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Abstract: In this paper we propose a design methodology for the robust regulation of uncertain
nonminimum-phase multivariable linear systems. The method basically consists of defining
a suitable vector of parameterized desired output functions and of designing a parameterized
decoupling controller of the nominal plant. Then, a parameterized command function for
each input is determined by means of a stable dynamic inversion procedure. Eventually,
solving an optimization problem permits to minimize the worst-case settling time, subject to
amplitude limits on the control variables and constraints on the overshoots and undershoots
of the outputs. A worked example based on a three-inputs three-outputs plant shows the
effectiveness of the methodology.Copyright c

�
2002 IFAC
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1. INTRODUCTION

Despite the robust regulation of linear systems af-
fected by parametric uncertainties has received much
attention in the research community, the determination
of design procedures for the synthesis of controllers
which are able to achieve predefined performances
in regulating uncertain systems is a problem which
has not been solved satisfactorily yet. In this con-
text, we consider a multi-input-multi-output (MIMO)
nonminimum-phase system subject to structured un-
certainties and we propose a new design tool for the
synthesis of a feedforward/feedback control scheme
for its robust set-point regulation. In particular, we
search for a feedback controller and a vector of com-
mand functions in order to minimize the worst-case
settling time subject to arbitrarily given overshoot and
undershoot constraints and to amplitude limits for the
plant control variables.
The devised solution is based on the concept of dy-
namic inversion (see e.g. (Huntet al., 1996)) and
significantly extends the method we proposed in other
papers for the single-input-single-output (SISO) case

(Piazzi and Visioli, 2001c; Piazzi and Visioli, 2001a).
Basically, the method consists of first defining for each
output a sufficiently smooth desired output function
(the “transition polynomials” investigated in (Piazzi
and Visioli, 2001b)) which depends on the transition
time τ. Then, a parameterized feedback controller is
determined with the aim of both decoupling the nom-
inal plant and ensuring the internal model principle in
order to achieve a zero steady-state error. At this point,
a parameterized input command function can be cal-
culated for each nominal decoupled SISO system by
means of a stable inversion procedure. Finally, solving
an optimization problem permits to find the design
parameters that minimize the worst-case settling time
subject to the selected constraints.
The general main idea behind the presented method-
ology is the combined synthesis of the feedback con-
troller and of the command signals. This differs from
the classical use of dynamic inversion for output track-
ing, where the dynamic inversion is performed on the
nominal plant and the feedback controller, which aims
at compensating initial condition mismatches, mod-
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eling errors and disturbances,is designedindepen-
dently (Devasia,2000).In our approachthe dynamic
inversionis appliedto the SISOclosed-loopsystems
andthemainpurposeof the feedbackcontrolleris to
provideagooddecouplingandto reducetheeffectsof
the uncertainparameterson the closed-looptransfer
functions.

2. THE MULTIVARIABLE SET-POINT
CONSTRAINEDREGULATION PROBLEM

We considera linear, time-invariant,continuous-time
uncertainMIMO systemwhosematrix transferfunc-
tion is:

P � s;q �����Pi j � s;q � � i � 1 	 
 
 
 	 m j � 1 	 
 
 
 	 m (1)

wherePi j � s;q ��� bi j � s;q � � ai j � s;q � arestrictly proper,
rational transferfunctionsnonlinearlydependingon
anuncertainparametervectorq ���q1 	 
 
 
 	 ql � T which
belongsto a given multidimensionalinterval (box)
Q ���q
1 	 q�1 � ��� � � ���q
δ 	 q�δ � where:

ai j � s;q ��� hi j

∑
k � 0

ai j � k � q � si 	
bi j � s;q ��� l i j

∑
k � 0

bi j � k � q � si 
 (2)

Theorderof Pi j � s;q � is hi j , its relative orderis ρi j �
hi j � l i j . Polynomialsai j � s;q � are (Hurwitz) stable
for all q � Q and their coefficients are continuous
nonlinearfunctionsoverQ. Moreover, thenormalrank
of P � s;q � is equalto m for all q � Q assuringin sucha
way the invertibility of theuncertainplant.Denoteas
zP � s;q � the zeropolynomialof P � s;q � andintroduce
the“nominal” parametervectorq0 : � mid � Q� , i.e. the
midpoint centerof the box Q. Then,in orderto pose
a sensibleregulation problem we do the following
assumptions.

