoreticaltools
are

alreadythere
–

still
som

e
effort

left
to

geta
unifying

approach

4.W
antto

avoid
“case

study
approach”(but

the
casestudiesare

usefulfor
under-

standingthe
issues)

5.H
ope

to
m

ake
good

progressin
nearfuture
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