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What ISLAAS-CNRS? 1

Q%h soensee FrenchNationalCenterfor ScientificResearch.

SCIENTIROUE

[1 Publicbasic-researchrg. producingknowledgeandmakingit availableto society
[1 26,000emplo/ees(11,600researchers).
[1 1,260units,spreadhroughouthe country cover all fieldsof research.

o 1@ AnalysisandArchitectureof Systems

[1 Partof CNRS- STIC department
(ScienceandTechnologyfor InformationandCommunication)
[1 500employees(200researchers)

[1 12researclgroups

[1 ControlTheory, Robotics Micro andNano-Systemg omputerscience
[1 In ToulouseFrance.
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Methods and Algorithmsin Control group 2

MAC grouplhttp://wwm. | aas. fr/ MAC

[1 Researclields: Rolustcontrol& Non-linearcontrol
[1 Applicationfields: Aeronautics% Spaceandustry& Environment

Researcin robustcontrol

[1 MIMO LTI systemswith parametriauncertainty
[1 State-spacmodelingandLyapuna theory
[1 Stability andperformancd€H.,, Ho, polelocation,impulseto peak)
[1 Analysis& Controldesign(state-feedbacKull-order andstaticoutput-feedback)
[1 LMI basedesults& Semi-definitgprogramming
[1 RolustMULLti-Objective Controltoolbox (V1 in September)
http://ww. | aas. fr/ OLOCEP

N DE= QuadraticSeparatiorior RolustnesandDesign



Outline 3

Quadratic separation for LTI systems
Examplesof resultsfor robustnessand design

[ Preliminariesandnotations
[] Rolustanalysisandlosslessnessf quadraticseparators
[] Quadraticseparatiorandcontroldesign

QuadraticSeparatiorior RolustnesandDesign



M ethodology and notations 4

Uncertainmodel
[1 Engineeringoroblemmodeledasuncertaindifferentialequationsvith constraints
[1 State-spackT| systemg parametriaincertainty poleandinducednormconstraints

Y
Optimizationproblem

[1 At best:losslesgormulationwith a globalpolynomial-timealgorithm

[1 Corveniently:Consenrative formulationwith a globalpolynomial-timealgorithm
[1 Usually: Conserative with sub-optimaheuristicalgorithm

0 LMI formulatedresultsd corvex SDP& O(n®®) algorithms

[1 YALMIP interfacein Matlab& Solvers:SeDuMi,SDPT3,CSDR...

- = miny : L(P,0,y)<0

X=A(L)x+B(A) | || 7
|

(00)
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Topological Separation 5

Graphof 21 andinversegraphof 2:

G(Z1)={ x= ‘  Z1(zw) =03 G'(Z)={ x= ‘ : So(w,2) =0
W W

Stability result[Safonw]:

21
Theinterconnectegystem éﬁv L Z isstable
27

0 iff  G(Z1)NG'(Z2) = {0}

d(x) >0, Vx€ G(Z1)
d(x) <0, VX G'(Xp)

0 iff dd

d: topologicalseparator (seealso“supplyrate”in dissipatve theory[Willems])
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Quadratic Separ ation 6

Quadratidunctionfor thetopologicalseparator;

d(X) =x*Ox © = O* ¢ CMp)x(m+p)

E.g.for matrix gains

Losslesdor linearsystems

. 21 € chxm
Theinterconnectegystem W _|v
20 € cmxPp

AI_ Z Is well-posed

0 iff  def1 —3155) #0

"

Oiff 40 <

wlso1le Ww>0, YW#0

N*? Mia 7<0 . Vz#£0
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Oneinterconnected operator Isuncertain 7

Rolustanalysis

M“_. = AUUXB .
W _|v z is robustly well-posedor all >, ¢ 1 ¢ C™*P
2 -

O iff def1—2122)#0, V2o U

"

ﬁMM H;mu >0

Oiff 40 <

1 5 |0 <0, Vi,el

[1 QuadraticseparatiomesultsareLMI-based.
[I Isit possibleto handletheinfinite-dimensionatonstraintithout conseratism?

i
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Oneinterconnected operator Isuncertain 8

Example.Lyapunw matrix

A RM™N . . .
ﬁv L IS stable(interconnectionvell-posedor all )
1
\ .
A
ﬁ AT 1 Tu >0
1
O iff 36 @ < ST
1
1 510 <0 .V
1
f - -
. o -P A T
0 iff 3= . P>0 . ?4 i@ — _ATP_PA>0
—P 0 1

[1 Losslesgjuadraticseparatar
[1 Othersetsthan [1 polelocation.

s iz 1 QuadraticSeparatiorfor RolustnessindDesign
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Oneinterconnected operator Isuncertain 9

Example:boundedeallemma)

= - IS robustly stable( u )
A B [1iff thereexistsaseparatosuchas:
W ﬁv L &k | L N 0 0 —P 0 et
| 0 i o— 0 —-11 O 0 |
0 —-P 0 0 0 >0
- - 0 0 0 T

thatsatisfiegshe LMI constraint:

>4 ATP+PA+1C'C PB+1C'D
ﬁm ¢g® = — >0
1 BTP+1tD'C —11+1D'D

[1 Losslesgjuadraticseparataor
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Conservative and |lossless separ ators 10

Losslessjuadraticseparatorp

[1 Full-block dissipatve (S-procedure)
X Y 1 X Y
ﬁ 1 g <0 & Q=1 , 1>0
Y* Z Y* Z

[1 Disk located repeatedgcomplex valuedscalar

= Ocl oP BP
& ©= , P>0

O+ 0B+ 0B+ 00 y<0 PP YP

[1 Boundedrepeatedtealvaluedscalar

=51 aP  BP+Q P>0
e O = 9

a+25,B+07y<0  BP+QT VWP Q=-Q
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Conservative and |lossless separ ators 11

Consenrative guadraticseparatoror block Q_m@osm_c:om:m_si

[ Repeatedull-block dissipatve ]

=1 ® o ToX ToY
X Y 1 = TRY" TZ
(1 5] - -
Y* Z T>0
[1 Block diagonalpolytopic ] )
| 1
= diag A, ..., A) ? DETV <o
[i] = Al
=5 AN =1, >0 - -
2 2 N O >0

[0 Any block diagonalstructureof previoustypes(losslessf 2(my +mg) +mp < 3)

| diag©!l...) diag®!?...)

= diag /1, .. .) = 0=
diag©%t,...) diag©%?,...)

ks i QuadraticSeparatiorior RolustnessandDesign



Both interconnected operatorsare uncertain 12

Rolustanalysisparametedependenseparatorp

21(A1) .
W _lv A|_ Z IS robustly well-posedor all vV Ay € Uy | V Ay e Uy
Ay

B il BY

Oiff VA, €Uy 3 GADHV S

ﬁﬁ DN%QGADHV <0, VAye U

\

[1 Infinite numberof LMI variables& infinite numberof constraints

Chs s QuadraticSeparatiorior RolustnesandDesign



Both interconnected operatorsare uncertain 13

Example:p-analysis

2(jw) .
Eﬁv A|_ Z is robustly stable( we R, Ac )
A
% i MA.oov i
ﬁ S (jw) 1 gmu:oov “f >0
Oiff Vot 30(jw) @ ¢ o -
. 1
Tﬁ DL@:SV . <0, VAcl
\ -

[0 An optimisticboundon p canthenbe obtainedby gridding{cy, ..., N} C RT.
[1 Foreachwy, build finite dimensionaLMIs.

i
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Both interconnected operatorsare uncertain 14

Example:ParameteidependenLyapunw _ucsoﬁ_osf

- AL .
W 7 is robustly stable( u )
1 -

AT (MP(A) +P(A)A(L) < O
Qi v S p() (L)P(A) +P(A)A(L)

P(A) >0

_ . n _
: 1 C D
Question|WhenA(A) = A+ BA(1 —DA)™C éﬁv ! ] L 5
Z ’
how is this resultrelatedto therobuststability of | 1 0 ]
()
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Towardslosslessrobust analysis 15

Answer:| Considettheimplicit augmentedystem

"

X =Ax +Bw

W= W

>
ﬁv L 2 {4 z=Cx +Dw
diags 1,

H_.u Y/ . .
) z=CAx+CBw +Dw

0= -W 4w

\
Quadraticseparation=- parametedependentyapunw matrix

1
(1—-DA)~IC

P(A)=|1 CT(x-Dn)~TaT |P

Prospectie work:

[I In relationwith [Bliman], build asymptoticallylossles$?-D Lyapuna functions
[1 Take into accountinformationon the derivativesof
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Quadratic separation v.s. control law 16

- 2
Thereexistsamatrix K suchthat W z Isstable
K -
. > 1
0 iff 3K ., 30 ﬁm%imu >0 T_ xL@ <0
1 K
_ - (f I M ]
| X Y 1o >0
O iff 360= R 1
Y* Z -
- - | X <YZ ty* Z>0
. 1 .. . .
O All matricesK mcosﬁ:m% 1 K* Tu < 0, stabilizetheinterconnection.
K

[0 Thenon-linearconstraintX < YZ~1Y* is notcorvex

Oks zmm T QuadraticSeparatiorior RolustnesandDesign



| mprovements and challenge 17

A

\AJ
™M

Quadraticseparatiorior design features

Za)
Al

Y

[1 Designof setsof controllersthandledragility
[1 LMI formulationsfor state-feedback&ndfull-order output-feedback
O All robustmulti-objective problemscanberecasiasLMIs + X <YZ~1y*

Challengej

[1 Algorithmsto handlethe non-lineamatrix inequality
[1 Successfutesultsof a gradient-typealgorithm- to beimproved.
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Some general prospectives 18

[1 Towardslosslesgobustanalysiss PDLF andbeyond
[1 Topologicalseparatiorior controldesign
[1 Algorithmsfor NLMIs

[1 Freeacademioftwareto testandcomparaesults.
http://ww.|aas. fr/OLOCEP

[1 Controltheoryandoptimization- Duality, separation...
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