Assumption1. zP � 0;q ���� 0 � q � Q.

Assumption2. zP � s;q0 � doesnot have any imaginary
roots.

The robust constrainedregulationproblemto be ad-
dressedcan be posedas follows. Determinea feed-
forward/feedbackcontrol strategy in order to obtain
for eachsystemoutput i a “robust” transitionfrom a
previous set-pointvaluey0

i to a new oney1
i . Without

loss of generality in the following we will assume
y0

i � 0 i � 1 	 
 
 
 	 m. Obviously, the first requirement
to besatisfiedis therobuststabilityof theclosed-loop
over the uncertaindomainQ. Moreover, both transi-
tions have to satisfyan overshootandan undershoot
limitation, anamplitudeconstraintonthecontrolvari-
ablesui � t � andthe(worst-case)settlingtime hasto be
minimized.
In other words, the above problem can be stated
as follows: determinem commandfunctionsr � t ���

r u yP(s;q)cΣ q

Fig. 1. Thegeneralcontrolarchitecture.� r1 � t ��� � � rm � t � � T and a controller Σc (seeFigure 1)
suchthat

(1) theclosed-loopsystemis stablefor all q � Q;
(2) limt � ∞ yi � t ��� y1

i for i � 1 	 
 
 
 	 m andfor all q �
Q (steady-statecondition);

(3) theovershootof theith outputin responseto r � t �
is boundedby a givenŌi for i � 1 	 
 
 
 	 m andfor
all q � Q;

(4) the undershootof the ith output in responseto
r � t � is boundedby agivenŪi for i � 1 	 
 
 
 	 mand
for all q � Q;

(5) the absolutevalue of the manipulative inputs
ui � t � is boundedby a given us

i for i � 1 	 
 
 
 	 m
andfor all q � Q;

(6) it is minimizedtheworst-casesettlingtime.

It appearsthat finding a global solutionof the posed
problemis a very hardtask.In any case,we propose
a designmethodology, basedon the conceptof sta-
ble dynamicinversion,that providesa valuablesub-
optimalsolution.

3. A NEW INVERSION-BASED
MULTIVARIABLE CONTROL ARCHITECTURE

Figure2 depictsthe proposedcontrol architectureto
achieve an optimal set-pointregulationunderall the
specificationsgiven in the previous section. In the
inner loop the controllerC1 � s� is designedto obtain
a completenominal decouplingfrom variable v to
outputy, i.e. the nominaltransferfunction from v to
y is diagonal.Moreover, C1 � s� hasto guaranteerobust
stability of theclosed-loopfrom v to y for all q � Q.
ThecontrollerC2 � s� is the “regulating” unit ensuring
the internalmodelprinciple to getsteady-staterobust
regulation.It is synthesizedaccordingto

C2 � s; ��� : � 1
s

diag � ��� (3)

where � : ���α1 	 
 
 
 	 αm � T � � � m is a vector gain to
beeventuallydeterminedby solving theoptimization
problemof the next section.The devisedoutputsare
chosento be “transition” polynomialsof (Piazziand
Visioli, 2001b). In the time interval �0 	 τ � they canbe
definedasfollows (i � 1 	 
 
 
 	 m):

yi � t;τ � : �
y1

i
� 2p ! 1� !
p!τ2p� 1

p

∑
i � 0

� � 1� p 
 i

i! � p � i � ! � 2p � i ! 1� τit2p
 i � 1 (4)

