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v
Résumé Détaillé
Introdu
tionLes systèmes éle
troniques 
ommutés sont de plus en plus utilisés dans plusieurs domainesdomestiques ou industriels: les é
rans à 
ristaux liquides, les appareils éle
troménagers,l'é
lairage, les ordinateurs personnels, les 
entrales éle
triques, les véhi
ules de transportet ainsi de suite. L'e�
a
ité des opérations de toutes les appli
ations dépend du travailessentiel réalisé par des systèmes éle
troniques à 
ommutation, dont le 
omportement estdéterminé par une inter
onnexion et un 
ontr�le appropriés des dispositifs analogiques etnumériques.De point de vue te
hnique, la plupart des systèmes éle
troniques 
ommutés peuventêtre 
lassés 
omme 
onvertisseurs de puissan
e. Ces systèmes peuvent être 
onsidérés
omme des réseaux 
omposés de 
ommutateurs à semi-
ondu
teurs, par exemple, thyris-tors, transistors et des diodes, ainsi que des éléments passifs, par exemple, des 
ondensa-teurs, des indu
tan
es et des résistan
es, et des sour
es de 
ourant-tension.La 
lassi�
ation la plus fréquente de systèmes de 
onversion de puissan
e est baséesur la forme d'onde des signaux d'entrée et de sortie, si elles sont en 
ourant alternatif(AC) ou à 
ourant 
ontinu (DC). Selon le 
ara
tère de la sour
e d'entrée, ils peuvent être
onvertisseurs à sour
e de tension ou 
onvertisseurs à sour
e de 
ourant. En outre, les
onvertisseurs peuvent être de faible, moyen ou haut niveau de tension et/ou de 
ourant.Les systèmes à 
ommutation jouent un r�le fondamental dans tous les environnementsoù la régulation, le 
ontr�le et la 
onversion de l'énergie éle
trique est une question 
lé.Ces dernières années, des 
ontraintes d'e�
a
ité de et de qualité plus exigeantes sontimposées sur l'énergie éle
trique dans des appli
ations telles que les systèmes de puis-san
e, les véhi
ules de transport. Ce qui a déterminé un intérêt de nouvelles re
her
hesdans l'étude des appro
hes formelles pour l'analyse, la 
on
eption et le 
ontr�le des 
on-vertisseurs de puissan
e. Dans 
e 
ontexte, l'analyse, la 
on
eption et le 
ontr�le dessystèmes éle
troniques 
ommuté est une question 
lé, et l'utilisation d'outils mathéma-tiques avan
és peut être une appro
he e�
a
e pour lutter 
ontre les exigen
es 
roissantesde performan
e et d'e�
a
ité.Comme motivation de 
e travail, nous 
onsidérons les 
onvertisseurs DC-DC de puis-san
e, en raison de leurs large gamme d'appli
abilité, et leurs présen
e dans tous les types



vi Résumé Détailléde 
ir
uits éle
troniques, soit dans les appli
ations industrielles (systèmes d'alimentationd'engins spatiaux, les matériels de télé
ommuni
ation) ou les appli
ations personnelles(PC, matériel de bureau, appareils éle
triques), et ave
 une gamme de puissan
e dequelques milliwatts, pour le téléphone portable par exemple, à des mégawatts, pour lessystèmes éle
triques de transmission de puissan
e.Le problème de la modélisation et le 
ontr�le de 
es systèmes d'éle
tronique de puis-san
e, 
'est qu'ils ont des topologies de 
ir
uit qui intègrent des éléments en temps 
on-tinu, 
omme des résistan
es, des indu
tan
es, 
ondensateurs, et de sour
es de tension etde 
ourant qui sont interfa
és ave
 des appareils éle
troniques tels que les diodes et les
ommutateurs éle
troniques tels que des thyristors, des transistors MOSFET. Cela 
on-duit à des types de systèmes hybrides qui impliquent un 
omportement d'un système entemps 
ontinu mélangé ave
 un 
omportement de 
ommutation logique à temps dis
ret.Les systèmes de 
ontr�le traditionnels a été basée sur des modèles moyennés où l'a
tiondes 
ommutateurs sont assimilés à des signaux 
ontinus allant dans un 
ertain intervalfermé,[0, 1] , en négligeant la présen
e d'ondulations.Une littérature ré
ente sur les systèmes hybrides est apparue dans la 
ommunauté de
ontr�le dans les dernières années [25℄. Comme d'habitude dans la théorie du 
ontr�le,l'obje
tif prin
ipal de la re
her
he s'est orientée vers le développement de méthodologiesgénérales, surtout pour l'analyse [22℄ mais aussi pour la 
on
eption du 
ontr�leur, des
lasses de systèmes dynamiques hybrides a motivation théorique. Pour 
ela, il est unvraiment besoin de développer un 
ontr�le hybride et l'obje
tif de 
ontr�le ne sera pasla stabilisation d'un point d'équilibre, mais la génération d'une orbite périodique autourd'un point de fon
tionnement désiré.Motivé par 
e fait, dans la première partie de la thèse une perspe
tive di�érente aété adoptée, 
'est le développement d'une solution pour des exemples pratiques. Nousallons 
onsidérer un 
onvertisseur de type boost et un 
onvertisseur bu
k-boost en moded'operation dis
ontinue DCM, et notre prin
ipale 
ontribution sera un algorithme de 
on-tr�le simple et robuste.Négliger la présen
e des ondulations permet de reformuler le problème de regulationdu 
onvertisseur 
omme un problème d'équilibre 
lassique pour qui, des te
hniques non-linéaires de 
on
eption des 
ontr�leurs, par exemple, mode de glissement et de la passivitésont dire
tement appli
ables.Développer le 
ontr�le des systèmes non linéaires, qui intègre à un niveau fondamen-tal la stru
ture des systèmes physiques et fournit des solutions à des problèmes pratiquesd'ingénierie, a été la motivation de plusieurs ouvrages. Une 
ontribution prin
ipale dans
e domaine a été l'identi�
ation d'une grande 
lasse de 
onvertisseurs qui peuvent êtrestabilisées par l'intermédiaire de la régulation adaptative PI. Une pro
édure de 
on
evoir



viides 
ontr�leurs linéaires proportionnel et intégral assurant la stabilité asymptotique glob-ale pour les 
onvertisseurs de puissan
e a été proposé dans [39℄. La 
onstru
tion né
essitela mesure de l'état 
omplet du système, qui est souvent indisponible dans la pratique.L'obje
tif prin
ipal de la deuxième partie sera de montrer que l'appro
he I&I de [37℄peut être utilisé pour 
on
evoir un observateur asymptotiquement 
onvergent d'ordreréduit pour une 
lasse bien dé�nie de 
onvertisseurs de puissan
e, qui est 
ara
térisépar une simple inégalité matri
ielle linéaire (LMI). Par ailleurs, nous allons prouver quel'observateur I&I peut être 
ombiné ave
 le 
ontr�leur PI en préservant les propriétés dela stabilité asymptotique globale de la bou
le. La nouvelle 
ommande est appliquée àréguler la tension du 
onvertisseur SEPIC.Dans 
e resumé, nous allons presenter les 
ontributions prin
ipales de la thèse:Dans la première partie nous intéressons au problème de la régulation de la tensiondes 
onvertisseurs de puissan
e fon
tionnant dans le mode de 
ondu
tion dis
ontinue.Deux 
onvertisseurs de puissan
e sont 
onsidérés: le 
onvertisseur boost et le 
onvertis-seur bu
k-boost. L'obje
tif de 
ommande est la génération d'une orbite périodique. Notreprin
ipale 
ontribution est un algorithme simple et robuste qui donne des formules ex-pli
ites pour les temps de 
ommutation sans approximations. Les résultats de simulationet expérimentales qui illustrent la robustesse du système à l'in
ertitude des paramètres,ainsi que des 
omparaisons de performan
e ave
 la pratique a
tuelle, sont présentés.Dans la deuxième partie une 
lasse de 
onvertisseurs de puissan
e qui peut être glob-alement stabilisé ave
 un 
ontr�leur PI a été identi�é. Par ailleurs, nous allons prouver quel'observateur I&I peut être 
ombiné ave
 le 
ontr�leur PI tout en préservant les propriétésde stabilité asymptotique globale de la bou
le fermé. La 
lasse se 
ara
térise par une in-égalité matri
ielle linéaire simple. Le nouveau 
ontroleur est illustré ave
 le 
onvertisseurtrès - populaire, et di�
ile à 
ontroler, le SEPIC, pour lequel les résultats expérimentauxsont présentés.Commande Hybride Robuste des Convertisseurs de Puis-san
e DC-DC en Mode de Condu
tion Dis
ontinueLes interrupteurs idéals dans les 
onvertisseurs de puissan
e sont généralement mis enoeuvre en utilisant des dispositifs semi-
ondu
teurs unidire
tionnels qui peuvent 
onduireà une nouveau mode de fon
tionnement générique appelé mode de 
ondu
tion dis
ontinu(DCM). Ce mode survient lorsque l'ondulation est su�samment grande pour provoquerla polarité du signal (
ourant ou tension) appliquée à l'interrupteur à inverser, en violantles hypothèses de l'irréversibilité formulées dans la réalisation de l'interrupteur. Dans lestopologies de 
onvertisseur 
lassique le mode dis
ontinu apparaît très souvent pour unefaible 
harge [24℄.



viii Résumé DétailléLa dynamique du 
onvertisseur est signi�
ativement altérée dans le mode de 
ondu
-tion dis
ontinu. Les te
hniques existantes pour l'analyse et la 
on
eption du 
ontr�leur,notamment, les approximations de la dynamique moyenne (valable pour les 
ommuta-tions rapides) ou pour les petites ondulations, ne sont plus valables. Ave
 les approxima-tions derniers le 
onvertisseur peut être traité 
omme un système 
ontinu (éventuellementnon linéaire), ave
 l'a
tion des 
ommutateurs assimilé à des signaux 
ontinus allant dansun 
ertain interval fermé, [0, 1]. Négliger la présen
e des ondulations permet de refor-muler le problème de régulation 
omme un problème de stabilisation 
lassique pour lequel,plusieurs te
hniques non-linéaires de 
on
eption des 
ontr�leurs, par exemple, modes glis-sants [29℄ - [33℄ et à base de la passivité [34℄ - [36℄, sont dire
tement appli
ables. Dansla plupart de 
es littératures que le mode de fon
tionnement 
ontinu CCM est 
onsid-éré. Une méthode de 
al
ul des instants de temps de 
ommutation sur la base d'énergiedu 
onvertisseur boost en fon
tionnement DCM, où les ondulations sont 
onsidérés a étéproposé dans [28℄. Dans 
ette stratégie, les instants de 
ommutation sont 
hoisis de sorteque le 
hangement d'énergie totale est égale à zéro. Les 
al
uls né
essaires ne sont passimples dans 
ette stratégie, et seul les résultats de simulation sont présentés.Le 
onvertisseur don
 est un système de hybride, qui présente des 
omportements dessystèmes à temps 
ontinu et à temps dis
ret en meme temps. Les signes distin
tifs seront
omme suit:(i) Le 
ontr�le n'est pas un signal 
ontinu, mais dire
tement les positions des 
ommu-tateurs, qui prennent des valeurs binaires {0, 1}, et dé
ide la 
ommutation entre lesdi�érentes topologies du 
onvertisseur.(ii) En raison de 
onsidérations te
hnologiques, l'a
tivation des interrupteurs est soumisà un temps minimum qui doit être pris en 
ompte.(iii) En plus des 
ommutations induites par les positions de 
ommutation, il y aura les
ommutations for
ées en raison de la violation de l'hypothèse de l'unidire
tionnalité.(iv) Comme l'ondulation ne peut être négligé, l'obje
tif de 
ontr�le n'est pas la stabili-sation d'un point d'équilibre, mais la génération d'une orbite périodique (�ave
 uneamplitude minimale") autour du point de fon
tionnement souhaité.Une littérature ré
ente sur les systèmes hybrides est apparue dans la 
ommunauté de
ontr�le dans les dernières années [25℄. Comme d'habitude dans la théorie du 
ontr�le,l'obje
tif prin
ipal de la re
her
he s'est orientée vers le développement de méthodologiesgénérales, surtout pour l'analyse [22℄ mais aussi pour la 
on
eption du 
ontr�leur, des
lasses de systèmes dynamiques hybrides à motivation théorique. Pour 
ela une per-spe
tive di�érente a été adoptée, 
'est le développement d'une solution pour des exemples



ixpratiques. Nous allons 
onsidérer un 
onvertisseur de type boost et un 
onvertisseur bu
k-boost en mode d'operation dis
ontinu DCM. La formulation du problème sera présentédans la se
tion suivante.Modèle et formulation du problèmeDeux types de 
onvertisseurs de puissan
e sont 
onsiderés: le 
onvertisseur boost et le
onvertisseur bu
k-boost donnés dans les Figs. 1.4(b), et 1.4(
).Les 
ir
uits pour les trois topologies 
orrespondants aux trois modes d'opération sontdé
rits dans les Figs. 2.1, et 2.2. Ces modes depend de la position de l'interrupteur etde la 
ondu
tion de la diode diode 
omme dé
rit 
i-dessous. Les états sont le 
ourant del'indu
tan
e x1 et la tension du 
ondensateur x2. La dynamique dans les deux 
as sontdé
rits par le modèle:
ẋ = Aix+ bivin, i = 1, 2, 3,ou le paire (Ai, bi) 
onstitut la matri
e du système et la matri
e d'entrée, i=1,2,3 représentele mode de fon
tionnement.Dans le 
as du 
onvertisseur boost: Les paires (Ai, bi) pour les trois topologies sont

Ω1 : A1 =

[
−rL
L

−1
L

1
C

−1
CR0

]
, b1 =

[
1
L

0

]

Ω2 : A2 =

[
0 0

0 −1
CR0

]
, b2 =

[
0

0

]

Ω3 : A3 =

[
−rL
L

0

0 −1
CR0

]
, b3 =

[
1
L

0

]
.Dans la topologieΩ3, lorsque l'interrupteur est ON, la batterie externe vin ∈ R+ fournitde l'énergie magnétique a l'indu
tan
e L, tandis que l'énergie éle
trique du 
ondensateur

C est dé
hargé dans la 
harge, représentée i
i par une résistan
e R0. Lorsque l'interrupteurest OFF et la diode est ON le 
ir
uit prend la topologie Ω1, alors l'énergie se transfert del'indu
teur au 
ondensateur, assurant la 
onstru
tion de sa tension de x2 et la réalisationde l'ampli�
ation souhaitée. La topologie Ω2 représente le mode de 
ondu
tion dis
ontinu.Dans le 
as du 
onvertisseur bu
k-boost: Les paires (Ai, bi) pour les trois topologiessont
Ω1 : A1 =

[
−rL
L

−1
L

1
C

−1
CR0

]
, b1 =

[
0

0

]

Ω2 : A2 =

[
0 0

0 −1
CR0

]
, b2 =

[
0

0

]

Ω3 : A3 =

[
−rL
L

0

0 −1
CR0

]
, b3 =

[
1
L

0

]
.



x Résumé DétailléPour le 
onvertisseur bu
kboost Fig.2.2, l'indu
tan
e gagne de l'énergie dans la topologie
Ω3 et le 
ondensateur perd son énergie dans les topologies Ω3 et Ω2. Dans la topologie Ω1l'indu
tan
e fournit de l'énergie au 
ondensateur.Les deux systèmes évoluent dans l'ensemble {x1 > 0, x2 > 0} =: R2

+ pour les topologies
Ω1 et Ω3, tandis que pour la topologie Ω2, les traje
toires sont limitées à l'ensemble
{x1 = 0, x2 > 0}. Une traje
toire typique dans le plan de phase x1 − x2 est montréedans la �gure Fig. 2.3, où ti ∈ R+, i = 1, 2, 3, représente le temps pendant 
ha
une destopologies.En raison de 
onsidérations te
hnologiques, un minimum de temps (dwell time), tD ∈
R+, est imposé à l'interrupteur. Si tD est grand, par rapport à la 
onstante de temps R0C,le 
ourant x1 devient nul et une transition for
ée de Ω1 à Ω2 est induite. D'autre part,les transitions de Ω2 à Ω3 et de Ω3 à Ω1, déterminées par la position de l'interrupteur,sont dé
idées par le 
ontr�leur. Bien sûr, 
es temps de transition de 
ommutation doiventrespe
ter la 
ontrainte de temps minimale.Compte tenu de t1 � le temps qu'il faut pour le 
ourant pour passer à zéro � le
on
epteur doit dé
ider les temps de 
ommutation t2 et t3, qui devraient satisfaire la
ontrainte sur le temps

t3 ≥ tD, t1 + t2 ≥ tD.L'obje
tif du 
ontr�le est de générer un 
y
le limite attra
tif (de période t1 + t2 + t3)
ontenu dans la bande
x2(t) ∈ [x∗

