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Résumé Détaillé

Introduction

Les systémes électroniques commutés sont de plus en plus utilisés dans plusieurs domaines
domestiques ou industriels: les écrans a cristaux liquides, les appareils électroménagers,
I’éclairage, les ordinateurs personnels, les centrales électriques, les véhicules de transport
et ainsi de suite. L’efficacité des opérations de toutes les applications dépend du travail
essentiel réalisé par des systémes électroniques a commutation, dont le comportement est
déterminé par une interconnexion et un controle appropriés des dispositifs analogiques et
numériques.

De point de vue technique, la plupart des systémes électroniques commutés peuvent
étre classés comme convertisseurs de puissance. Ces systémes peuvent étre considérés
comme des réseaux composés de commutateurs a semi-conducteurs, par exemple, thyris-
tors, transistors et des diodes, ainsi que des éléments passifs, par exemple, des condensa-
teurs, des inductances et des résistances, et des sources de courant-tension.

La classification la plus fréquente de systémes de conversion de puissance est basée
sur la forme d’onde des signaux d’entrée et de sortie, si elles sont en courant alternatif
(AC) ou a courant continu (DC). Selon le caractére de la source d’entrée, ils peuvent étre
convertisseurs a source de tension ou convertisseurs a source de courant. En outre, les
convertisseurs peuvent étre de faible, moyen ou haut niveau de tension et/ou de courant.

Les systémes a commutation jouent un role fondamental dans tous les environnements
ou la régulation, le controle et la conversion de 1'énergie électrique est une question clé.
Ces derniéres années, des contraintes d’efficacité de et de qualité plus exigeantes sont
imposées sur l'énergie électrique dans des applications telles que les systémes de puis-
sance, les véhicules de transport. Ce qui a déterminé un intérét de nouvelles recherches
dans I’étude des approches formelles pour I’analyse, la conception et le controle des con-
vertisseurs de puissance. Dans ce contexte, ’analyse, la conception et le controle des
systémes électroniques commuté est une question clé, et 'utilisation d’outils mathéma-
tiques avancés peut étre une approche efficace pour lutter contre les exigences croissantes
de performance et d’efficacité.

Comme motivation de ce travail, nous considérons les convertisseurs DC-DC de puis-

sance, en raison de leurs large gamme d’applicabilité, et leurs présence dans tous les types
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de circuits électroniques, soit dans les applications industrielles (systémes d’alimentation
d’engins spatiaux, les matériels de télécommunication) ou les applications personnelles
(PC, matériel de bureau, appareils électriques), et avec une gamme de puissance de
quelques milliwatts, pour le téléphone portable par exemple, & des mégawatts, pour les
systémes électriques de transmission de puissance.

Le probléme de la modélisation et le controle de ces systémes d’électronique de puis-
sance, c’est qu’ils ont des topologies de circuit qui intégrent des éléments en temps con-
tinu, comme des résistances, des inductances, condensateurs, et de sources de tension et
de courant qui sont interfacés avec des appareils électroniques tels que les diodes et les
commutateurs électroniques tels que des thyristors, des transistors MOSFET. Cela con-
duit & des types de systémes hybrides qui impliquent un comportement d’un systéme en
temps continu mélangé avec un comportement de commutation logique a temps discret.
Les systémes de controle traditionnels a été basée sur des modéles moyennés ou 'action
des commutateurs sont assimilés a des signaux continus allant dans un certain interval
fermé,[0, 1] , en négligeant la présence d’ondulations.

Une littérature récente sur les systémes hybrides est apparue dans la communauté de
controle dans les derniéres années [25]. Comme d’habitude dans la théorie du controle,
I’objectif principal de la recherche s’est orientée vers le développement de méthodologies
générales, surtout pour I'analyse [22] mais aussi pour la conception du controleur, des
classes de systémes dynamiques hybrides a motivation théorique. Pour cela, il est un
vraiment besoin de développer un controle hybride et ’objectif de controle ne sera pas
la stabilisation d’'un point d’équilibre, mais la génération d’une orbite périodique autour
d’un point de fonctionnement désiré.

Motivé par ce fait, dans la premiére partie de la thése une perspective différente a
été adoptée, c’est le développement d’une solution pour des exemples pratiques. Nous
allons considérer un convertisseur de type boost et un convertisseur buck-boost en mode
d’operation discontinue DCM, et notre principale contribution sera un algorithme de con-

trole simple et robuste.