For t " 0 it is yi � t;τ � : � 0 and For t # τ it is
yi � t;τ � : � y1

i . Theseidealoutputfunctionsyi � t;τ � per-
mit a smoothtransferfrom 0 to y1

i in thetime interval�0 	 τ � , τ � � � without undershootingnor overshoot-
ing.Moreoveryi � t;τ ��� Cp � ��� with continuityorderp
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Fig. 2. The inversion-basedmultivariablecontrol ar-
chitecture.

beingchosenaccordingto a relative degreecondition
(seeProposition4). Thetime interval parameterτ that
greatly affects the actual settling time is eventually
fixedby anoptimizationproblem(16).Thecommand
signalsr i aredeterminedby performinga stabledy-
namicinversionfrom desiredoutputsyi $ t;τ % over the
nominal overall closed-loopsystem(seesubsection
3.2).By virtue of thechosenstructuresfor controllers
C1 andC2 this resultsin asetof scalarinversions.

3.1 The decoupling controller and robust stability
properties

Thenominalzeropolynomialzp $ s;q0 % of plantP $ s;q0 %
be factorizedasz&p $ s% z'p $ s% wherez&p $ s% andz'p $ ( s%
areHurwitz stable,i.e. z'p $ s% hasasrootsall the“un-
stable”multivariablezerosof P $ s;q0 % . We chooseas
nominal transferfunction from v to y the following
diagonalmatrix:

G $ s;ω % : ) diag

*
ki

z'p $ s%
d $ s;ω % ; i ) 1 + , , , + m- (5)

wherethedenominatord $ s;ω % is chosento bea But-
terworth polynomial with bandwidthfrequency ω ./ ' . Without lossof generality, becauseof thesensible
pairingof inputsandoutputsat theoutsetof theplant
definition,we assumePii $ 0;q0 %�0) 0 andconsequently
define(i ) 1 + , , , + m)

ki : ) µi

z'p $ 0% 11 Pii $ 0;q0 % 11 (6)

whereµi arerealpositive constantsto be fixed in the
interval $ 0 + 12 . Considerthenominaltransferfunction
of theplantP $ s;q0 % . Its inversecanbewrittenas

P& 1 $ s;q0 % : ) B $ s%
z&p $ s% z'p $ s% (7)

where B $ s% is a polynomial matrix. Define σi j : )
deg 3Bi j $ s% 2 ( deg 3 zp $ s;q0 % 2 , i + j ) 1 + , , , + m andthe to-
tal relative degreeasσ : ) max4 σi j : i + j ) 1 + , , , + m5 .
Then,wesetthedegreeof theButterworthpolynomial
d $ s;ω % accordingto:

deg 3d $ s;ω % 2 : ) deg 3 z'p $ s% 2 6 σ , (8)

Proposition3. The decouplingcontroller C1 be de-
finedby

C1 $ s;ω % : ) P& 1 $ s;q0 % $ I ( G $ s;ω % % & 1G $ s;ω % , (9)

Then, the nominal transfer function from v to y is
exactlygivenby (5).Moreover, if all theunstablepole-
zerocancellationsareperformedin (9) to determine
C1, thenthenominalclosed-loopsystemfrom v to y is
internallystable.

Proof. Given a controller C1, the transfer function
from v to y is $ I 6 PC1 % & 1PC1. Then,by insertionof
expression(9) weobtain3 I 6 $ I ( G $ s;ω % % & 1G $ s;ω % 2 & 1 $ I ( G $ s;ω % % & 1G $ s;ω % , (10)

By takinginto accountthat

I 6 $ I ( G $ s;ω % % & 1G $ s;ω %7) $ I ( G $ s;ω % % & 1 (11)

weeventuallyrecognizeexpression(10)asthedesired
diagonalmatrix G $ s;ω % . Now, considerthe structure
of controllerC1 asit resultsfrom (9), (5) and(7).First,
notethat$ I ( G $ s;ω % % & 1G $ s;ω %�)

diag

*
kiz'p $ s%

d $ s;ω % ( kiz'p $ s% ; i ) 1 + , , , + m- , (12)