2 − ǫ1, x
∗
2 + ǫ2],où x∗

2 ∈ R+ est la valeur moyenne souhaitée pour x2 et � pour réduire au minimuml'ondulation de la tension � les 
onstantes ǫi ∈ R+ sont aussi petits que possible. Bienque la gamme des valeurs de x1(t) n'est pas la prin
ipale préo

upation, pour des raisonspratiques, 
e 
ourant est également limité à une borne supérieure x1(t) ≤ xM
1 .Algorithme de 
ommandeLes 
al
uls dans la se
tion 2.3 
onduisent à l'algorithme de 
ontr�le suivant:Step 1. Fixer un point (x0

1, x
0
2) ∈ R

2
+, tel que t3 donné par:

t3 = − L

rL
ln

(
1− rLx

0
1

vin

)
.véri�e t3 ≥ tD et x0

2 < x∗
2.Step 2. A l'instant t0 ≥ 0 quand x(t0) = (x0

1, x
0
2) a
tiver le passage de u = 0 à u = 1.Step 3. Attendre (en mode Ω1) jusqu'à x1(t) = 0 et mesurer x1

2 
orrespondant.Step 4. Cal
uler t2+ t3. Si t2 > 0 aller à l'étape 5, sinon de�nir t2 := tD − t1, puis passerà l'étape 5.Step 5. Attendre (en mode Ω2) pour un temps t2 et a
tiver le passage de u = 1 a u = 0.



xiStep 6. Attendre (en mode Ω3) pour un temps t3 et mesurer l'état, soit (x0
1, x

0
2). Véri�ersi, pour la nouvelle valeur (x0

1, x
0
2), t3 ≥ tD et x0

2 < x∗
2. Si oui, aller à l'étape 2, sinonattendre pour un temps plus long jusqu'à 
e que l'état est 
onforme aux 
ontraintes, puisattribuer la nouvelle valeur t3 et passer à l'étape 2.Comme indiqué dans l'introdu
tion, en fon
tionnement normal, le 
ir
uit fon
tionnedans le DCM, d'où à l'étape 3 t2 > 0. En outre, il est 
lair que, dans des 
onditionsidéales, lorsque les paramètres sont exa
tement 
onnues et il n'ya pas de perturbations,le point de (x0

1, x
0
2) obtenu à l'étape 6 
oïn
ide ave
 le point initial. Toutefois, en pratiqueil y aura un é
art, d'où la né
essité de re
al
uler les temps de 
ommutation en fon
tiondes mesures.Cet algorithme peut être robusti�é vis à vis les in
ertitudes dans les 
onstantes detemps. Ce 
al
ul est presenté dans la se
tion 2.4L'utilité du système de 
ontr�le proposé a été évaluée par des simulations numériqueset des éxperimentations. Les résultats sont présentés respe
tivement dans les se
tions:2.5 et 2.6.Stabilisation des Convertisseurs de Puissan
e par PI ave
des Mesures Partielles de l'ÉtatLes 
ontroleurs se basant sur la passivité ont été très e�
a
es pour les 
onvertisseurs depuissan
e. Mais, pour générer la sortie pourlaquelle la passivité in
rémentielle est établie[39℄, la mesure 
omplète de l'état est généralement requise. Pour des raisons é
onomiqueset te
hnologiques, il est souhaitable d'éviter la né
essité d'avoir de 
apteurs dans les
onvertisseurs de puissan
e, et don
 détendre l'hypothèse d'une mesure de l'état.La prin
ipale 
ontribution de 
ette partie est de montrer que l'appro
he de l'immersionet l'invarian
e (I&I) de [37℄ peut etre utilisée pour 
on
evoir un observateur à ordre réduitasymptotiquement 
onvergent pour une 
lasse dé�nie de 
onvertisseurs de puissan
e, quise 
ara
térise par une inégalité matri
ielle linéaire simple (LMI). Par ailleurs, l'observateurI&I peut etre 
ombiné ave
 le 
ontroleur PI proposé dans [39℄ préservant les propriétésGAS de la bou
le fermée. Le nouveau 
ontroleur est appliqué pour réguler la tension du
onvertisseur très - populaire, et di�
ile à 
ontroler, le SEPIC, pour lequel les résultatsexpérimentaux sont présentés.Con
eption de l'observateurNous 
onsidérons la 
lasse de 
onvertisseurs de puissan
e 
ommutés ave
 des 
ondensa-teurs et des indu
tan
es linéaires, dé
ris dans la forme hamiltonienne

ẋ =

(
J0 +

m∑

i=1

Jiui −R

)
∇H(x) + E (1)



xii Résumé Détailléoù x ∈ R
n, 
omposée des �ux des indu
teurs et des 
harges des 
ondensateurs, est l'étatdu 
onvertisseur, u ∈ R

m désigne le rapport 
y
lique, l'énergie totale sto
kée dans lesindu
tan
es et les 
ondensateurs est
H(x) =

1

2
x⊤Qx, Q = Q⊤ > 0, (2)

∇ = ∂
∂x
, Ji = −J⊤

i ∈ R
n×n, i ∈ {0}⋃ m̄ := {1, . . . , m} sont les matri
es d'inter
onne
tions,

R ∈ R
n×n, R = R⊤ ≥ 0 est la matri
e de dissipation, et le ve
teur E ∈ R

n 
ontient lessour
es de tension et 
ourants externes.Le problème d'observateur d'état est formulé 
omme suit. Supposons
ym = Cx ∈ R

p,ave
 p < n et C ∈ R
p×n rang plein, est disponible pour la mesure. Pour re
onstruire l'état

x on de�nit une matri
e S ∈ R
(n−p)×n telle que la matri
e 
arrée

T :=

[
S

C

]
∈ R

n×n (3)est de rang plein et on 
onsidère le 
hangement de 
oordonnées
[

η

ym

]
= Tx.Le problème est alors de produire une estimation pour le ve
teur η ∈ R

n−p, η̂ ∈ R
n−p,pour dé�nir l'état observé 
omme

x̂ := T−1

[
η̂

ym

]
=
[
D1 D2

] [ η̂

ym

]
, (4)où, pour une référen
e future, on a introduit les matri
es D1 ∈ R
n×(n−p) and D2 ∈ R

n×p.Une 
lasse de 
onvertisseurs de puissan
e pour laquelle le problème d'observation estrésolu est 
ara
térisée par le LMI qui suitHypothèse 1. Etant donné
J0, · · · , Jm, R,Q ∈ R

n×n,

S ∈ R
(n−p)×n, D1 ∈ R

n×(n−p), C ∈ R
p×n.On de�nit

F0 := S(J0 − R)QD1

Fi := SJiQD1, i ∈ m̄

G0 := C(J0 − R)QD1

Gi := CJiQD1, i ∈ m̄. (5)



xiiiIl existe
Z ∈ R

(n−p)×p, P = P⊤ ∈ R
(n−p)×(n−p)solution des LMI suivantes

P > 0sym {PF0 + ZG0} < 0sym {PFi + ZGi} = 0, i ∈ m̄, (6)où sym{·} désigne la partie symétrique.Proposition 1. Considérons le 
onvertisseur de puissan
e (1), (2) véri�ant l'hypothèse1. Dé�nissons
A : R

m → R
n×n

A(u) := (J0 −R)Q +

m∑

i=1

JiQui, (7)ave
 u := 
ol(u1, . . . , um). l'observateur I&I a dimension (n− p)

ξ̇ = (S + ΓC)[A(u)((D2 −D1Γ)ym +D1ξ) + E]

η̂ = ξ − Γym (8)où
Γ = P−1Z ∈ R

(n−p)×p (9)ave
 P et Z la solution des LMI, assure la 
onvergen
e exponentielle globale de l'erreurd'observation. Pour toutes les 
onditions initiales x(0) ∈ R
n, ξ(0) ∈ R

n−p, et tout u(t), ilexiste α, k ∈ R+ tel que
|η̂(t)− η(t)| ≤ ke−αt|η̂(0)− η(0)|,pour tout t ≥ 0, où | · | est la norme eu
lidienne.La preuve de 
ette proposition est donné dans la se
tion 3.1.Controlleur PI à retour de sortie GASDans 
ette se
tion, nous proposons d'utiliser l'observateur I&I de la se
tion pré
édente,ave
 le 
ontroleur PI du [39℄, préservant la GAS de la bou
le fermé. A�n de simpli-�er notre présentation (une légère variation) des prin
ipaux résultats rapportés dans le
hapitre 1 sont d'abord rappelés 
i-dessous.



xiv Résumé DétailléProposition 2. Considérons un 
onvertisseur de puissan
e dé
rit par (1). Soit x⋆ ∈ R
nun point d'équilibre admissible, alors, il satisfait

0 =

(
J0 +

m∑

i=1

Jiu
∗
i − R

)
Qx⋆ + E, (10)pour 
ertains u⋆ ∈ R

m. On de�nit l'entrée in
rémentale
ũ := u− u⋆,et le signal de sortie
y = Cx,ave


C := −




(x⋆)⊤QJ1Q...
(x⋆)⊤QJmQ


 ∈ R

m×n. (11)1. L'appli
ation ũ → y est passive. Plus pré
isément, le système véri�e l'inégalité dedissipation
Ḣ ≤ y⊤ũ, (12)ave
 la fon
tion de sto
kage

H : R
n → R+

H(x̃) =
1

2
x̃⊤Qx̃, (13)ou x̃ := x− x⋆.2. Le 
onvertisseur de puissan
e en bou
le fermée ave
 le régulateur PI

ẇ = y

u = −Kpy −Kiw, (14)ave
 Kp = K⊤
p > 0, Ki = K⊤

i > 0 assure que l'équilibre
(x, w) = (x⋆,−K−1

i u⋆),est GAS si y est dete
table. Autrement dit, si pour toute solution (x(t), w(t)) de la bou
lefermée du système, l'impli
ation suivante est vraie:
y(t) ≡ 0 ⇒ lim

t→∞
x(t) = x⋆, lim

t→∞
w(t) = −K−1

i u⋆. (15)Nous sommes en mesure de présenter le résultat prin
ipal de 
ette se
tion.



xvProposition 3. Considérons un 
onvertisseur de puissan
e dé
rit par (1), véri�ant l'hypothèse1, ave
 un état d'équilibre x⋆ et une entrée 
orrespondante u⋆. Supposons (15) de la propo-sition détient. le 
ontrolleur PI ave
 l'observateur
ẇ = Cx̂
u = −KpCx̂−Kiw (16)où x̂ est l'estimation de l'état généré par l'intermédiaire (4), (7), (8) and (9), assure quel'équilibre

(x, w, z) = (x⋆,−K−1
i u⋆, 0)est GAS.La preuve de 
ette proposition est également fourni dans la se
tion 3.3.Appli
ation au SEPICLe SEPIC est un des 
onvertisseur de puissan
e qui a trouvé une large appli
ation dansl'industrie par
e qu'il est relativement simple et peut fon
tionner aussi bien en modeelevateur et abaisseur [49℄. En dépit de sa similitude ave
 le 
onvertisseur Cuk bien 
onnu,il est largement re
onnu que la 
on
eption d'un 
ontroleur pour obtenir un 
omportementde haute performan
e est un problème majeur ouvert.En supposant qu'il est en mode de 
ondu
tion 
ontinue, son modèle moyen, peut etreexprimé sous forme hamiltonienne (1) ave
 n = 4 et les dé�nitions

x = 
ol(φ1, φ2, q1, q2), E = 
ol(Vin, 0, 0, 0)

R = diag{rL1
, rL2

, 0,
1

r

}

Q = diag{ 1

L1
,
1

L2
,
1

C1
,
1

C2

}

J0 =




0 0 −1 −1

0 0 0 1

1 0 0 0

1 −1 0 0




J1 =




0 0 1 1

0 0 −1 −1

−1 1 0 0

−1 1 0 0






xvi Résumé Détailléou φi sont les �ux dans les indu
teurs Li, qi les 
harges dans les 
ondensateurs Ci, u estl'indi
e de modulation, Vin est la tension d'alimentation 
onstante dire
te, Li, Ci, rLi
,sont les paramètres SEPIC et r est la résistan
e de 
harge.L'obje
tif du 
ontrole est la régulation de la tension de sortie à une valeur donnée
onstante V ⋆, i.e., la régulation de la 
harge x4 pour une référen
e souhaitée x⋆

4 > 0 où
C2V

⋆ = x⋆
4. Il est supposé que la seule variable disponible pour la mesure est la tensionde sortie, parsuite p = 1, et

C = (0 0 0 1).La proposition 
i-dessous qui � par la proposition 1 établit l'existen
e d'un observateurI&I GAS. L' appli
ation dire
te de la proposition prouve alors qu'un 
ontroleur PI parretour de sortie rend le SEPIC GAS.Proposition 4. Fixons P13 > 0 et posons
P22 =

1

rL2

P13 +K (17)
P33 = (rL2

+
L2

C1rL2

)P13 +
L2

C1
K. (18)Il existe Kmin > 0 tel que, pour tous K ≥ Kmin les matri
es

P =




L2

L1

P22 0 P13

0 P22 P13

P13 P13 P33


et

Z =




−P13

−P13

L2(
P22

C1
− P33

L1
)


 .sont solutions des LMI de l'Hypothèse 1 pour le modèle du SEPIC. Par ailleurs, K devraitsatisfaire les deux 
onditions suivantes:

1

4r3L2
C1

L4
2

L1
K2 + (

1

2rL2

L2

L1
+

1

r3L2
C1

L3
2

L1
)KP13+

(
1

rL2
L1

+
1

r3L2
C1

L2
2

L1
− 1

rL2

L2

L1
− 1

rL2

)P 2
13 > 0. (19)

rL1

rL2

L2
2

L2
1

K2 + (2
rL1

rL2

L2

L2
1

− r2L1

L2
1

C1

2
)P13K − 1

L2
2

P 2
13 > 0. (20)Ces 
onditions sont obtenues après une démonstration détaillée expliquée dans le
hapitre 3. Comme les 
oe�
ients de K2 sur les 
otés droite de (19) et (20) sont positifs,il est 
lair que, pour tout P13 
hoisi, il existe K > 0 telles que les deux inégalités sontsatisfaites. Le nouveau 
ontroleur est illustré ave
 le 
onvertisseur SEPIC, pour lequel lessimulations et les résultats expérimentaux sont présentés dans la se
tion 3.5.



1
Introdu
tionSwit
hed ele
troni
 systems are used in a huge number of everyday domesti
 and in-dustrial utilities: liquid 
rystal displays, home applian
es, lighting, personal 
omputers,power plants, transportation vehi
les and so on. E�
ient operations of all su
h appli
a-tions depend on the essential " hidden work" done by swit
hed ele
troni
 systems, whosebehaviour is determined by a suitable inter
onne
tion and 
ontrol of analog and digitaldevi
es.From the engineering point of view, most swit
hed ele
troni
 systems 
an be 
lassi�edas power 
onverters. These systems 
an be viewed as networks 
omposed of semi
on-du
tor swit
hes, e.g., thyristors, transistors and diodes, along with passive elements, e.g.,indu
tors 
apa
itors and resistors, and 
urrent-voltage sour
es.The most 
ommon 
lassi�
ation of power 
onversion systems is based on the waveformof the input and output signals, in the 
ase whether they are alternating 
urrent (AC) ordire
t 
urrent (DC), thus: DC to DC, DC to AC, AC to DC and AC to AC. Depending onthe 
hara
ter of the input sour
e, they may be voltage-sour
e 
onverters or 
urrent-sour
e
onverters. Moreover, 
onverters may be of low, medium or high voltage and/or 
urrentlevel.Swit
hed systems play a fundamental role in all those environments where regulation,
ontrol and 
onversion of the ele
tri
al energy is a key issue. In re
ent years, 
ontinuouslymore demanding e�
ien
y and quality 
onstraints are imposed on the ele
tri
al energyin appli
ations su
h as ele
tri
al drives, power systems and transportation vehi
les. Thishas determined a new resear
h interest in the study of formal approa
hes for the analysis,design and 
ontrol of power 
onverters. In this 
ontext the analysis, design and 
ontrolof swit
hed ele
troni
 systems is a key issue, and the use of advan
ed mathemati
al tools
an be an e�e
tive approa
h for ta
kling in
reasing requirements in performan
e ande�
ien
y.As a motivation of this work, we 
onsider the DC-DC power 
onverters, due to therewide range of appli
ability, and presen
e in all kind of ele
troni
 
ir
uits, from industrialappli
ations (spa
e
raft power systems, DC motor drives, tele
ommuni
ation equipment)to personal appli
ations (PCs, o�
e equipment, ele
tri
al applian
e, and with a powerrange from milliwatts, mobile phone, for example, to megawatts, in ele
tri
 power trans-mission systems.



2 Introdu
tionThe problem of modeling and 
ontrol of these power ele
troni
s systems is that theyhave 
ir
uit topologies that in
lude 
ontinuous time elements like resistors, indu
tors,
apa
itors, and voltage and 
urrent sour
es that are interfa
ed with ele
troni
 devi
eslike diodes, and ele
troni
 swit
hes su
h as thyristors, transistors, and MOSFETs. Thisleads to hybrid system types that involve 
ontinuous-time system behavior mixed withdis
rete-time logi
 swit
hing behavior. Traditional 
ontrol s
hemes was based on averagedmodels where the a
tion of the swit
hes are assimilated to 
ontinuous signals ranging insome 
losed interval, e.g., [0, 1], then negle
ting the presen
e of ripples. A burgeoningliterature on hybrid systems has emerged in the 
ontrol 
ommunity in the last few years[25℄. As usual in 
ontrol theory, the main thrust of the resear
h has been towards the de-velopment of general methodologies, mainly for analysis [22℄ but also for 
ontroller design,of 
lasses of theoreti
ally motivated, hybrid dynami
al systems. That is, there is a trulyneed to develop hybrid 
ontrol, and the 
ontrol obje
tive will be not the stabilization ofan equilibrium point but the generation of a periodi
 orbit around a desired operatingpoint. Motivated by this fa
t, in the �rst part of the thesis a di�erent perspe
tive wasadopted, namely the development of a solution for a spe
i�
 example of pra
ti
al rele-van
e. We will 
onsider a boost and a bu
k-boost 
onverter operating in DCM, and ourmain 
ontribution will be a simple robust 
ontrol algorithm.Negle
ting the presen
e of the ripple permits to re
ast the 
onverter regulation asa 
lassi
al equilibrium problem for whi
h, by now standard, nonlinear 
ontroller designte
hniques, e.g. sliding mode and passivity based are dire
tly appli
able.Developing 
ontrol of nonlinear systems that in
orporates at a fundamental level thesystems physi
al stru
ture and provides solutions to pra
ti
al engineering problems, wasthe motivation of several works. A main 
ontribution in this domain was the identi�
ationof a large 
lass of 
onverters that 
an be stabilized via adaptive PI 
ontrol . A pro
edureto design globally asymptoti
ally stabilizing linear proportional plus integral 
ontrollersfor swit
hed power 
onverters was proposed in [39℄. The 
onstru
tion requires the mea-surement of the full state of the system whi
h is often unavailable in pra
ti
e. The mainobje
tive of the se
ond part will be to show that the I&I approa
h of [37℄ 
an be usedto design an asymptoti
ally 
onvergent redu
ed order observer for a well�de�ned 
lassof power 
onverters, whi
h is 
hara
terized by a simple linear matrix inequality (LMI).Moreover, we will prove that the I&I observer 
an be 
ombined with the PI 
ontrollerpreserving the GAS properties of the 
losed�loop. The new (
ertainty�equivalent) 
on-troller is applied to regulate the voltage of the widely�popular, and di�
ult to 
ontrol,single�ended primary indu
tor 
onverter (SEPIC).



3This thesis is 
omposed of three 
hapters:The �rst 
hapter presents some ba
kground materials, 
on
epts and results. Webegin �rst with an introdu
tion about swit
hing power 
onverters, then the di�erent
ondu
tion modes: the 
ontinuous and dis
ontinuous 
ondu
tion modes of power
onverters. The results of stabilization via adaptive PI 
ontrol of a large 
lass of
onverters using the key property of passivity of the nonlinear in
remental model,and the pro
edure to design the globally asymptoti
ally stabilizing 
ontrollers forthese 
onverters are then presented. After a brief introdu
tion where the main ideasof immersion and invarian
e are illustrated, then the design prin
iple of observersfor general nonlinear systems provided by I&I are given.In 
hapter 2 we are interested in the problem of voltage regulation of power 
on-verters operating in dis
ontinuous 
ondu
ting mode. Two power 
onverters are
onsidered: the boost 
onverter and the bu
k-boost 
onverter. The system doesnot admit a (
ontinuous�time) average model approximation, hen
e is a bona �dehybrid system where the 
ontrol obje
tive is the generation of a periodi
 orbit andthe a
tuator 
ommands are swit
hing times. Our main 
ontribution is a simplerobust algorithm that gives expli
it formulas for the swit
hing times without ap-proximations. Simulation and experimental results that illustrate the robustnessof the s
heme to parameter un
ertainty, as well as performan
e 
omparisons with
urrent pra
ti
e, are presented.In 
hapter 3 a 
lass of power 
onverters that 
an be globally stabilized with anoutput�feedba
k PI 
ontroller has been identi�ed. Moreover, we will prove that theI&I observer 
an be 
ombined with the PI 
ontroller preserving the GAS propertiesof the 
losed�loop. The 
lass is 
hara
terized by a simple linear matrix inequality.The new 
ontroller is illustrated with the widely�popular, and di�
ult to 
ontrol,single�ended primary indu
tor 
onverter, for whi
h simulation and experimentalresults are presented.
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e prin
iple . . . . . . . . . . . . . . . . 201.3.2 Parameters estimation using I&I . . . . . . . . . . . . . . . . . 221.3.3 Constru
tion of the I&I nonlinear observer . . . . . . . . . . . . 23In this 
hapter some ba
kground materials, 
on
epts and results are presented.We begin �rst with an introdu
tion about swit
hing power 
onverters, providing thedi�erent topologies from a 
ir
uit theory perspe
tive, then the di�erent 
ondu
tion modes:the 
ontinuous and dis
ontinuous 
ondu
tion modes of power 
onverters. In this se
tionthe DC-DC power 
onverters that will be 
onsidered in this thesis are presented.The results of stabilization via adaptive PI 
ontrol of a large 
lass of 
onverters usingthe key property of passivity of the nonlinear in
remental model, and the pro
edure todesign the globally asymptoti
ally stabilizing 
ontrollers for these 
onverters are thenpresented in the next se
tion.After a brief introdu
tion where the main ideas of immersion and invarian
e are illus-trated, then the design prin
iple of observers for general nonlinear systems provided by
I&I are given.



6 1. Preliminaries1.1 Swit
hing Power 
onvertersSwit
hing power 
onverters are in existen
e for almost �ve de
ades. They 
ontrol the�ow of power between two systems by 
hanging the 
hara
ter of ele
tri
al energy: fromdire
t 
urrent to alternating 
urrent, from one voltage level to another voltage, or insome other way. The most 
ommon 
lassi�
ation of power 
onversion systems is based onthe waveform of the input and output signals, in the 
ase whether they are alternating
urrent (AC) or dire
t 
urrent (DC), thus: DC to DC, DC to AC, AC to DC and AC toAC [1℄, [2℄. Depending on the 
hara
ter of the input sour
e, they may be the family ofvoltage-sour
e 
onverters or the less-known family of 
urrent-sour
e 
onverters. Moreover,
onverters may be of low, medium or high voltage and/or 
urrent level. Another sort of
lassi�
ation may be performed a

ording to the size of the output signal obtained fromthe input signal; if the 
onverter a

omplishes a lower output signal it is well known asstep-down, and if it obtains a larger signal, it is known as step-up.DC-DC power 
onverters, with whi
h this thesis is 
on
erned, forms a major 
hunkof these systems. They have re
ently aroused the interest in the 
urrent market due tothere wide range of appli
ability.This se
tion provides �rst from a 
ir
uit theory perspe
tive, how fundamental 
onvert-ers are derived, how they are related, and how they 
an be integrated to result in more
ompli
ated types of 
onverters. Then the two modes of 
ondu
tion of power 
onverters:the 
ontinuous and dis
ontinuous 
ondu
tion mode are explained.1.1.1 Minimum 
on�gurable swit
hing storage stru
turesSwit
hing power 
onversion en
ompasses two types of 
onversions, namely voltage 
on-version and 
urrent 
onversion. Power 
onverters whi
h ele
troni
ally 
onvert an energysour
e of one voltage level to another voltage level are known as voltage 
onverters. Inthis respe
t, 
urrent 
onverters are power ele
troni
s that 
onvert an energy sour
e fromone 
urrent level to another 
urrent level [3℄. The basi
 me
hanism of performing anideally lossless voltage or 
urrent 
onversion involves the rapid repeated 
onne
tion anddis
onne
tion of the voltage or 
urrent sour
e to an appropriate storage devi
e, namely anindu
tor or 
apa
itor, in a 
ontrolled manner via ele
troni
 swit
hes, su
h that the energyis transferred at the appropriate voltage or 
urrent level before being released to the out-put load in the desired form. In 
on�guring su
h power 
onverters, it is important thatthe voltage sour
es are never 
onne
ted dire
tly to a 
apa
itor and the 
urrent sour
esare never 
onne
ted dire
tly to an indu
tor. From a theoreti
al viewpoint, there are twosimplest 
on�gurable swit
hing storage stru
tures possible, namely a star-
onne
ted two-swit
h indu
tor 
ell and a delta-
onne
ted two-swit
h 
apa
itor 
ell. We will next give adis
ussion on these storage 
ells and how they are 
on�gured to give the various possibletypes of power 
onverters [4℄, [6℄, [7℄.
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Figure 1.1: DC-DC voltage 
onverter using the swit
hing-indu
tor 
ell.1.1.1.1 Swit
hing-indu
tor 
ellThe swit
hing-indu
tor 
ell 
omprises a storage indu
tor and two swit
hes arranged ina star 
onne
tion as depi
ted in Fig. 1.1. Sin
e 
urrent �owing through an indu
tormust be 
ontinuous and 
annot be
ome zero instantaneously, the two swit
hes must bedesigned to operate 
omplementarily su
h a 
losed-
ir
uit 
ontinuous path will alwaysexist for the �ow of the indu
tor 
urrent. For this reason, this swit
hing-indu
tor 
ellrepresents the minimum 
on�gurable swit
hing indu
tor stru
ture possible. To qualifyfor a lossless 
onversion pro
ess, the swit
hing-indu
tor 
ell must be implemented withan input voltage sour
e together with an output voltage sink, whi
h forms the basis for avoltage-to-voltage 
onverter.As illustrated in Fig. 1.2, there are three possible ways of 
on�guring the swit
hing-indu
tor 
ell while still maintaining the star-
onne
tion stru
ture. Ea
h 
an be realizedby swapping the positions of any two of the three 
ir
uit elements. For proper operationof su
h a 
on�guration with its input sour
e and output sink, there should be no instan
ewhen the two swit
hes are 
on
urrently turned on. This will 
ause a dire
t short 
ir
uitof either the sour
e, the sink, or the sour
e with the sink for the respe
tive 
on�gurationsgiven in Fig. 1.2. Additionally, when there is 
urrent �owing in the indu
tor, there shouldbe no instan
e when both the swit
hes are simultaneously turned o�.By repla
ing the voltage sink in Fig. 1.1 with a more realisti
 and pra
ti
al 
ir
uitrepresentation in the form of a resistor-
apa
itor sink as illustrated in Fig. 1.3, and by
onsidering the three possible 
on�gurations of the swit
hing-indu
tor 
ell given in Fig.1.2, three fundamental types of voltage 
onverters 
an be obtained. They are the voltagebu
k, boost, and bu
k-boost 
onverters, whi
h represent the fundamental topologies ofthe voltage 
onverters. The s
hemati
s of these 
onverters are given in Fig. 1.4 . Fore
onomi
al reasons, one of the two swit
hes is repla
ed by a diode. The primary di�eren
ebetween the topologies is that ea
h 
onverter has a di�erent voltage 
onversion ratio Msu
h that M(D) = Vo

Vin
, where D is the duty 
y
le and is a fun
tion of the turn-on time
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Ton and the period T whi
h is the sum of turn-on and turn-o� time periods, Ton + Toff ,of the a
tive swit
h S, i.e. D = Ton

(Ton+Toff )
.For example, the voltage 
onversion ratios M(D) for the respe
tive 
onverters whenthey are operating in the 
ontinuous indu
tor 
ondu
tion mode (
urrent �ow of the in-du
tor never falls to zero) are:

• Voltage bu
k 
onverter:
Vo

Vin

= D (1.1)
• Voltage boost 
onverter:

Vo

Vin

=
1

1−D
(1.2)

• Voltage bu
k-boost 
onverter:
Vo

Vin

=
D

1−D
(1.3)From these equations, one 
an expe
t sin
e the duty ratio is 
on�ned as 0 < D < 1, thevoltage bu
k 
onverter 
an only produ
e an output voltage smaller than the input voltage,i.e. Vo < Vin; a voltage boost 
onverter 
an only produ
e an output voltage bigger thanthe input voltage, i.e. Vo > Vin; whereas a voltage bu
k-boost 
onverter will have Vo < Vinwhen 0 < D < 0.5 and Vo > Vin when 0.5 < D < 1. In the 
ase of dis
ontinuous indu
tor
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ed by resistor-
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ondu
tion mode, the 
onverters inherit a di�erent set of 
onversion ratios (given laterin se
tion 1.1.3). Nevertheless, their properties of stepping up or stepping down voltagelevels remain the same regardless of the 
ondu
tion mode.1.1.1.2 Swit
hing-
apa
itor 
ellThe swit
hing-
apa
itor 
ell 
omprises a storage 
apa
itor and two swit
hes arranged in adelta 
onne
tion as depi
ted in Fig. 1.5. The voltage of a 
apa
itor has to be maintained
ontinuous and 
annot be
ome zero instantaneously. The presen
e of the two swit
hesis important in the sen
e that they must be syn
hronised to operate 
omplementarily toensure that there is no 
ir
umstan
e that the 
apa
itor has a dire
t short 
ir
uit. Thisgives the minimum 
on�gurable swit
hing-
apa
itor 
ell must be implemented with aninput 
urrent sour
e and an output 
urrent sink. This forms the basis for the 
urrent-to-
urrent 
onverters.As illustrated in Fig. 1.6, there are three possible ways of 
on�guring the swit
hing-
apa
itor 
ell while still maintaining the delta-
onne
tion stru
ture. Ea
h 
an be realisedby swapping the positions of any two of three 
ir
uit elements. For proper operation ofsu
h a 
on�guration with its input sour
e and output sink, there should be no instan
ewhen the two swit
hes are 
on
urrently turned o�. This will 
ause a dire
t open 
ir
uitof either the sour
e (in 
ase (a)) or the sink (in 
ase (b)), or a short 
ir
uit between the
urrent sour
e and the 
urrent sink (in 
ase (
)) for the respe
tive 
on�gurations given inFig. 1.6. Additionally, when there is stored 
harge in the 
apa
itor, there should be noinstan
e when both the swit
hes are simultaneously turned on, thus avoiding a 
apa
itorshort 
ir
uit.By 
onsidering the three possible 
on�gurations of the swit
hing-
apa
itor 
ell givenin Fig. 1.6, three fundamental types of 
urrent 
onverters 
an be obtained. They are the
urrent bu
k, boost, and bu
k-boost 
onverters, whi
h are in reality the dual 
ounterpartsof the voltage 
onverters given in Fig. 1.4. These 
onverters represent the fundamentaltopologies in the family of 
urrent 
onverters. The s
hemati
s of these 
onverters aregiven in �g. 1.7. For e
onomi
al reasons, one of the two swit
hes 
an be repla
ed by adiode. Here ea
h of these topologies possesses a di�erent 
urrent 
onversion ratioM , su
h
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12 1. Preliminariesthat M(D
′

) = Io
Ii
, where D

′

= 1−D and D = Ton

(Ton+Toff)
represents the duty 
y
le of S.The 
urrent 
onversion ratios M(D

′

) for the respe
tive 
onverters when they are op-erating in the 
ontinous voltage 
ondu
tion mode ( voltage of the 
apa
itor never falls tozero) are:
• Current bu
k 
onverter:

Io

Ii
= D

′ (1.4)
• Current boost 
onverter:

Io

Ii
=

1

1−D
′

(1.5)
• Current bu
k-boost 
onverter:

Io

Ii
=

D
′

1−D
′

(1.6)It is 
lear from the equations that for a bu
k 
urrent 
onverter, the output 
urrent isalways smaller than its input, i.e. Io < Ii; for the 
urrent boost 
onverter, output 
urrentis always bigger than the input 
urrent, i.e. Io > Ii; and for the 
urrent bu
k-boost
onverter, Io < Ii when 0 < D
′