Then, performingall the unstablepole-zerocancel-
lations in the expression(9), the controllerC1 $ s;ω %
emergesas(i + j ) 1 + , , , + m):

Ci j $ s;ω %�) k jBi j $ s%
z&p $ s% 3d $ s;ω % ( k jz'p $ s% 2 , (13)

From the above expression(13) we deducethat only
allowablestablepole-zerocancellationsaremadebe-
tweenC1 $ s;ω % andthenominalplantP $ s;q0 % . Hence,
the internalstability of the nominalclosed-loopsys-
temfrom v to y is ensuredby theHurwitz stability of
theButterworth polynomiald $ s;ω % characterizingthe
polesof G $ s;ω % . 8
The next result enforcesthe internal stability of the
closed-loopfrom v to y over the entirefamily of un-
certainplants.

Proposition4. Thereexists constantsµi . $ 0 + 12 , i )
1 + , , , + m suchthat internalstability of theclosed-loop
from v to y holdsfor all q . Q.

Proof. By virtue of the definition of ki in (6) it is
possibleto chooseµi . $ 0 + 12 in orderto make 9 ki 9 as
smallasdesired.By taking into accountthestructure
of the controllerC1 given in (13) it is apparentthat
the in¤uenceof C1 versusthe internalstability of the
closed-loopfrom v to y becomesnegligible whenall
the ki ’s turn to be arbitrarily small. Consideringthat
P $ s;q % is stablefor all q . Q it follows thestatement
of Proposition4. 8
Building on the previous Proposition4 we canstate
thefollowing robustnessresult.

Proposition5. There exist constantµi . $ 0 + 12 and
integratorgainsαi : 0, i ) 1 + , , , + m suchthat internal
stability of theoverall closed-loopsystemfrom r to y
holdsfor all q . Q.



Proof. A sketchof proof is offered.First choosecon-
stantsµi ; < 0 = 1> accordingto Proposition2 in orderto
gettherobustinternalstabilityof theclosed-loopfrom
v to y. Then,takinginto accountthedefinitionof ki (6)
andthestructuresof controllerC1 andC2 asreported
in (13) and(3) we deduce,by a root locusargument,
that the internalstability of theoverall closed-loopis
guaranteed? q ; Q providedthatthepositive gainsαi

aresufficiently small. @
Remark1. In defining the decoupleddynamicsfrom
v to y, see(5), we have chosenas a sensibleand
feasiblechoice, the Butterworth polynomial d < s;ω A
with the frequency ω to be optimally fixed by opti-
mizationproblem(16).At thediscretionof thecontrol
designer, otherchoicescouldbedoneaswell. Indeed,
therobustnessresultsof Propositions4 and5 still hold
by substitutingd < s;ω A with any Hurwitz polynomial
d < sA .
3.2 Commandsignalsynthesisvia stableinversion

Dueto thechosenstructuresfor controllersC1 andC2,
see(3) and (13), the nominal transferfunction from
commandsignalr to outputy is thediagonalmatrix

T < s; BC= ω A�D diag < Tii < s;αi = ω A ; i D 1 = E E E = mA (14)

where

Tii < s;αi = ω A7D αikizFp < sA
sd< s;ω A G αikizFp < sA E (15)

We want to determinethe commandsignal r i as the
input that causesthe outputyi to be the desiredideal
function yi < t;τ A defined in (4). This calls for a sta-
ble dynamicinversionto be performedon a nominal
system(15) (note that the systemis nonminimum-
phaseandthereforeastandarddynamicinversionpro-
cedurecannotbeapplied,astheresultinginput func-
tion would beunbounded).Thesetof all cause/effect
functionpairs < r i < H A = yi < H A A associatedto Tii < s;αi = ω A be
denotedby I i . A relevant propertyof I i is given by
thefollowing result(see(PiazziandVisioli, 2001b)).