< 0.5 and Io > Ii when 0.5 < D
′

< 1.1.1.1.3 Duality of voltage and 
urrent 
onvertersThe family of 
urrent 
onverters are basi
ally the dual 
ounterparts of the voltage 
on-verters. So far, we have demonstrated the formulation of these 
onverters from basi

ir
uit rules and framework of a swit
hing-indu
tor 
ell and a swit
hing-
apa
itor 
ell.Interestingly, using the prin
iple of 
ir
uit duality, it is possible to extra
t the same fam-ily of 
urrent 
onverters from the voltage 
onverters, and 
onversely, the family of voltage
onverters from the 
urrent 
onverters.1.1.1.4 Pra
ti
al 
urrent DC-DC 
onvertersWhile the reported family of 
urrent DC-DC 
onverters in Fig. 1.7 are theoreti
ally feasi-ble, in reality, it is un
ommon that pra
ti
al 
urrent sour
e and 
urrent sink are available.Hen
e, a more pra
ti
al s
enario would be to repla
e the 
urrent sour
es and 
urrent sinkswith their 
ir
uit equivalent of voltage sour
es and sinks, whi
h are respe
tively shown inFig. 1.8. This will result in an interesting family of 
urrent bu
k, boost and bu
k-boost
onverters that are based on voltage sour
es and sinks, as depi
ted in Fig. 1.9. Notethat the derived 
onverters possesses two indu
tors and two 
apa
itors and they must beoperated only in the 
ontinuous indu
tor 
ondu
tion mode su
h that the 
urrents of boththe indu
tors are always 
ontinuous(to preserve the original property of a 
urrent sour
eand 
urrent sink). The presented 
urrent bu
k and boost 
onverters and their modi�edversions, as illustrated in Figs. 1.7, 1.9 are relatively unknown topologies whi
h may
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tor.be interesting for new emerging appli
ations. Coin
identally, the modi�ed bu
k-boost
onverter given in Fig. 1.9(
) happens to be the well known Cuk 
onverter.1.1.2 Fourth-order 
onvertersThe Cuk, SEPIC, and zeta 
onverters are a family of fairly interesting fourth-order 
on-verters that were introdu
ed in 1980s [5℄. They have been 
lassi�ed as fourth order
onverters for the reason that ea
h of these 
onverters 
omprises four independent stor-age elements involving two indu
tors and two 
apa
itors that are inter-a
tively 
on�guredwith the voltage sour
e and sink via a swit
h and a diode.From a topologi
al viewpoint, fourth-order 
onverters have twi
e the number of stor-age elements and are more 
ompli
ated than the fundamental voltage bu
k, boost, andbu
k-boost 
onverters, whi
h are primarily se
ond-order 
onverters. Nevertheless, thefourth-order 
onverters possess unique features whi
h renders them preferential in 
ertainappli
ations over the se
ond-order 
onverters.Next we will illustrate how this family of fourth-order 
onverters 
an be obtained froma two-indu
tor-two-swit
h 
ir
uit 
utset.1.1.2.1 Two-indu
tor-two-swit
h 
ir
uit 
utsetBased on the two-indu
tor-two-swit
h 
utset, the family of fourth-order 
onverters 
anbe portrayed in the generi
 stru
ture as depi
ted in Fig. 1.10. In this diagram, the fourboxes in dotted lines whi
h are labeled as 1A, 1B, 2A, and 2B represent either an indu
toror a swit
h.The stru
ture itself is known as the two-indu
tor-two-swit
h 
ir
uit 
utset. To ensurethat there will be no short-
ir
uit operation of the voltage sour
e and voltage sink, the
utset must be 
on�gured su
h that if 
omponent 1A is a swit
h, then the 
omponent
1B must be an indu
tor, and vi
e versa. Likewise, if 
omponent 2A is a swit
h, then
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omponent 2B must be an indu
tor, and vi
e versa. With these 
onstraints, there existonly four possible 
on�gurations in this two-indu
tor-two-swit
h 
utset. One of thesepossible 
on�gurations is: 1A is an indu
tor, 1B is a swit
h, 2A is an indu
tor, and 2B isa diode. This makes the Cuk 
onverter given in Fig. 1.11(a). A se
ond 
on�guration isto assign 1A as indu
tor, 1B as a swit
h, 2A as an indu
tor, and 2B as a diode. This givesthe SEPIC 
onverter, whi
h is shown in Fig. 1.11(b). The third 
on�guration is to assign
1A as a swit
h, 1B as an indu
tor, 2A as an indu
tor, and 2B as a diode, to give what isknown as the zeta 
onverter, as depi
ted in Fig. 1.11(
).For all the three topologies, the voltage 
onversion ratios M(D) for the 
ontinuousindu
tor 
ondu
tion mode are exa
tly that of a bu
k-boost 
onverter, i.e.

Vo

Vin

=
D

1−D
(1.7)The di�eren
e between these 
onverters and the voltage bu
k-boost 
onverter is that forthe latter, both the input 
urrent and the output 
urrent are non-pulsating. For theSEPIC 
onverter, the input 
urrent is non-pulsating but the output 
urrent is pulsating.For the zeta 
onverter, the input 
urrent is pulsating but the output 
urrent is non-pulsating.1.1.3 Continuous and dis
ontinuous 
ondu
tion modeWhen the ideal swit
hes of a d
-d
 
onverter are implemented using 
urrent-unidire
tionaland/or voltage-unidire
tional semi
ondu
tor swit
hes, one or more new modes of oper-ation known as dis
ontinuous 
ondu
tion modes (DCM) 
an o

ur. The dis
ontinuous
ondu
tion mode arises when the swit
hing ripple in an indu
tor 
urrent or 
apa
itorvoltage is large enough to 
ause the polarity of the applied swit
h 
urrent or voltage toreverse, su
h that the 
urrent- or voltage-unidire
tional assumptions made in realizing theswit
h with semi
ondu
tor devi
es are violated. The DCM is 
ommonly observed in d
-d
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onverters and re
ti�ers, and 
an also sometimes o

ur in inverters or in other 
onverters
ontaining two quadrant swit
hes [21℄.The dis
ontinuous 
ondu
tion mode typi
ally o

urs with large indu
tor 
urrent ripplein a 
onverter operating at light load and 
ontaining 
urrent-unidire
tional swit
hes. Sin
eit is usually required that 
onverters operate with their loads removed, DCM is frequentlyen
ountered. Indeed, some 
onverters are purposely designed to operate in DCM for allloads.The properties of 
onverters 
hange radi
ally in the dis
ontinuous 
ondu
tion mode.The 
onversion ratio M be
omes load-dependent, and the output impedan
e is in
reased.For example, the voltage 
onversion ratios M for the respe
tive voltage 
onverters whenthey are operating in the dis
ontinuous indu
tor 
ondu
tion mode are [23℄:
• Voltage bu
k 
onverter:

M =
2

1 +
√
1 + 4K

D2

1

(1.8)
• Voltage boost 
onverter:

M =
1 +

√
1 + 4

D2

1

K

2
(1.9)

• Voltage bu
k-boost 
onverter:
M =

D1√
K

(1.10)with the dimensionless parameter K, de�ned as K = 2Lfs
R

, and fs the swit
hing frequen
y.Where D1 is the duty 
y
le (equivalent to D in CCM) and is a fun
tion of the turn-on time
Ton and the period T whi
h is the sum of turn-on and turn-o� time periods, Ton + Toff ,of the a
tive swit
h S, i.e. D1 =

Ton

(Ton+Toff )
. In dis
ontinuous 
ondu
tion mode, there arenow two subintervals during Toff . The indu
tor 
urrent waveforms of the two modes ofswit
hing 
onverter operation are illustrated in Fig. 1.12.1.2 PI stabilization of swit
hed power 
onverters1.2.1 Introdu
tionThe identi�
ation of a large 
lass of 
onverters that 
an be stabilized via adaptive PI
ontrol was shown in [39℄. The work e�e
tively exploits the key property of passivity ofthe nonlinear in
remental model [42℄, �rst reported in [46℄. More spe
i�
ally, this 
lass ofswit
hed power 
onverters with linear 
apa
itors and indu
tors, is des
ribed in the form:

ẋ = (J0 +
m∑

i=1

Jiui −R)∇H(x) + (G0 +
m∑

i=1

Giui)E (1.11)
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tion mode.where x ∈ R
n, 
onsisting of indu
tor �uxes and 
apa
itor 
harges, is the 
onverter state,

u ∈ R
m denotes the duty ratio of the swit
hes, the total energy stored in indu
tors and
apa
itors is

H(x) =
1

2
x⊤Qx, Q = Q⊤ > 0, (1.12)

∇ = ∂
∂x
, Ji = −J⊤

i ∈ R
n×n, i ∈ {0}

⋃
m̄ := {1, . . . , m} are the inter
onne
tion matri
es,

R ∈ R
n×n, R = R⊤ ≥ 0 is the dissipation matrix, and the ve
tor E ∈ R

n 
ontains theexternal voltage and 
urrent sour
es. Gi, i ∈ m̄ are n × n matri
es, the model 
ontainsbesides the �xed sour
es G0E the swit
hing sour
es ∑m
i=1GiuiE.Let x∗ ∈ R

n be an admissible equilibrium point of the swit
hed power 
onvertersdes
ribed in (1.11) that is x∗ satis�es
0 = (J0 +

m∑

i=1

Jiu
∗
i − R)∇H(x∗) + (G0 +

m∑

i=1

Giu
∗
i )E (1.13)for some u∗ ∈ R

m. The nonlinear in
remental model of the system for the output y = Cx,where
C =




ETGT
1 − (x∗)TQJ1...

ETGT
m − (x∗)TQJm


Q ∈ R

m×n (1.14)is passive. More pre
isely, the system veri�es the dissipation inequality
V̇ ≤ ỹT ũ (1.15)where x̃ := x− x∗, y∗ = Cx∗ and the (positive de�nite) storage fun
tion V : Rn → R+ isgiven by

V (x) =
1

2
x̃TQx̃ (1.16)This passivity property 
orresponds to the mapping ũ → ỹ.



20 1. Preliminaries1.2.2 PI stabilizationConsider a swit
hed power 
onverter des
ribed by (1.11) in 
losed loop with the PI 
on-troller
ż = −ỹ

u = −Kpỹ +Kiz
(1.17)with ỹ = Cx̃ and C given by (1.14), and Kp = KT

p > 0, Ki = KT
i > 0 and x∗, u∗ satisfying(1.13). For all initial 
onditions (x(0), z(0)) ∈ R

n+m the traje
tories of the 
losed loopsystem are bounded and su
h that
lim
t−→∞

ỹa(t) = 0where ya is an augmented "output signal" de�ned as
ỹa :=

[
C
RQ

]
x̃ (1.18)Moreover

lim
t−→∞

x(t) = x∗if ỹa is dete
table, that is, if for any solution x(t) of the 
losed loop system the followingimpli
ation is true:
ỹa(t) ≡ 0 =⇒ lim

t−→∞
x(t) = x∗The proof is given in [39℄. In this thesis (
hapter 3) we will show that the I&I approa
hof [37℄ des
ribed in the next se
tion, 
an be used to design an asymptoti
ally 
onvergentredu
ed order observer for a well�de�ned 
lass of power 
onverters, whi
h is 
hara
terizedby a simple linear matrix inequality (LMI). Moreover, we will prove that the I&I observer
ombined with the PI 
ontroller preserve the GAS properties of the 
losed�loop.1.3 Immersion and invarian
e approa
hIn this se
tion a brief introdu
tion of the main ideas of I&I are illustrated, the I&I frame-work to solve stabilisation and adaptive 
ontrol problems is presented after, then theobserver design for general nonlinear systems based on I&I is shown [37℄.1.3.1 Immersion and invarian
e prin
ipleI&I is a new method for designing nonlinear and adaptive 
ontrollers for (un
ertain) non-linear systems. The method relies upon the notions of system immersion and manifoldinvarian
e, whi
h are 
lassi
al tools from nonlinear regulator theory and geometri
 non-linear 
ontrol, but are used in the present work from a new perspe
tive. We 
all the newmethodology immersion and invarian
e (I&I). The basi
 idea of the I&I approa
h is to
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Figure 1.13: Graphi
al illustration of the immersion and invarian
e approa
h.a
hieve the 
ontrol obje
tive by immersing the plant dynami
s into a (possibly lower-order) target system that 
aptures the desired behavior.A graphi
al illustration of the I&I approa
h is given in Fig. 1.13. Observe that π(.)maps a traje
tory on the ξ-spa
e to a traje
tory on the x-spa
e, whi
h is restri
ted to themanifoldM 
ontaining the origin. Moreover, all traje
tories starting outside M 
onvergeto the origin.The basi
 result for I&I stabilisation, namely a set of su�
ient 
onditions for the
onstru
tion of globally asymptoti
ally stabilising, stati
, state feedba
k 
ontrol laws forgeneral, 
ontrol a�ne, nonlinear systems is given in the next theorem.Theorem 1.1. Consider the system
ẋ = f(x) + g(x)u (1.19)with x ∈ R

n, u ∈ R
m, and an equilibrium point x∗ ∈ R

n to be stabilised. Assume thatthere exist smooth mappings α : Rp−→ R
p, π : Rp→ R

n, φ :Rn−→ R
n−p, c : Rp−→R

mand v : Rn×(n−p)−→ R
m, with p < n, su
h that the following hold.(A1) The target system

ξ̇ = α(ξ) (1.20)with ξ ∈ R
p has a globally asymptoti
ally stable equilibrium at ξ∗ ∈ R

p and
x∗ = π(ξ∗). (A2) For all ξ ∈ R

p,
f(π(ξ)) + g(π(ξ))c(π(ξ)) =

∂π

∂ξ
α(ξ). (1.21)



22 1. Preliminaries(A3) The set identity
{x ∈ R

n |φ(x) = 0} = {x ∈ R
n |x = π(ξ) , ξ ∈ R

p} (1.22)holds.(A4) All traje
tories of the system
ż =

∂φ

∂x
(f(x) + g(x)v(x, z)), (1.23)

ẋ = f(x) + g(x)v(x, z), (1.24)are bounded and (1.23) has a uniformly globally asymptoti
ally stable equilibrium at z = 0.Then x∗ is a globally asymptoti
ally stable equilibrium of the 
losed-loop system
ẋ = f(x) + g(x)v(x, φ(x)). (1.25)The proof of this theorem is given in [37℄.1.3.2 Parameters estimation using I&IConsider again the system (1.19), where the fun
tions f(.) and g(.) depend on an unknownparameter ve
tor θ ∈ R

q, and the problem of �nding, whenever possible, an adaptive statefeedba
k 
ontrol law of the form
˙̂
θ = w(x, θ̂),

u = v(x, θ̂),
(1.26)su
h that all traje
tories of the 
losed-loop system (1.19), (1.26) are bounded and lim

t−→∞
x(t) =

x∗. To this end, it is natural to assume that a full-information 
ontrol law (that dependson θ) is known, i.e., that the following stabilisability 
ondition holds.Assumption 1.1. There exists a fun
tion v(x, θ), where θ ∈ R
q, su
h that the system

ẋ = f(x) + g(x)v(x, θ) (1.27)has a globally asymptoti
ally stable equilibrium at x = x∗. The I&I adaptive 
ontrolproblem is then formulated as follows.De�nition 1.1. The system (1.19) with assumption 1.1, is said to be adaptively I&Istabilizable if there exist β(.) and w(.) su
h that all traje
tories of the extended system
ẋ = f(x) + g(x)v(x, θ̂ + β(x)),

˙̂
θ = w(x, θ̂)

(1.28)are bounded and satisfy
lim
t−→∞

[
g(x(t))v(x(t), θ̂(t) + β(x(t)))− g(x(t))v(x(t), θ)

]
= 0. (1.29)



23Note that for all traje
tories staying on the manifold
M =

{
(x, θ̂) ∈ R

n × R
q
∣∣∣θ̂ − θ + β(x) = 0

}
ondition (1.28) holds. Moreover, by De�nition 1.1 and Assumption 1.1, adaptive I&Istabilisability implies that
lim
t−→∞

x(t) = x∗. (1.30)1.3.3 Constru
tion of the I&I nonlinear observerThe problem of 
onstru
ting observers for nonlinear systems has re
eived a great dealof attention due to its importan
e in pra
ti
al appli
ations, where some of the statesmay not be available for measurement. In the 
ase of linear systems a 
omplete theoryon asymptoti
 (redu
ed-order) observers 
an be found in [9℄, while an observer with�nite-time 
onvergen
e has been developed in [10℄. The 
lassi
al approa
h to nonlinearobserver design 
onsists in �nding a transformation that linearises the plant up to anoutput inje
tion term and then applying standard linear observer design te
hniques. Theexisten
e of su
h a transformation, however, relies on a set of stringent assumptions [11℄,[12℄ whi
h are hard to verify in pra
ti
e. Lyapunov-like 
onditions for the existen
e of anonlinear observer with asymptoti
ally stable error dynami
s have been given in [13℄. Anobserver for uniformly observable nonlinear systems in 
anoni
al form has been developedin [14℄,[15℄,[16℄, based on a global Lips
hitz 
ondition and a gain assignment te
hnique.Some extensions of this result, whi
h avoid the transformation to 
anoni
al form andallow for more �exibility in the sele
tion of the observer gain, have been proposed in [17℄.More re
ently, in [18℄ 
onditions for the existen
e of a linear observer with a nonlinearoutput map have been given in terms of the lo
al solution of a partial di�erential equation(PDE), thus extending Luenberger�s early ideas [19℄, [20℄ to the nonlinear 
ase.In this se
tion the general framework for 
onstru
ting globally 
onvergent (redu
ed-order) observers for 
lasses of nonlinear systems is presented. Instrumental to this devel-opment is to formulate the observer design problem as a problem of rendering invariantand attra
tive an appropriately sele
ted manifold in the extended state-spa
e of the plantand the observer.In the I&I approa
h the manifold, whi
h (as in the adaptive 
ase) is parameterisedby a fun
tion β, is rendered invariant by a nonlinear �lter and attra
tive by a propersele
tion of the fun
tion β.We 
onsider nonlinear, time-varying systems des
ribed by equations of the form:
η̇ = f1(η, y, t)

ẏ = f2(η, y, t)
(1.31)where η ∈ R

n is the unmeasured part of the state and y ∈ R
m is the measurable part ofthe state. It is assumed that the ve
tor �elds f1(.) and f2(.) are forward 
omplete, i.e.,traje
tories starting at time t0 are de�ned for all times t ≥ t0.