Proposition6. Letusconsiderapair < r i < H A = yi < H A A ; I i .
Then,r i < H A ; Cl < J A if andonly if yi < H A ; Cl F σ F 1 < J A
whereσ G 1 is thetotal relative degreeof system(15)
(seedefinition (8)).

Relying on the above propositionandtaking into ac-
count that yi < H A ; Cp < J A we set p : D σ G 1 in order
to synthesizea continuouscommandsignal.Now, by
following the methodologyexplainedin (Piazzi and
Visioli, 2001a), we are able to synthesizei func-
tionsr i < t;τ = αi = ω A , definedover < K ∞ = G ∞ A thatexactly
solve the stabledynamicinversionproblem,i.e. that
exactly causesthe desiredoutputyi < t;τ A . In order to
practically usethe synthesizedfunction r i < t;τ = αi = ω A
it is necessaryto truncateit, resultingin an approx-
imate generationof the desiredoutput yi < t;τ A . This
canbedonewith arbitrarily precision(PiazziandVi-
sioli, 2001a). The approximatedcommandfunctions

be denotedby ra
i < t;τ = αi = ω A (i D 1 = E E E = m). Note that

this stabledynamicinversionprocedurecanyield to
theso-called“preactioncontrol” (Marro,1996).

4. WORST-CASEDESIGNVIA SEMI-INFINITE
OPTIMIZATION

In the previous sectionwe have synthesizedall the
structuresof theinversion-basedmultivariablecontrol
architecture:thedecouplingcontrollerC1 thatdepends
on ω ;LJ F andµi ;�< 0 = 1> , see(9) and(6); the regu-
lating unit C2 with integrator gains αi , i D 1 = E E E = m;
and the commandinputs ra

i < t;τ = αi = ω A , i D 1 = E E E = m
determinedvia stabledynamicinversionon a family
of idealoutputtransfersyi < t;τ A . Thedesignprocedure
canbethenorganizedasfollows:

(1) Chooseconstantsµi ; < 0 = 1> in suchawayrobust
stability of the internalclosed-loopfrom v to y
holdsfor all q ; Q.

(2) Determinetheoptimalcontrollerparametersω M ,
andα M1 = E E E = α Mm andoptimaloutputtransitionin-
terval τ M that minimize the worst-casesettling
time subjectto all the requiredcontrol andset-
point specifications.

Thedesignphase1 relieson Proposition2 andon the
practicalsidewe cansetall theµi ’s equalto 1 andif
robuststabilitydoesnotholdwemaketheµi ’ssmaller
andsmalleruntil robustnessisensured.To thisend,for
checkingtherobuststabilityavarietyof toolsis avail-
able, for example (Balakrishnanet al., 1991; Bhat-
tacharyyaetal., 1995;PiazziandMarro,1996).
In thesecondandfinal designphaseasemi-infiniteop-
timizationproblememergeswithoutany conservative-
nessandanapproximatesolutioncanbeobtainedby
usinggeneticalgorithms.Robuststability of theover-
all closed-loopcan be taken into accountby means
of the following result that canbe derived,asshown
in (PiazziandVisioli, 2001a), from the Lienardand
Chipard’s criterionandOrlando’s formula.

Proposition7. Theoverall closed-loopsystemfrom r
to y is stablefor all q ; Q if andonly if

S1 < ω = BC= q AON 0 = S2 < ω = BP= q AON 0 ? q ; Q;
S3 < ω = BC= q0 AON 0 = E E E = Snc < ω = BC= q0 AQN 0;

wherenc is thedegreeof thecharacteristicpolepoly-
nomialof theoverallclosed-loopsystemandfunctions
Si < ω = BC= q A , i D 1 = E E E = nc areassociatedcoefficientsor
Hurwitz determinantsasexplainedin (PiazziandVi-
sioli, 2001a).

Denote by ua
i < t;τ = ω = BP= q A and ya

i < t;τ = ω = BC= q A , i D
1 = E E E = m respectively the inputs and outputs of the
plant whenthe commandsignalsarera

i < t;τ = ω = αi = q A ,
i D 1 = E E E = m. By virtue of the dynamicinversionap-
proachadoptedto synthesizedthe commandsignals
wehavethatya

i < t;τ = ω = BC= q0 A is almostequalto yi < t;τ A



(seethe final sentencesof subsection3.2). Consider-
ing thepresenceof theregulatingunit C2 R s; S�T ensur-
ing the internal model principle, the steady-statere-
quirementis alwayssatisfiedprovided that therobust
stabilityof theoverall closed-loopis satisfied:

lim
t U ∞

ya
i R t;τ V ω V SPV q T�W y1

i X τ Y 0 and X q Z Q [
For the ith output, the settling time ts

i R τ V ω V SPV q T be
definedastheminimumtime (includingthepreaction
time \ t0 \ ) afterthattheregulatedscalaroutputremains
within a2%rangeof thedesiredsteady-statevalue:

ts
i R τ V ω V SCV q T : W]\ t0 \ ^
min _ s Za`�b : \ ya

i R t;τ V ω V SCV q T�c y1
i \ d 0 [ 02y1

i X t e sf [
Taking a worst-caseviewpoint, the (worst-case)set-
tling time of theoverall multivariableset-pointtrans-
fer canbedefinedas:

twcsR τ V ω V S�T max
i g 1 h i i i hmmax

q j Q : Wk_ ts
i R τ V ω V SPV q T f [

Findingtheoptimaldesignparametersω l , S�l , andτ l
entailssolving the following semi-infinite optimiza-
tion problem:

min _ twcsR τ V ω V S�T : τ V ω ZC`�bOV SmZa`�b m f (16)

subjectto R i W 1 V [ [ [ V mT :
S1 R ω V SPV q TOe ε V S2 R ω V SCV q TQe ε X q Z Q;

S3 R ω V SCV q0 TQe ε V [ [ [ V Snc R ω V SCV q0 TOe ε;
ya

i R t;τ V ω V SPV q TOd R 1 ^ 0 [ 01Ōi T y1
i X t e 0 X q Z Q;

ya
i R t;τ V ω V SCV q TQemc 0 [ 01Ūiy

1
i X t e 0 X q Z Q;\ua

i R t;τ V ω V SPV q T \ d us
i X t e 0 X q Z Q;

wherethe thresholdconstantε is a sufficiently small
positive value. In solving (16) we can rely on the
following result:

Proposition8. For any givenvaluesof theovershoot-
ing and undershootingboundsŌi Y 0 and Ūi Y 0,
i W 1 V [ [ [ V m, the semi-infinite optimization problemR 16T admitsasolutionif, for i W 1 V [ [ [ V m,

max
q j Q _ ith componentofPn 1 R 0;q T y1 f�o us

i (17)

wherey1 : W]p y1
1 V [ [ [ V y1

mq T .

Proof. Omittedfor brevity. It is anextensionof aproof
appearedin (PiazziandVisioli, 2001c).
Two remarks are in order on the above proposi-
tion. First, the condition (17) is well posed be-
causedetP R 0;q TPrW 0 X q Z Q by virtue of Assump-
tion 1. Secondly, Proposition 8 comes as a suffi-
cient condition but it can be also consideredan al-
most necessaryone. Indeed, if there exist an un-
certain parameterq̄ Z Q and an index ī for which_ theith componentofPn 1 R 0;q̄ T y1 fPY us

ī thentheset-
point regulationproblemis intrinsically not solvable
regardlessof the adoptedcontrol method.Whenthis
is the caseit meansthat the plant static gain is too
smallto sustainin thesteady-statethedesiredy1

ī .