24 1. PreliminariesDe�nition 1.2. The dynami
al system:
ξ̇ = α(ξ, y, t) (1.32)with ξ ∈ R

p, is 
alled an observer for the system (1.31), if there exist mappings β :

R
p × R

m × R → R
p and φ : Rn × R

m × R → R
p that are leftinvertible and su
h that themanifold

M = {(η, y, ξ, t) ∈ R
n × R

m × R
p × R : β(ξ, y, t) = φ(η, y, t)} (1.33)has the following properties.(i) All traje
tories of the extended system (1.31), (1.32) that start on the manifold Mremain there for all future times, i.e., M is positively invariant.(ii) All traje
tories of the extended system (1.31), (1.32) that start in a neighbourhoodof M asymptoti
ally 
onverge to M. The above de�nition implies that an asymptoti
ally
onverging estimate of the state η is given by

η̂ = φL(β(ξ, y, t), y, t)where φL denotes a left-inverse of φ. Note that the state estimation error η̂ − η is zeroon the manifold M. Moreover, if the property (ii) holds for any (η(t0), y(t0), ξ(t0), t0) ∈
R

n × R
m × R

p × R then (1.32) is a global observer for the system (1.31).A general tool for 
onstru
ting nonlinear (redu
edorder) observers of the form givenin De�nition 1.2 is given:Theorem 1.2. Consider the system (1.31), (1.32) and suppose that there exist C1 mapping
β(ξ, y, t) : Rp ×R

m ×R → R
p and φ(η, y, t) : Rn ×R

m ×R → R
p, with a left inverse φL :

R
p × R

m × R → R
n, su
h that the following hold.(A1) For all y, ξ and t, β(ξ, y, t) is left-invertible with respe
t to ξ and

det(
∂β

∂ξ
) 6= 0(A2) The system

ż =− ∂β

∂y
(f2(η̂, y, t)− f2(η, y, t)) +

∂φ

∂y

∣∣∣∣
η=η̂

f2(η̂, y, t)−
∂φ

∂y
f2(η, y, t)+

∂φ

∂η

∣∣∣∣
η=η̂

f1(η̂, y, t)−
∂φ

∂η
f1(η, y, t) +

∂φ

∂t

∣∣∣∣
η=η̂

− ∂φ

∂t
,

(1.34)Then the system (1.32) with
α(ξ, y, t) =− (

∂β

∂ξ
)−1(

∂β

∂y
f2(η̂, y, t) +

∂β

∂t
− ∂φ

∂y

∣∣∣∣
η=η̂

f2(η̂, y, t)−

∂φ

∂η

∣∣∣∣
η=η̂

f1(η̂, y, t)−
∂φ

∂t

∣∣∣∣
η=η̂

),

(1.35)



25where η̂ = φL(β(ξ, y, t), y, t) is a (global) observer for the system (1.31).The proof of the theorem 1.2 is also given in [37℄ where z = β − φ represent theo�-the-manifold dynami
s. This theorem provides an impli
it des
ription of the observerdynami
s (1.32) in terms of the mappings β(.), φ(.) and φL(.) whi
h must then be sele
tedto satisfy (A2). (Note, however, that the fun
tion α(.) in (1.35) renders the manifold Minvariant for any mappings β(.) and φ(.).) As a result, the problem of 
onstru
ting anobserver for the system (1.31) is redu
ed to the problem of rendering the system (1.34)asymptoti
ally stable by assigning the fun
tions β(.) ,φ(.) and φL(.).
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Chapter 2Robust Feedba
k Control of DC-DCPower Converters in Dis
ontinuousCondu
tion Mode
Contents2.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282.2 Mathemati
al Model and Problem Formulation . . . . . . . . 292.3 A Robust Swit
hing Algorithm . . . . . . . . . . . . . . . . . . 322.4 Estimation of the Time Constants . . . . . . . . . . . . . . . . 352.5 Simulations Results . . . . . . . . . . . . . . . . . . . . . . . . . 362.6 Experimental system . . . . . . . . . . . . . . . . . . . . . . . . 372.7 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 372.8 Approximation method . . . . . . . . . . . . . . . . . . . . . . . 422.9 Con
lusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50In this 
hapter we are interested in the problem of voltage regulation of power 
onvert-ers operating in dis
ontinuous 
ondu
ting mode. Two power 
onverters are 
onsidered: theboost 
onverter and the bu
k-boost 
onverter. The system does not admit a (
ontinuous�time) average model approximation, hen
e is a bona �de hybrid system where the 
ontrolobje
tive is the generation of a periodi
 orbit and the a
tuator 
ommands are swit
hingtimes. Our main 
ontribution is a simple robust algorithm that gives expli
it formulas forthe swit
hing times without approximations. Simulation and experimental results thatillustrate the robustness of the s
heme to parameter un
ertainty, as well as performan
e
omparisons with 
urrent pra
ti
e, are presented.



28 2. Robust Feedba
k Control of DC-DC Power Converters inDis
ontinuous Condu
tion Mode2.1 Introdu
tionIdeal swit
hes in power 
onverters are typi
ally implemented using unidire
tional semi-
ondu
tor devi
es that may lead to a new operation mode generi
ally 
alled dis
ontinuous
ondu
tion mode (DCM). The DCM arises when the ripple is large enough to 
ause thepolarity of the signal (
urrent or voltage) applied to the swit
h to reverse, violating theunidire
tionality assumptions made in the realization of the swit
h. In 
lassi
al 
onvertertopologies DCM appears very frequently in low load operating modes. More interestingly,to a
hieve high performan
e some new 
onverters are purposely design to operate all thetime in DCM [24℄.The 
onverter dynami
s are signi�
antly altered in DCM. The existing te
hniques for
ontroller analysis and design, in parti
ular, the approximations of averaging dynami
s(valid under fast swit
hing) or small ripple, are not valid anymore. With the latter ap-proximations the 
onverter 
an be treated as a 
ontinuous (possibly nonlinear) dynami
alsystem, with the a
tion of the swit
hes assimilated to 
ontinuous signals ranging in some
losed interval, e.g., [0, 1]. Readers are referred to the 
lassi
al referen
e [23℄ and the ex-
ellent monograph [21℄ for a detailed explanation of the physi
al phenomenon and somerules for 
ontroller design that rely on some approximations [26℄, [27℄. Negle
ting thepresen
e ofthe ripple permits to re
ast the 
onverter regulation problem as a 
lassi
alequilibrium stabilization problem for whi
h, by�now standard, nonlinear 
ontroller designte
hniques, e.g., sliding mode [29℄-[33℄ and passivity�based [34℄-[36℄, are dire
tly appli
a-ble. In most of these literatures only the CCM operation mode is 
onsidered. A methodof 
omputation of the time swit
hing instants based on an energy balan
ed of the boost
onverter in DCM operation where the ripples are 
onsidered was proposed in [28℄. Inthis strategy the swit
hing instants are 
hosen so the total energy 
hange is zero. The
al
ulation needed are not simple in this strategy, and only simulation results are shown.In DCM the 
onverter is a bona �de hybrid system, whi
h exhibits behaviors of
ontinuous�time and dis
rete�time dynami
al systems. Distinguishing features of 
on-verters in DCM in
lude the following.(i) The 
ontrol is not a 
ontinuous signal, but dire
tly the swit
hes positions, thattake values in the binary set {0, 1}, and de
ide the 
ommutation among the various
onverter topologies.(ii) Due to te
hnologi
al 
onsiderations, the a
tivation of the swit
hes is submitted toa minimal dwell time that has to be taken into a

ount in the design.(iii) Besides the 
ommutations indu
ed by (designer sele
ted) swit
h positions, there arefor
ed 
ommutations due to the aforementioned violation of the unidire
tionalityassumption, e.g., the presen
e of diodes.



29(iv) As the ripple 
annot be negle
ted, the 
ontrol obje
tive is not stabilization of anequilibrium but generation of a periodi
 orbit (with �minimal amplitude") aroundthe desired operating point.A burgeoning literature on hybrid systems has emerged in the 
ontrol 
ommunity inthe last few years, see e.g., [25℄ for a re
ent tutorial a

ount. As usual in 
ontrol theory, themain thrust of the resear
h has been towards the development of general methodologies,mainly for analysis [22℄ but also for 
ontroller design, of 
lasses of theoreti
ally�motivated,hybrid dynami
al systems. To the best of our knowledge, none of the existing resultsreported in the literature is appli
able to address the problem at hand.Motivated by this fa
t, in this 
hapter a di�erent perspe
tive is adopted, namely thedevelopment of a solution for a spe
i�
 example of pra
ti
al relevan
e. Towards this end,we 
onsider a boost and a bu
k-boost 
onverter operating in DCM, whi
h exhibits thefour distinguishing features dis
ussed above. Our main 
ontribution is a simple robustalgorithm that, in 
ontrast with 
urrent pra
ti
e, gives expli
it formulas for the swit
hingtimes without approximations. Although the design relies on the spe
i�
 topology of theboost and bu
k-boost 
onverters.2.2 Mathemati
al Model and Problem FormulationTwo power 
onverters are 
onsidered in this se
tion: the boost and the bu
k-boost 
on-verter given in Figs. 1.4(b), and 1.4(
). The 
ir
uits in the three topologies 
orrespendingto the three modes of operations are depi
ted in Figs. 2.1, and 2.2. These modes dependon the swit
h position and 
ondu
tion of the diode as des
ribed below. The states arethe indu
tor 
urrent x1 and the 
apa
itor voltage x2. The dynami
s in both 
ases aredes
ribed by a pie
e�wise a�ne model
ẋ = Aix+ bivin, i = 1, 2, 3,where the pairs (Ai, bi) are the system matrix and the input matrix, i=1,2,3 denotes themode of operation.In the 
ase of the boost 
onverter: The pairs (Ai, bi) for the three topologies are givenby

Ω1 : A1 =

[
−rL
L

−1
L

1
C

−1
CR0

]
, b1 =

[
1
L

0

] (2.1)
Ω2 : A2 =

[
0 0

0 −1
CR0

]
, b2 =

[
0

0

] (2.2)
Ω3 : A3 =

[
−rL
L

0

0 −1
CR0

]
, b3 =

[
1
L

0

]
. (2.3)
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k Control of DC-DC Power Converters inDis
ontinuous Condu
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Figure 2.1: Ideal representation of the boost 
onverter in the topologies: Ω1 (top), Ω2(middle) and Ω3 (bottom).In the topology Ω3, when the swit
h is ON, the external battery vin ∈ R+ suppliesmagneti
 energy to the (leaky) indu
tor L while the ele
tri
 energy of the 
apa
itor C isdis
harged in the load, represented here by a resistan
e R0. When the swit
h is OFF andthe diode is ON the 
ir
uit takes the topology Ω1, then the energy �ows from the indu
torto the 
apa
itor, building up its voltage x2 and a
hieving the desired ampli�
ation. Thetopology Ω2 represent the dis
ontinuous 
ondu
tion mode.In the 
ase of the bu
k-boost 
onverter: The pairs (Ai, bi) for the three topologies aregiven by
Ω1 : A1 =

[
−rL
L

−1
L

1
C

−1
CR0

]
, b1 =

[
0

0

] (2.4)
Ω2 : A2 =

[
0 0

0 −1
CR0

]
, b2 =

[
0

0

] (2.5)
Ω3 : A3 =

[
−rL
L

0

0 −1
CR0

]
, b3 =

[
1
L

0

]
. (2.6)In the bu
kboost 
onveter Fig.2.2, the indu
tor gains energy in the topology Ω3 and the
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Figure 2.2: Ideal representation of the bu
k-boost 
onverter in the topologies: Ω1 (top),
Ω2 (middle) and Ω3 (bottom).
apa
itor loses its energy in the topologies Ω3 and Ω2. In the topology Ω1 the indu
torsupplies energy to the 
apa
itor.Both systems evolves in the set {x1 > 0, x2 > 0} =: R2

+ for the topologies Ω1 and
Ω3, while for the topology Ω2, traje
tories are restri
ted to the set {x1 = 0, x2 > 0}.1 Atypi
al traje
tory in the phase plane x1 − x2 is shown in Fig. 2.3, where the ti ∈ R+,
i = 1, 2, 3, denote the time spent on ea
h of the topologies.Due to te
hnologi
al 
onsiderations, a minimal dwell time, denoted tD ∈ R+, is im-posed to the swit
h. If tD is large, with respe
t to the time 
onstant of the R0C tank,the indu
tor 
urrent x1 be
omes zero and a for
ed transition from Ω1 to Ω2 is indu
ed.On the other hand, the transitions from Ω2 to Ω3 and from Ω3 to Ω1, determined by theswit
h position, are de
ided by the 
ontroller. Of 
ourse, these swit
hing transition timesshould respe
t the minimal dwell time 
onstraint.Given t1�the time it takes for the 
urrent to go to zero�the designer has to de
ide1The possibility of total dis
harge of the 
apa
itor, e.g., x2 = 0, is ruled out be
ause below a 
riti
alvalue of x2 the diode starts 
ondu
ing again 
ommuting to the topology Ω1 and driving the traje
toryinside the positive quadrant.
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Figure 2.3: Typi
al periodi
 orbit in the phase plane.the swit
hing times t2 and t3, whi
h should satisfy the dwell time 
onstraints
t3 ≥ tD, t1 + t2 ≥ tD. (2.7)The 
ontrol obje
tive is to generate an attra
tive limit 
y
le (of period t1 + t2 + t3)
ontained in the band
x2(t) ∈ [x∗

2 − ǫ1, x
∗
2 + ǫ2],where x∗

2 ∈ R+ is the desired average value for x2 and�to minimize the voltage ripple�the 
onstants ǫi ∈ R+ are as small as possible. Although the range of values of x1(t) isnot the main 
on
ern, for pra
ti
al reasons, this 
urrent is also restri
ted to satisfy anupperbound x1(t) ≤ xM
1 . As dis
ussed below, in the standard approximated algorithms[23, 21℄, xM

1 is �xed to some given value.2.3 A Robust Swit
hing AlgorithmThe obje
tive of the note is to propose a swit
hing algorithm that guarantees the existen
eof the desired periodi
 orbit. That is, the derivation of a rule to 
ompute the swit
hinginstants t3 and t2.2 To ensure robustness it should be a feedba
k strategy�that is, basedon measurements of the system state�and should not be very sensitive to variations ofthe system parameters.2As shown in Se
tion 3.4 this is equivalent to 
omputing the duty ratios for operation in a syn
hronousmode with a �xed sampling time�as done in [23, 21℄.
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edure to 
ompute the swit
hing times relies on the solution of thedi�erential equations along the periodi
 orbit, whi
h leads to a set of nonlinear algebrai
equations that are very hard, if at all possible, to solve. Unfortunately, the implementa-tion of the numeri
al algorithm is extremely time�
onsuming, whi
h renders its appli
a-tion pra
ti
ally unfeasible. As explained later in Se
tion 2.9, to obtain expli
it formulasin pra
ti
e the state transition matri
es of the LTI systems are approximated by a linearfun
tion, that is, eAit ≈ I2+Ait. The approximation indu
es an error that, in high perfor-man
e appli
ations, may be inadmissible and, as shown in a simulation below, may evenlead to instability. Instrumental to this end are the following key 
omputations, whi
hare 
arried out along a 
losed traje
tory.Computation of t2 + t3. De�ne the time interval I1 := [t1, t1 + t2 + t3]. For all t ∈ I1the 
apa
itor voltage evolves a

ording to
ẋ2 = − 1

CR0
x2, (2.8)whose solution is

x2(t) = e
− 1

CR0
(t−s)

x2(s), ∀t ≥ s, ∀t, s ∈ I1.Hen
e, along the orbit depi
ted in Fig. 2.3 and from Fig. 2.4, one has
x0
2 = e

− 1

CR0
(t2+t3)x1

2,yielding
t2 + t3 = R0C ln

(
x1
2

x0
2

)
. (2.9)Sin
e x1

2 > x0
2 we have that t2 + t3 > 0. Furthermore, sin
e x0

2 is the smallest value of
x2(t) along the periodi
 orbit, it should be sele
ted to satisfy x0

2 < x∗
2.Computation of t3. De�ne the time interval I2 := [t1 + t2, t1 + t2 + t3]. For all time

t ∈ I2 the indu
tor 
urrent evolves a

ording to
ẋ1 = −rL

L
x1 +

vin

L
,whose solution with zero initial 
onditions is

x1(t) =
(
1− e−

rL
L

t
) vin

rL
, ∀t ∈ I2.Hen
e, �xing x1(t3) = x0

1�again referring to Figs. 2.3 and 2.4�and solving for t3 yields
t3 = − L

rL
ln

(
1− rLx

0
1

vin

)
. (2.10)
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ements x1x2
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ttFigure 2.4: Time evolution of x1(t) and x2(t) along a periodi
 orbit.The time t3 is also positive, be
ause
0 < 1− rLx

0
1

vin
< 1.Indeed, x0

1 > 0 ensures the upper bound. On the other hand, re
all that the equilibriumasso
iated to this topology is (vin
rL
, 0), whi
h is only rea
hed at in�nity, hen
e x0

1 <
vin
rL
.The 
omputations above lead naturally to the following 
ontrol algorithm.Step 1. Fix a point (x0

1, x
0
2) ∈ R

2
+, su
h that t3 in (2.10) yields t3 ≥ tD and x0

2 < x∗
2.Step 2. At a time t0 ≥ 0 when x(t0) = (x0

1, x
0
2) swit
h from u = 0 to u = 1.Step 3. Wait (in mode Ω1) until x1(t) = 0 and measure the 
orresponding x1

2.Step 4. Compute t2 + t3 from (2.9). If t2 > 0 go to Step 5, else de�ne t2 := tD − t1, thengo to Step 5.Step 5. Wait (in mode Ω2) for t2 units of time and then swit
h from u = 1 to u = 0.Step 6. Wait (in mode Ω3) for t3 units of time and then measure the state, 
all it (x0
1, x

0
2).Che
k whether, for the new (x0

1, x
0
2), (2.10) yields t3 ≥ tD and x0

2 < x∗
2. If so, go to Step2, else wait for a longer time until the state meets the requirements, then assign the value

t3 to this new time and go to Step 2.As indi
ated in the introdu
tion, in normal operation the 
ir
uit operates in DCM,hen
e Step 3 will, in general, yield t2 > 0. Also, it is 
lear that, in ideal 
onditions,when the parameters are exa
tly known and there are no disturban
es, the point (x0
1, x

0
2)obtained in Step 6 will 
oin
ide with the initial point. However, in pra
ti
e there willbe a dis
repan
y, hen
e the need to re
ompute the swit
hing times as a fun
tion of themeasurements. Finally, regarding Step 6, in the topology Ω3, x2(t) de
reases (tending



35to 
onverge to zero) and x1(t) in
reases towards vin
rL
�both evolutions being monotoni
.Consequently, there is indeed a (su�
iently long) time su
h that the new values of thestate guarantee that (2.10) yields t3 ≥ tD and x0

2 < x∗
2.2.4 Estimation of the Time ConstantsThe 
omputations involved in (2.9) and (2.10) are extremely simple, and 
an be pro-grammed with a few lines of 
ode. Moreover, they only depend on the input voltage,whi
h is reasonable to assume known, and the time 
onstants rL

L
and CR0. The algo-rithm 
an be robusti�ed vis�à�vis un
ertainty in the time 
onstants in
orporating anadaptation stage.Let us illustrate a simple way to estimate the parameter CR0. As explained above,during the interval I1, x2(t) satis�es (2.8). Dis
retizing this equation with a (fast) sam-pling time3 Tf yields the di�eren
e equation

x2(k) = θx2(k − 1), θ := e
− 1

CR0
Tf ,where the standard notation

x2(k) = x2(t), ∀ t ∈ ((k − 1)Tf , kTf ],with k ∈ Z+, is used. Now, sample x2(t) with the sampling rate Tf ∈ R+ and take Nsamples, where N := ⌊ t2+t3
Tf

⌋, with ⌊·⌋ the �oor operator that takes the largest previousinteger. De�ne the N�dimensional ve
tors
X2 := 
ol(x2(1), . . . , x2(N)), Φ := 
ol(x2(0), . . . , x2(N − 1)).Sin
e X2 = θΦ, it is 
lear that θ 
an be 
omputed from

θ =
1

|Φ|2Φ
⊤X2, (2.11)with |·| the Eu
lidean norm. Note that |Φ| is bounded away from zero be
ause x2(t) ∈ R+.From the knowledge of θ the time 
onstant CR0 is dire
tly obtained.Sin
e Φ is a shifted version ofX2 the rule (2.11) 
an be easily implemented in �rmware.The parameter estimation algorithm need not be repeated in every period, but only whenperforman
e degradation is dete
ted. Finally, it is obvious that a similar pro
edure ispossible to estimate the se
ond time 
onstant rL
L
, and eventually also vin, but they areomitted for brevity.3Clearly, Tf should be sele
ted mu
h smaller that t2 + t3.



36 2. Robust Feedba
k Control of DC-DC Power Converters inDis
ontinuous Condu
tion Mode

117 117.5 118 118.5 119 119.5 120
−10

0

10

20

30

40

50

X
2
 (V)

X
1 (

A
)

 

 

Figure 2.5: The periodi
 orbit in the phase plane with R0 = 45.5Ω.2.5 Simulations ResultsThe usefulness of the proposed 
ontrol s
heme was evaluated through numeri
al simula-tions. The 
onsidered 
ir
uit parameters for the boost 
onverter are:
L = 0.00015H, R0 = 45.5Ω, rL = 0.066Ω, C = 0.00077FSimulations were developed in Matlab using the 
ir
uit toolbox Simpower systems. In Fig.2.5 the periodi
 orbit obtained via the appli
ation of the algorithm is depi
ted. The samesimulation was repeated with a 100% 
hange the in the load resistan
e�whose behavioris depi
ted in Fig. 2.6. In this 
ase the algorithm generates a shifted periodi
 orbit.Figs. 2.7 shows the result of the simulation when a step in the value of the loadresistan
e Ro o

ur in the nonadaptive 
ase. Noti
e that the value of the regulated voltageexhibits an undesirable shift. On the other hand, in Figs. 2.8 we show the behavior of theadaptive algorithm, whi
h estimates (almost instantaneously) the new value of Ro. It isobserved that the output voltage exhibits an overshoot, but it qui
kly settles around thevalue of x∗

2. The appli
ation of the adaptive algorithm, dete
t the 
hange in the value of
Ro and 
orre
t the performan
e degradation.For the buk-boost 
onverter the simulations are done with these 
ir
uit parameters:
L = 0.000047H , R0 = 100Ω, rL = 0.05Ω and C = 0.0000033F . Similarly, �gs. 2.9 showsthe result of the simulation when a step in the value of the load resistan
e Ro o

ur inthe nonadaptive 
ase and �gs. 2.10 shows the behavior of the adaptive algorithm, whi
hestimates (almost instantaneously) the new value of Ro.
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Figure 2.6: The shifted periodi
 orbit in the phase plane in the 
ase of load 
hange to
R0 = 91Ω.2.6 Experimental systemIn order to test the proposed 
ontrol strategy, an experimental system was built withthe boost 
onverter. Experiments were 
arried out in a setup lo
ated in the universi-tat Politè
ni
a de Catalunya UPC. Boost 
onverter was designed and tested using thefollowing system parameters:

L = 0.00015H, R0 = 45.5Ω, rL = 0.066Ω, C = 0.00077FThe experimental 
ard was assembled using low 
ost 
ommer
ial ele
troni
 elementspla
ed on a 
ard designed in the laboratory. In Fig. 2.11 we show the diagram of theexperimental set-up, 
onsisting of the boost 
ir
uit 
ard that re
eives 
ontrol signals fromthe Digital Signal Pro
essor (DSP) TMS320-F28335 from Texas Instruments. The DSP
ard a
quires, using an analog to digital 
onverter integrated in the 
hip, the 
apa
itorvoltage and indu
tor 
urrent signals previously 
onditioned from the boost 
onverter. TwoDC power supplies are ne
essary to operate the whole system, one to provide energy tothe system, and the other one to feed the ele
troni
 parts of the 
ard.2.7 Experimental ResultsTests were performed in order to evaluate the usefulness of the proposed 
ontrol s
heme.Waveforms were 
aptured using a DL1640 YOKOGAWA model os
illos
ope.Fig.2.12(a) shows the evolution of the voltage and the 
urrent via the appli
ationof the algorithm with Ro = 45.5 Ω. Three tra
es were 
aptured where the upper tra
e
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PSfrag repla
ements
Figure 2.11: Experimental prototype of a boost 
onverterrepresented x2(t) in d
 mode followed down by x2(t) in a
 mode, and ending with the lasttra
e that presents the the indu
tor 
urrent x1(t). In Fig. 2.12(b) the desired periodi
orbit obtained with Ro = 45.5 Ω is depi
ted. Fig.2.13(a) shows the time evolution of thevoltage and the 
urrent obtained with Ro = 91 Ω. In Fig. 2.13(b) the 
orrespondingshifted periodi
 orbit is depi
ted.To test the robustness of the algorithm, the same experiment was repeated with astep 
hange the in the load resistan
e from Ro = 45.5 Ω to Ro = 91 Ω whose behavioris depi
ted in Fig. 2.14. Noti
e that the value of the regulated voltage exhibits anundesirable shift. On the other hand, in Figs. 2.15 we show the behavior of the adaptivealgorithm, whi
h estimates (almost instantaneously) the new value of Ro, avoiding theperforman
e degradation. A step 
hange the in the load resistan
e from Ro = 91 Ω to Ro= 45.5 Ω is shown in Figs. 2.16. Fig. 2.17 present the behavior of the adaptive algorithmin this 
ase. The estimation of the value of Ro is depi
ted in Fig. 2.18.2.8 Approximation methodIn the approximate method of [23℄ the equations for the three topologies of the boost,namely, 




ẇ = A1w + b1vin 0 ≤ t ≤ t1

ẏ = A2y + b2vin t1 ≤ t ≤ t1 + t2

ż = A3z + b3vin t1 + t2 ≤ t ≤ t1 + t2 + t3
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(a)

(b)Figure 2.12: Operation with Ro= 45.5 Ω: (a) x2(t) in d
 mode (top), x2(t) in a
 mode(middle) and x1(t) (bottom), (b) The periodi
 orbit in the phase plane.
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(a)

(b)Figure 2.13: Operation with Ro= 91 Ω: (a) x2(t) in d
 mode (top), x2(t) in a
 mode(middle) and x1(t) (bottom), (b) The periodi
 orbit in the phase plane.
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(a)

(b)Figure 2.14: Load 
hange from Ro= 45.5 to 91 Ω without estimation: (a) iR (top), x2(t)in a
 mode (middle) and x1(t)(bottom), (b) The 
orresponding orbit in the phase plane.
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(a)

(b)Figure 2.15: Load 
hange from Ro= 45.5 to 91 Ω, the adaptive 
ase: (a) From top tobottom: x2(t) in d
 mode, iR, x2(t) in a
 mode and x1(t), (b)The 
orresponding orbit inthe phase plane.
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(a)

(b)Figure 2.16: Load 
hange from Ro= 91 to 45.5 Ω without estimation: (a) iR (top), x2(t)in a
 mode (middle) and x1(t)(bottom), (b) The 
orresponding orbit in the phase plane.
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(a)

(b)Figure 2.17: Load 
hange from Ro= 45.5 to 91 Ω, the adaptive 
ase: (a) From top tobottom: x2(t) in d
 mode, iR, x2(t) in a
 mode and x1(t), (b)The 
orresponding orbit inthe phase plane.
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Figure 2.18: Estimation of Ro.are solved, yielding




w(t1) = eA1t1w(0) +B1(t1)b1vin

y(t1 + t2) = eA2t2y(t1) +B2(t2)b2vin

z(t1 + t2 + t3) = eA3t3z(t1 + t2) +B3(t3)b3vinwhere Bi(t) :=
∫ t

0
eAiτdτ. Imposing the boundary 
onditions

w(t1) = y(t1), y(t1 + t2) = z(t1 + t2),using the linear approximations eAiti ≈ I2 + Aiti, and after retention of only �rst orderterms yields
z(t1 + t2 + t3) = (I + A)w(0) + bvin,where we have de�ned

A := A1t1 + A2t2 + A3t3, b := t1b1 + t2b2 + t3b3.In a 
losed 
y
le we have z(t1 + t2 + t3) = w(0), hen
e
Aw(0) + bvin = 0. (2.12)Using the expressions of Ai and bi, with the pra
ti
al 
onsideration that rl = 0, yields

A =

[
0 − t1

L
t1
C

− T
RC

]
, b =

[
t1+t3
L

0

] (2.13)
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tion Modewhere T := t1 + t2 + t3, is assumed �xed a priori. Repla
ing (2.13) in (2.12) de�nes a setof two algebrai
 equations
−t1x

0
2 + (t1 + t3)vin = 0

Rt1x
0
1 − Tx0

2 = 0, (2.14)where we have adopted our notation w(0) = (x0
1, x

0
2). The �rst equation 
an be rewrittenas

(M − 1)t1 = t3, (2.15)where we have de�ned M :=
x0

2

vin
. Sin
e x0

2 is the smallest value of the 
apa
itor voltageand, in normal operation, this should be larger than vin, it is reasonable to assume that
M > 1. At this step, another pra
ti
al 
onsideration is made, namely, to �x x0

1, whi
h
orresponds to the largest value of the indu
tor 
urrent along the 
y
le, to
x0
1 =

vint3

2L
. (2.16)This value is obtained assuming that in the interval t3 the 
urrent grows as a ramp ofslope vin

L
, whi
h is indeed the 
ase if rl = 0, and taking half of the peak value.Repla
ing (2.15) and (3.10) in the se
ond equation of (2.14) yields, after some simplemanipulations,

t1 =

√
2LTM

R(M − 1)
, t3 =

√
M(M − 1)2LT

R
,l whi
h are, pre
isely, the expressions (38) and (39) derived in [23℄.Finally, the simulations showing that the approximate method of [23℄ may lead toinstability were performed, and are shown in Fig. 2.19, and the experiments are shownin Figs. 2.20, and 2.21.2.9 Con
lusionThe swit
hing times may, in prin
iple, be derived integrating the di�erential equationsdes
ribing the system along the periodi
 orbit. Unfortunately, due to the �
oupled dy-nami
s" in topology Ω1, this leads to a 
ompli
ated set of nonlinear algebrai
 equationsthat is di�
ult, if at all possible, to solve. The key observation that allows to obtainexpli
it solutions is that the existen
e of the periodi
 orbit 
an be guaranteed without the
omputation of the �ow asso
iated to topology Ω1, but just looking at the intervals I1and I2, where the indu
tor and 
apa
itor dynami
s are de
oupled. This fa
t, of 
ourse,stems from the basi
 operation prin
iple of the boost 
onverter, where magneti
 energyis stored in the indu
tor while ele
tri
 energy of the 
apa
itor is transferred to the load.In the DCM no magneti
 energy is added to the indu
tor, but the 
apa
itor 
ontinues itsdis
harge�with the same time 
onstant. This prin
iple of operation is the same for thebu
k-boost 
onverter also.
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(a)

(b)Figure 2.20: Unstable behavior using the approximate method of Cuk and Middlebrook(1976): (a) vin in a
 mode (top) and x1(t) (bottom), (b) The 
orresponding orbit in thephase plane.
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(a)

(b)Figure 2.21: Unstable behavior using the approximate method of Cuk and Middlebrook(1976): (a) vin in d
 mode (top) and x1(t) (bottom), (b) The 
orresponding orbit in thephase plane.
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Chapter 3PI Stabilization of Power Converterswith Partial State Measurements
Contents3.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563.2 Observer Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 563.3 A GAS Output�Feedba
k PI Controller . . . . . . . . . . . . 603.4 Appli
ation to the SEPIC . . . . . . . . . . . . . . . . . . . . . 633.5 Simulation and Experimental Results of the SEPIC . . . . . . 673.5.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 673.5.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 713.6 Con
lusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73In 
hapter. 1 the pro
edure to design globally asymptoti
ally stabilizing linear propor-tional plus integral 
ontrollers for swit
hed power 
onverters proposed by [39℄ was shown.The 
onstru
tion requires the measurement of the full state of the system, whi
h is oftenunavailable in pra
ti
e. In this 
hapter we identify a 
lass of 
onverters for whi
h anasymptoti
ally 
onvergent redu
ed order observer, preserving the aforementioned stabil-ity property of the 
losed�loop, 
an be designed. The 
lass is 
hara
terized by a simplelinear matrix inequality. The new 
ontroller is illustrated with the widely�popular, anddi�
ult to 
ontrol, single�ended primary indu
tor 
onverter, for whi
h simulation andexperimental results are presented.