Problem(16) is a difficult nonlinearsemi-infiniteop-
timization for which an approximatesolutioncanbe
obtainedby relaxingor discretizingthe semi-infinite
constraints.A simple way to do this is to substitute
thebox Q with its vertexesandto usea geneticalgo-
rithm to finding estimatesof ωl , S l , andτ l (Houck
et al., 1995). This approachrequires,as explained
in (Piazzi and Visioli, 2001c), an algorithmic post-
processingto ensurethe feasibility of the obtained
approximatesolution.A more effective but effortful
approachis to adoptthegenetic/interval algorithmof
GuarinoLo Bianco and Piazzi (GuarinoLo Bianco
andPiazzi,2001)thatprovidesestimatesof theglobal
minimizersandfeasibility is guaranteedwithout any
needof apost-processingvalidationphase.

5. A DESIGNEXAMPLE

As anillustrativeexample,considertheuncertainsys-
tem(m W 3)

P R s;q T�W
stttttu 2

s ^ q1

1
s ^ 5

0

0 2
s c q3R s ^ q1 T R s ^ q2 T 1

s ^ 3
1

s ^ q2
0

2
s ^ q2

v wwwwwx
whereq1 Zkp0 [ 8 V 1 [ 2q , q2 Zmp1 [ 6 V 2 [ 4q , q3 Zmp 0 [ 8 V 1 [ 2q .
Theresultingzeropolynomialof P R s;q0 T is:

zp R s;q0 T�W s3 ^ 60
9

s2 ^ 61
9

s c 118
9

thatmeansthatthereis asingleright half planezeroin
z1 W 0 [ 941.Thetotal relative degreeσ is equalto one
andthereforewe selecteda secondorderButterworth
polynomial:

d R s;ω T7W s2

ω2 ^zy 2
s
ω
^ 1;

Then,we fixed µi W 1, i W 1 V 2 V 3, and consequently
we obtainedk1 Wkc 0 [ 152andk2 W k3 W]c 0 [ 076,ver-
ifying that for thosevaluesthe internal stability of
the closed-loopfrom v to y holds (seeProposition
4). Having fixed the structureof the decouplingcon-
troller andof the regulatingunit, we canperformthe
dynamic inversion procedureon the resulting three
scalarsystems(15) whosetransferfunctionsdepend
onαi , i W 1 V 2 V 3 andω. As desiredoutputfunction,for
all the threescalaroutputswe adoptedthe transition
polynomialof fifth order:

y R t;τ T�W 6
τ5 t5 c 15

τ4 t4 ^ 10
τ3 t3 V t Zzp0 V τ q [

The optimizationproblemhasbeensolved by means
of geneticalgorithms(Houck et al., 1995).We fixed
us

i W 1 [ 5, i W 1 V 2 V 3 andamaximumovershootof 10%
anda maximumundershootof 5% for all theoutputs.
It resultsα l1 W 2 [ 766,α l2 W 5 [ 277,α l3 W 6 [ 090,ω l W
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9 � 652 and τ |�� 16� 84 and the correspondingworst-
casesettling time is 23.82s.The optimal command
signalsare plotted in Figure 3 and the correspond-
ing worst-casecontrolsignalsandsystemoutputsare
shown in Figures4 and5 respectively.

6. CONCLUSIONS

In thispaperwehavepresentedadesignmethodology,
basedon dynamic inversion, for the robust regula-
tion of uncertainmultivariablesystems.Thecombined
synthesisof thecontrollerandof thecommandinput
functions,which is accomplishedmainly by solving

the optimization problem (16) is a strong point of
theoverall technique,because,basically, thefeedback
controllerssignificantly reducestheeffectsof theun-
certaintiesandof thecouplingandthereforepermitsto
thestabledynamicinversionbasedcommandsignalto
improve theperformancesof theset-pointtransfers.
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