56 3. PI Stabilization of Power Converters with Partial StateMeasurements3.1 Introdu
tionIn 
hapter. 1, it was shown that a large 
lass of swit
hed power 
onverters 
an be globallyasymptoti
ally stabilized (GAS) with linear proportional plus integral (PI) 
ontrollers.The work e�e
tively exploits the key property of passivity of the nonlinear in
rementalmodel [42℄, �rst reported in [46℄. Unfortunately, to generate the output, with respe
tto whi
h in
remental passivity is established, full measurement of the state is typi
allyrequired. For e
onomi
 and te
hnologi
al reasons it is desirable to avoid the need ofsensors in power 
onverters, parti
ularly 
urrent sensors, hen
e the need to re
onstru
tthe unmeasurable part of the state.The main 
ontribution of this 
hapter is to show that the I&I approa
h of [37℄ 
an beused to design an asymptoti
ally 
onvergent redu
ed order observer for a well�de�ned 
lassof power 
onverters, whi
h is 
hara
terized by a simple linear matrix inequality (LMI).Moreover, it is proven that the I&I observer 
an be 
ombined with the PI 
ontrollerproposed in [39℄ preserving the GAS properties of the 
losed�loop. The new (
ertainty�equivalent) 
ontroller is applied to regulate the voltage of the widely�popular, and di�
ultto 
ontrol, single�ended primary indu
tor 
onverter (SEPIC), for whi
h experimentalresults are presented.3.2 Observer DesignWe 
onsider the 
lass of swit
hed power 
onverters with linear 
apa
itors and indu
tors,des
ribed in port-Hamiltonian form [38℄1
ẋ =

(
J0 +

m∑

i=1

Jiui − R

)
∇H(x) + E (3.1)where x ∈ R

n, 
onsisting of indu
tor �uxes and 
apa
itor 
harges, is the 
onverter state,
u ∈ R

m denotes the duty ratio of the swit
hes, the total energy stored in indu
tors and
apa
itors is
H(x) =

1

2
x⊤Qx, Q = Q⊤ > 0, (3.2)

∇ = ∂
∂x
, Ji = −J⊤

i ∈ R
n×n, i ∈ {0}

⋃
m̄ := {1, . . . , m} are the inter
onne
tion matri
es,

R ∈ R
n×n, R = R⊤ ≥ 0 is the dissipation matrix, and the ve
tor E ∈ R

n 
ontains theexternal voltage and 
urrent sour
es. The reader is referred to [38℄ for further details onthis model, whi
h is obtained applying Kir
hho�'s laws to the swit
hing topologies, aswell as the motivation to sele
t �uxes and 
harges as state variables instead of, the morestandard, voltages and 
urrents.The state observer problem is formulated as follows. Assume
ym = Cx ∈ R

p,1In [39℄ a more general 
lass of 
onverters�in
luding swit
hed sour
es�is 
onsidered.



57with p < n and C ∈ R
p×n full rank, is available for measurement. To re
onstru
t thestate x we de�ne a matrix S ∈ R

(n−p)×n su
h that the square matrix
T :=

[
S

C

]
∈ R

n×n (3.3)is full rank and 
onsider the 
hange of 
oordinates
[

η

ym

]
= Tx.The problem is then to generate an estimate for the ve
tor η ∈ R

n−p, say η̂ ∈ R
n−p, tode�ne the observed state as

x̂ := T−1

[
η̂

ym

]
=
[
D1 D2

] [ η̂

ym

]
, (3.4)where, for future referen
e, we introdu
ed the matri
es D1 ∈ R
n×(n−p) and D2 ∈ R

n×p.A 
lass of power 
onverters for whi
h the observer problem is solvable is 
hara
terizedby the following LMI.Assumption 3.1. Given
J0, · · · , Jm, R,Q ∈ R

n×n,

S ∈ R
(n−p)×n, D1 ∈ R

n×(n−p), C ∈ R
p×n.De�ne

F0 := S(J0 −R)QD1

Fi := SJiQD1, i ∈ m̄

G0 := C(J0 −R)QD1

Gi := CJiQD1, i ∈ m̄. (3.5)There exists
Z ∈ R

(n−p)×p, P = P⊤ ∈ R
(n−p)×(n−p)solution of the LMI

P > 0sym {PF0 + ZG0} < 0sym {PFi + ZGi} = 0, i ∈ m̄, (3.6)where sym{·} denotes the symmetri
 part.



58 3. PI Stabilization of Power Converters with Partial StateMeasurementsProposition 3.1. Consider the power 
onverter (3.1), (3.2) verifying Assumption 1.De�ne the mapping
A : R

m → R
n×n

A(u) := (J0 − R)Q+

m∑

i=1

JiQui, (3.7)where u := 
ol(u1, . . . , um). The (n− p)�dimensional I&I observer
ξ̇ = (S + ΓC)[A(u)((D2 −D1Γ)ym +D1ξ) + E]

η̂ = ξ − Γym (3.8)where
Γ = P−1Z ∈ R

(n−p)×p (3.9)with P and Z the solution of the LMI (3.6), ensures global exponential 
onvergen
e of theobservation error. That is, for all initial 
onditions x(0) ∈ R
n, ξ(0) ∈ R

n−p, and 
ontrols
u(t), su
h that the system is forward 
omplete, there exist α, k ∈ R+ su
h that

|η̂(t)− η(t)| ≤ ke−αt|η̂(0)− η(0)|,for all t ≥ 0, where | · | is the Eu
lidean norm.Proof. To establish the result we follow verbatim the I&I pro
edure [37℄. De�ne the
(n− p)�dimensional ve
tor

z = η − ξ + β(ym)where the mapping β : Rp → R
n−p is to be designed. The obje
tive in I&I is to sele
t ξ̇and β to ensure an asymptoti
ally stable dynami
s for z. In this way, an estimate of η isgiven by

η̂ = ξ − β.Di�erentiating z, and re
alling that η = Sx and ym = Cx, one gets
ż = S(A(u)x+ E)− ξ̇ +∇βC(A(u)x+ E)

= (S + ΓC)[A(u)x+ E]− ξ̇where, to get the se
ond identity, we have sele
ted
β = Γym.Now, using

x =
[
D1 D2

] [ η

ym

]
, (3.10)



59and sele
ting ξ̇ as in (3.8), yields
ż = (S + ΓC)A(u)D1z. (3.11)The remaining problem is to show that Γ, given in (3.9), ensures an exponentially stabledynami
s for z.Towards this end, noti
e that with the de�nitions (3.5) and

Z := PΓthe LMI (3.6) be
omes sym {P (S + ΓC)(J0 − R)QD1} < 0 (3.12)sym {P (S + ΓC)JiQD1} = 0, (3.13)for i ∈ m̄. Now, re
alling the de�nition of A(u) in (3.7) the z dynami
s may be writtenas
ż = (S + ΓC)[(J0 −R)QD1 +

m∑

i=1

JiQD1ui]z.Consider the Lyapunov fun
tion 
andidate
V (z) =

1

2
z⊤Pz,whose derivative, using (3.13) to 
an
el the ui�dependent terms, and (3.12), veri�es thebound

V̇ ≤ −α0|z|2

≤ − 2α0

λmax{P}V, (3.14)for some α0 ∈ R+. The proof is 
ompleted noting that
z = η̂ − η (3.15)and doing some standard bounding [44℄.

222Remark 3.1. As usual in observer design the proposed I&I observer relies on the exa
tknowledge of the system dynami
s. Indeed, the 
onstru
tion of the observer (3.8) 
ontainsthe matrix A(u) de�ned in (3.7) and the ve
tor E. In the 
ase of un
ertainty on theseparameters, the dynami
s of the o��the�manifold 
oordinate (3.11) is perturbed by anadditive term. For instan
e, un
ertainty in the resistan
e matrix R�that is a 
ommonsituation, be
ause the load resistan
e is usually unknown�yields
ż = (S + ΓC)A(u)D1z −

−(R̂ − R)Q[(D2 −D1Γ)Cx+D1ξ],



60 3. PI Stabilization of Power Converters with Partial StateMeasurementswhere R̂ is the (
onstant) estimated resistan
e matrix. The stability analysis of the overallperturbed dynami
s, with state (x, ξ, z), is a 
ompli
ated task. Interestingly, the simulationand experimental results presented in Se
tion 3.5 show that this parametri
 error does notdestabilize the system, but it introdu
es a steady�state error in the observation. Moreover,we also present in Se
tion 3.5 the implementation of the I&I adaptive s
heme of [39℄,whi
h estimates on�line the load resistan
e and over
omes this problem�alas, no 
ompletestability analysis of this adaptive observer is available as yet. See [40℄ for further details.Remark 3.2. Although the LMI (3.6) gives only su�
ient 
onditions for observer 
on-vergen
e, the simulation and experimental results presented in Se
tion 3.5 show that theymay not be far from being ne
essary. Indeed, if the algebrai
 
ondition (3.13) is satis�edand the inequality (3.12) �
hanges sign", that is, ifsym {P (S + ΓC)(J0 − R)QD1} > 0,the z�dynami
s is unstable.3.3 A GAS Output�Feedba
k PI ControllerIn this se
tion we prove that the I&I observer proposed in the previous se
tion 
an beused, in a 
ertainty equivalent way, with the PI 
ontroller of [39℄, preserving GAS of the
losed�loop. To streamline our presentation a slight variation of the main results reportedin 
hapter. 1 is �rst re
alled below.Proposition 3.2. Consider a swit
hed power 
onverter des
ribed by (3.1). Let x⋆ ∈ R
nbe an admissible equilibrium point, that is, it satis�es

0 =

(
J0 +

m∑

i=1

Jiu
∗
i − R

)
Qx⋆ + E, (3.16)for some u⋆ ∈ R

m. De�ne the in
remental input
ũ := u− u⋆,and the output signal
y = Cx,where

C := −




(x⋆)⊤QJ1Q...
(x⋆)⊤QJmQ


 ∈ R

m×n. (3.17)



611. The mapping ũ → y is passive. More pre
isely, the system veri�es the dissipationinequality
Ḣ ≤ y⊤ũ, (3.18)with storage fun
tion

H : R
n → R+

H(x̃) =
1

2
x̃⊤Qx̃, (3.19)where x̃ := x− x⋆.2. The power 
onverter in 
losed loop with the PI 
ontroller

ẇ = y

u = −Kpy −Kiw, (3.20)with Kp = K⊤
p > 0, Ki = K⊤

i > 0 ensures that the equilibrium
(x, w) = (x⋆,−K−1

i u⋆),is GAS if y is dete
table. That is, if for any solution (x(t), w(t)) of the 
losed�loop systemthe following impli
ation is true:
y(t) ≡ 0 ⇒ lim

t→∞
x(t) = x⋆, lim

t→∞
w(t) = −K−1

i u⋆. (3.21)We are in position to present the main result of this se
tion.Proposition 3.3. Consider a swit
hed power 
onverter des
ribed by (3.1), verifying As-sumption 1, with an assignable equilibrium state x⋆ and 
orresponding input u⋆. Assume(3.21) of Proposition 3.2 holds. The observer�based PI 
ontroller
ẇ = Cx̂
u = −KpCx̂−Kiw (3.22)with x̂ the estimate of the state generated via (3.4), (3.7), (3.8) and (3.9), ensures thatthe equilibrium

(x, w, z) = (x⋆,−K−1
i u⋆, 0)is GAS.Proof. From (3.4) and (3.10) we see that the observation error 
an be expressed as

x̂− x = D1z.
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e, we 
an write the 
ontrol (3.22) in the perturbed form
ẇ = y + CD1z

u = −Kpy −Kiw −KpCD1z (3.23)To 
arry out the proof we write the overall system as a 
as
ade inter
onne
tion of theobserver error subsystem and the full state-feedba
k dynami
s, whi
h takes the form
[

˙̃x
˙̃w

]
= f(x̃, w̃) + g(x̃)z

ż = −A(u)z (3.24)where
w̃ := w +K−1

i u⋆and f : Rn × R
m → R

n+m, g : Rn → R
n+m are some suitably de�ned mappings. Proposi-tion 3.2 shows that the system with z = 0 is GAS. To establish the 
laim we invoke thefundamental result of [47℄, see also [48℄, and see that the proof will be 
ompleted if we 
anestablish boundedness of the traje
tories (x̃(t), w̃(t)). Towards this end, we follow 
loselythe derivations in [45℄ and 
onstru
t a fun
tion W3(x̃, w̃, z) whose boundedness impliesboundedness of the state and that satis�es a bound
Ẇ3 ≤ c|z|W3,for some c ∈ R+. Sin
e z is 
learly an integrable fun
tion, invoking the Comparison Lemma[44℄, we immediately 
on
lude boundedness of W3 and, 
onsequently, boundedness of thetraje
tories as desired.Consider the fun
tion

W1(x̃, w̃) = H(x̃) +
1

2
w̃TKiw̃,where H is de�ned in (3.19).2 Computing the time derivative along the traje
tories of(3.24) we get the bounds

Ẇ1 ≤ −α1 |y|2 + (c1 |y|+ c2 |w̃|) |z|

≤ c21
4α1

|z|2 + c2 |w̃| |z| ,where we de�ned the 
onstants
α1 := λmin{Kp}, c1 := ‖KpCD1‖, c2 := ‖KiCD1‖,with ‖ · ‖ the 2�norm, and we have used

|y| |z| ≤ α1

c1
|y|2 + c1

4α1
|z|22See the proof of Proposition 2 in [39℄ for further details on this, rather standard, derivation.



63to get the se
ond inequality. Consider, now, the fun
tion
W2(x̃, w̃, z) = W1(x̃, w̃) +

c21
4α1α0

V (z),whose derivative, in view of (3.14), satis�es the bound
Ẇ2 ≤ c2 |w̃| |z|

=
(
c2 |w̃| |z|

1

2

)
|z|

1

2

≤ c22
2
|w̃|2 |z|+ 1

2
|z| ,where, to get the last inequality, we have applied 2ab ≤ a2+b2 to the fa
tors in the se
ondequation.Now, from (3.14) it follows that

d

dt
V

1

2 (z) ≤ −
α0λ

1

2min{P}
√
2λmax{P}

|z|.Consequently, to 
an
el the term 1
2
|z|, de�ne the fun
tion

W3(x̃, w̃, z) = 2W2(x̃, w̃, z) +

√
2λmax{P}

α0λ
1

2min{P}
V

1

2 (z),whose derivative 
learly yields
Ẇ3 ≤ c22 |w̃|2 |z|

≤ c22
λmin{Ki}

|z|W3, (3.25)where we have used the bound
W3 ≥ 2W1 ≥ λmin{Ki} |w̃|2 ,to get the last equation. In view of the argument above, the inequality (3.25) 
ompletesthe proof.

222Remark 3.3. Of 
ourse, the interesting feature of Proposition 3.3�that is a 
onsequen
eof exploiting a passivity property�is that GAS is ensured for all positive values of the PIgains, 
onsiderably simplifying the 
ontroller tuning pro
edure.3.4 Appli
ation to the SEPICThe SEPIC is a DC�to�DC power ele
troni
 devi
e that has found wide appli
ation inindustry be
ause is relatively simple and 
an operate both in step�up and step�down
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PSfrag repla
ements

Vin VC2
RS

DC1

C2

L1

L2

iL1 iL2
VC1

−
+

+

+

Figure 3.1: S
hemati
 of the SEPIC with a resistive load.modes [49℄. In spite of its similarity with the well�known Cuk 
onverter, it is widelyre
ognized that designing a 
ontroller to a
hieve a high performan
e behavior is a majoropen problem. The interested reader is referred to [40℄, and referen
es therein for furtherdetails on the SEPIC model and 
ontrol problem.A s
hemati
 representation of the SEPIC, feeding a purely resistive load, is depi
tedin Fig. 3.1. Assuming 
ontinuous 
ondu
tion mode, its average model, 
an be expressedin the Port�Hamiltonian form (3.1) with n = 4 and the de�nitions
x = 
ol(φ1, φ2, q1, q2), E = 
ol(Vin, 0, 0, 0)

R = diag{rL1
, rL2

, 0,
1

r

}

Q = diag{ 1

L1

,
1

L2

,
1

C1

,
1

C2

}

J0 =




0 0 −1 −1

0 0 0 1

1 0 0 0

1 −1 0 0




J1 =




0 0 1 1

0 0 −1 −1

−1 1 0 0

−1 1 0 0


where φi are the �uxes in the indu
tors, qi the 
harges in the 
apa
itors, u is the modula-tion index, Vin is the 
onstant dire
t supply voltage, Li, Ci, rLi

, are the SEPIC parametersand r is the load resistan
e.The relationship between the elements of x, and the signals indi
ated in Fig. 3.1 is:
iL1 =

x1

L1

, iL2 =
x2

L2

, Vc1 =
x3

C1

, Vc2 =
x4

C2

.



65The 
ontrol obje
tive is the regulation of the output voltage to a given 
onstant value
V ⋆, i.e., the regulation of the 
harge x4 to a desired referen
e x⋆

4 > 0 where C2V
⋆ = x⋆

4.It is assumed that the only variable available for measurement is the output voltage, thatis, p = 1, and
C = (0 0 0 1).The proposition below that�via Proposition 3.1 establishes the existen
e of a GASI&I observer�is the main result of this se
tion. Dire
t appli
ation of Proposition 3.3proves then that an output�feedba
k PI 
ontroller renders the SEPIC GAS.Proposition 3.4. Fix P13 > 0 and set

P22 =
1

rL2

P13 +K (3.26)
P33 = (rL2

+
L2

C1rL2

)P13 +
L2

C1
K. (3.27)There exists Kmin > 0 su
h that, for all K ≥ Kmin the matri
es

P =




L2

L1

P22 0 P13

0 P22 P13

P13 P13 P33


and

Z =




−P13

−P13

L2(
P22

C1
− P33

L1
)


 .solve the LMI of Assumption 1 for the SEPIC model.Proof. From (3.3) and (3.4), we have that

T = I4, S = [I3 | 0] = D⊤
1 , D2 = e4,where I3 is the 3× 3 identity matrix. Now, use (3.5) to 
ompute

F0 =




− rL1

L1
0 − 1

C1

0 − rL2

L2
0

1
L1

0 0




F1 =




0 0 1
C1

0 0 − 1
C1

− 1
L1

1
L2

0




G0 =
[

1
L1

− 1
L2

0
]
, G1 =

[
− 1

L1

1
L2

0
]
.



66 3. PI Stabilization of Power Converters with Partial StateMeasurementsTo simplify the derivations set the (1, 2)�element of the matrix P equal to zero, thatis, P12 = 0. Dire
t repla
ement proves that, under this 
ondition, the equality 
onditionsym {PF1 + ZG1} = 0.is satis�ed if and only if
P11 =

L2

L1

P22, P13 = P23,and
Z =




−P13

−P13

L2(
P22

C1

− P33

L1

)


 .Now, de�ne

Q0 := −sym {PF0 + ZG0} .The remaining task is to sele
t the elements of P , whi
h is of the form
P =




L2

L1
P22 0 P13

0 P22 P13

P13 P13 P33


 ,that, preserving P > 0, ensure that Q0 > 0. Repla
ing P and Z above in Q0 yields

Q0 =




2rL1
L2

L2

1

P22
−1
L2
P13

rL1

L1
P13

∗ K 1
C1
P22 − 1

L2
P33 +

rL2

L2
P13

∗ ∗ 2
C1
P13


where we have de�ned

K :=
2rL2

L2
P22 −

2

L2
P13.To simplify the positivity test set the (2, 3) term to zero, that is,

1

C1
P22 −

1

L2
P33 +

rL2

L2
P13 = 0This yields

Q0 =




2rL1
L2

L2

1

P22
−1
L2

P13
rL1

L1

P13

−1
L2
P13 K 0

rL1

L1

P13 0 2
C1

P13


 .A S
hur 
omplement analysis shows that P > 0 if and only if

P22 > 0, P33P22 > P 2
13(1 +

L1

L2
)Repla
ing P22 and P33 by (3.26) and (3.27) gives the �rst 
ondition that K must satisfy,namely,
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1

4r3L2
C1

L4
2

L1
K2 + (

1

2rL2

L2

L1
+

1

r3L2
C1

L3
2

L1
)KP13+

(
1

rL2
L1

+
1

r3L2
C1

L2
2

L1
− 1

rL2

L2

L1
− 1

rL2

)P 2
13 > 0. (3.28)On the other hand, a S
hur 
omplement analysis shows that Q0 > 0 if and only if

2rL1
L2

L2
1

P22 > P 2
13(

1

KL2
2

+
C1r

2
L1

2L2
1P13

)whi
h, upon repla
ement of P22, gives the se
ond 
ondition that K must satisfy
rL1

rL2

L2
2

L2
1

K2 + (2
rL1

rL2

L2

L2
1

− r2L1

L2
1

C1

2
)P13K − 1

L2
2

P 2
13 > 0. (3.29)Sin
e the 
oe�
ients of K2 in the right hand sides of (3.28) and (3.29) are positive, it is
lear that, for any �xed P13, there exists K > 0 su
h that both inequalities hold. This
ompletes the proof. 2223.5 Simulation and Experimental Results of the SEPICIn this se
tion simulation and experimental results of the observer�based PI 
ontroller forthe SEPIC presented in Se
tion 3.4 are given. The parameters of the 
onverter, used inboth 
ases, are given by

Vin = 20V, L1 = 2.3× 10−3H,L2 = 330× 10−6H

C1 = C2 = 190× 10−6F, rL1
= 1.7Ω, rL2

= 0.5Ω.The load resistan
e was originally set to r = 22Ω, but it was later 
hanged to test therobustness of the 
ontroller. The voltage referen
e V ⋆ is initially set equal to 20V , witha pulse 
hange of 2V introdu
ed later.3.5.1 SimulationsSimulations were �rst performed in MATLABR© SimulinkR©. A �rst set of simulations was
arried out to show the e�e
t of the tuning gains P13 and K of Proposition 3.4 on theperforman
e of the observer. The initial 
onditions were taken as x(0) = 0, w(0) = 0 and
(x̂1(0), x̂2(0), x̂3(0)) = 
ol(1.9550× 10−7, 1.9550× 10−7,−2.2× 10−8). The gains of the PIwere set to Kp = 0.001 and Ki = 5.In Fig. 3.2 the observation error x̂1−x1 for P13 = 0.5 and several values ofK ≥ Kmin =

4545 is shown.3 In Fig. 3.3 the error is shown for K = 1 and values of P13 ≤ 0.0001 thatsatisfy the 
onditions of Proposition 3.4. As indi
ated by (3.14), the transient performan
eimproves with in
reasing K and de
reasing P13. Noti
e the verti
al s
ale.
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Figure 3.2: State observation error (x̂1−x1)
L1

for P13 = 0.5 and admissibleK ≥ Kmin = 4545.
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Figure 3.3: State observation error (x̂1−x1)
L1

for K = 1 and admissible P13 ≤ 0.0001.To illustrate Remark 3.2, that is, how 
lose from being ne
essary are the su�
ient
onditions given in the proposition, in Fig. 3.4 we show that the observer be
omes unstable3The other observation errors show a similar pattern, hen
e they are omitted for brevity.



69ifK is taken outside the admissible range. A similar instability phenomenon was observedfor K = 1 and P13 = 0.0002 > 0.0001.
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Figure 3.4: State observation error (x̂1−x1)
L1

for P13 = 0.5 and inadmissible K = 800 <

Kmin = 4545.Fig. 3.5 shows the response of the output voltage, with P13 = 0.5, K = 4550, andvarious values of Kp and Ki. As predi
ted by the theory, the overall system exponentially
onverges with a zero steady state error. It was observed that the parameter that morestrongly in�uen
es the transient behavior is Kp.
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Figure 3.5: Output voltage x4

C2
for di�erent tunings of the PI gains.As explained in Remark 3.1, the observer is sensitive to parameter un
ertainty. Toillustrate this point a 100% pulse 
hange of the load resistan
e r�from 22Ω to 44Ω�wasintrodu
ed.4 Fig. 3.6 shows the performan
e of the observation errors that, in spite ofthe very large parameter variation, remain bounded but exhibit a steady�state error. As4This 
orresponds to a power 
hange from 9W to 18W , that might o

ur in appli
ations.
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onsequen
e of the observation error the output voltage also has a 
onstant bias, asshown in Fig. 3.7
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Li
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C1
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e ofa 100% load resistan
e pulse 
hange.
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Figure 3.7: Behavior of the output voltage in the fa
e of a 100% load resistan
e pulse
hange.3.5.2 ExperimentsThe performan
e of the observer�based PI 
ontroller has then been experimentally vali-dated on the laboratory test ben
h prototype shown in Fig. 3.8. It operates at a 
onstantswit
hing frequen
y of 20kHz and in
ludes a load variation kit, a �dSpa
eR©" a
quisition
ard, used to interfa
e data transfer (measured output voltage and 
al
ulated duty ratio)between the 
onverter and a PC, where the 
ontrol law and observer are implementedusing the Real-Time Windows Target SimulinkR© Library. The �Control DeskR©" softwareenvironment is used as a graphi
al user interfa
e.

Figure 3.8: SEPIC prototype (right) with load variation kit (left).The response of the output voltage for the pulse referen
e voltage 
hange is given inFig. 3.9, whi
h was obtained using the same observer and 
ontroller settings as in thesimulation. Besides a steady�state error, whi
h is due to sensor bias, it 
losely mat
hesthe simulated one.
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Figure 3.9: Experimental response of the output voltage x4

C2
to a pulse in the voltagereferen
e.The behavior for a pulse 
hange in the load resistan
e was also very similar to theone shown in Fig. 3.7�that is, exhibiting a large steady�state error. On the other hand,as indi
ated in Remark 3.1, the observer 
an be 
ombined, in an ad�ho
 basis, with theI&I load estimator proposed in [39℄. See [41℄ for details. Interestingly, the overall s
hemeperforms remarkably well be
ause, as shown in Fig. 3.10, the estimator 
losely tra
ksthe parameter variations. Fig. 3.11 shows the behavior of the output voltage of theadaptive observer�based PI 
ontroller, in simulation and experiments, when the voltagereferen
e and the load resistan
e 
hange. As seen in the �gure, the similarity between thesimulation and the experiment is remarkable.
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Figure 3.11: Behavior of the output voltage to referen
e (top) and load resistan
e (bottom)variations, in simulation and experiments.3.6 Con
lusionsA 
lass of power 
onverters that 
an be globally stabilized with an output�feedba
k PI
ontroller has been identi�ed. The 
hara
terization is given in terms of an LMI that 
anbe easily veri�ed with standard 
omputational tools. Instrumental for the establishmentof the result is the 
onstru
tion of an observer that uses the new I&I te
hniques proposedin [37℄.5 In order to get simple designs, we have taken here the basi
 version of I&I�de�ning the manifold via separable fun
tions and taking a linear fun
tion β. Somepreliminary 
al
ulations show that 
onsidering a larger 
lass of fun
tions does not lead topossible extensions.The approa
h adopted in the observer design is to �eliminate" the input�dependentterms in the Lyapunov fun
tion derivative. This lead to a 
onservative design that 
learlyredu
es the admissible 
lass of 
onverters. Sin
e the 
ontrol is a duty ratio, that is boundedby de�nition, an alternative is to add a saturation fun
tion to the 
ontrol and determineintervals for the observer parameters that ensure stability of the resulting polytopi
 sys-tem. This approa
h, pursued in Chapter 8 of [37℄, is 
ertainly appli
able to a larger 
lassof 
onverters. Indeed, it 
an be shown that the LMI is not feasible for 
lassi
al 
onvert-ers like the boost or Cuk�examples that are su

essfully treated in [37℄. It is, however,appli
able for the quadrati
 
onverter, that will be reported in the near future.5Although it is possible to design a full�order Luenberger observer, the admissible 
lass of systems�whi
h is also 
hara
terized by an LMI�is extremely restri
tive and does not seem to in
lude any pra
ti
alpower 
onverter topology.
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t of our derivations we have identi�ed, via an LMI, a 
lass of bilinearsystems of the form
ẋ = A0x+

m∑

i=1

uiAix+ E

y = Cx.for whi
h a globally 
onvergent observer 
an be designed. To the best of our knowledge,in spite of its simpli
ity, this result is new.
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Con
lusionThis thesis 
ontributes to provide hybrid and nonlinear 
ontrol problem solutions to sev-eral types of power 
onverters. Spe
i�
ally, this thesis deals with DC-DC power 
onverters.The development of a solution for a spe
i�
 example of pra
ti
al relevan
e was themotivation of the 
hapter 2. We 
onsidered a boost and a bu
k-boost 
onverter operatingin DCM, whi
h exhibits the four distinguishing features:(i) The 
ontrol is not a 
ontinuous signal, but dire
tly the swit
hes positions, thattake values in the binary set {0, 1}, and de
ide the 
ommutation among the various
onverter topologies.(ii) Due to te
hnologi
al 
onsiderations, the a
tivation of the swit
hes is submitted toa minimal dwell time that has to be taken into a

ount in the design.(iii) Besides the 
ommutations indu
ed by (designer sele
ted) swit
h positions, there arefor
ed 
ommutations due to the aforementioned violation of the unidire
tionalityassumption, e.g., the presen
e of diodes.(iv) As the ripple 
annot be negle
ted, the 
ontrol obje
tive is not stabilization of anequilibrium but generation of a periodi
 orbit (with �minimal amplitude") aroundthe desired operating point.Our main 
ontribution was a simple robust algorithm that, in 
ontrast with 
urrent pra
-ti
e, gives expli
it formulas for the swit
hing times without approximations. Although thedesign relies on the spe
i�
 topology of the boost and bu
k-boost 
onverters. The swit
h-ing times may, in prin
iple, be derived integrating the di�erential equations des
ribing thesystem along the periodi
 orbit. Unfortunately, due to the �
oupled dynami
s" in topol-ogy Ω1, this leads to a 
ompli
ated set of nonlinear algebrai
 equations that is di�
ult, ifat all possible, to solve. The key observation 
ommon to both of 
onverters, that allowsto obtain expli
it solutions, was that the existen
e of the periodi
 orbit 
an be guaranteedwithout the 
omputation of the �ow asso
iated to topology Ω1, but just looking at theintervals I1 and I2, where the indu
tor and 
apa
itor dynami
s are de
oupled.A se
ond 
ontribution was presented in Chapter 3. We show that the I&I approa
h 
anbe used to design an asymptoti
ally 
onvergent redu
ed order observer for a well�de�ned
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lusion
lass of power 
onverters, whi
h is 
hara
terized by a simple linear matrix inequality(LMI). Moreover, it is proven that the I&I observer 
an be 
ombined with the PI 
ontrollerproposed preserving the GAS properties of the 
losed�loop. The new 
ontroller wasapplied to regulate the voltage of the widely�popular, and di�
ult to 
ontrol, single�ended primary indu
tor 
onverter (SEPIC). We have identi�ed, via an LMI, a 
lass ofbilinear systems of the form
ẋ = A0x+

m∑

i=1

uiAix+ E

y = Cx.for whi
h a globally 
onvergent observer 
an be designed. To the best of our knowledge,in spite of its simpli
ity, this result is new.
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