Négliger la présence des ondulations permet de reformuler le probléme de regulation
du convertisseur comme un probléme d’équilibre classique pour qui, des techniques non-
linéaires de conception des controleurs, par exemple, mode de glissement et de la passivité

sont directement applicables.

Développer le controle des systémes non linéaires, qui intégre & un niveau fondamen-
tal la structure des systémes physiques et fournit des solutions a des problémes pratiques
d’ingénierie, a été la motivation de plusieurs ouvrages. Une contribution principale dans
ce domaine a été l'identification d’une grande classe de convertisseurs qui peuvent étre

stabilisées par I'intermédiaire de la régulation adaptative PI. Une procédure de concevoir
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des controleurs linéaires proportionnel et intégral assurant la stabilité asymptotique glob-
ale pour les convertisseurs de puissance a été proposé dans [39]. La construction nécessite
la mesure de 1’état complet du systéme, qui est souvent indisponible dans la pratique.

L’objectif principal de la deuxiéme partie sera de montrer que ’approche 1&I de [37]
peut étre utilisé pour concevoir un observateur asymptotiquement convergent d’ordre
réduit pour une classe bien définie de convertisseurs de puissance, qui est caractérisé
par une simple inégalité matricielle linéaire (LMI). Par ailleurs, nous allons prouver que
I’observateur 1&I peut étre combiné avec le controleur PI en préservant les propriétés de
la stabilité asymptotique globale de la boucle. La nouvelle commande est appliquée a
réguler la tension du convertisseur SEPIC.

Dans ce resumé, nous allons presenter les contributions principales de la theése:

Dans la premiére partie nous intéressons au probléme de la régulation de la tension
des convertisseurs de puissance fonctionnant dans le mode de conduction discontinue.
Deux convertisseurs de puissance sont considérés: le convertisseur boost et le convertis-
seur buck-boost. L’objectif de commande est la génération d’une orbite périodique. Notre
principale contribution est un algorithme simple et robuste qui donne des formules ex-
plicites pour les temps de commutation sans approximations. Les résultats de simulation
et expérimentales qui illustrent la robustesse du systéme a l'incertitude des paramétres,
ainsi que des comparaisons de performance avec la pratique actuelle, sont présentés.

Dans la deuxiéme partie une classe de convertisseurs de puissance qui peut étre glob-
alement stabilisé avec un controleur PI a été identifié. Par ailleurs, nous allons prouver que
I’observateur 1&I peut étre combiné avec le controleur PI tout en préservant les propriétés
de stabilité asymptotique globale de la boucle fermé. La classe se caractérise par une in-
égalité matricielle linéaire simple. Le nouveau controleur est illustré avec le convertisseur
trés - populaire, et difficile & controler, le SEPIC, pour lequel les résultats expérimentaux

sont présentés.

Commande Hybride Robuste des Convertisseurs de Puis-

sance DC-DC en Mode de Conduction Discontinue

Les interrupteurs idéals dans les convertisseurs de puissance sont généralement mis en
oeuvre en utilisant des dispositifs semi-conducteurs unidirectionnels qui peuvent conduire
a une nouveau mode de fonctionnement générique appelé mode de conduction discontinu
(DCM). Ce mode survient lorsque 1'ondulation est suffisamment grande pour provoquer
la polarité du signal (courant ou tension) appliquée a l'interrupteur a inverser, en violant
les hypothéses de l'irréversibilité formulées dans la réalisation de 'interrupteur. Dans les
topologies de convertisseur classique le mode discontinu apparait trés souvent pour une
faible charge [24].
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La dynamique du convertisseur est significativement altérée dans le mode de conduc-
tion discontinu. Les techniques existantes pour 1’analyse et la conception du controleur,
notamment, les approximations de la dynamique moyenne (valable pour les commuta-
tions rapides) ou pour les petites ondulations, ne sont plus valables. Avec les approxima-
tions derniers le convertisseur peut étre traité comme un systéme continu (éventuellement
non linéaire), avec l'action des commutateurs assimilé & des signaux continus allant dans
un certain interval fermé, [0, 1]. Négliger la présence des ondulations permet de refor-
muler le probléme de régulation comme un probléme de stabilisation classique pour lequel,
plusieurs techniques non-linéaires de conception des controleurs, par exemple, modes glis-
sants [29] - [33] et & base de la passivité [34] - [36], sont directement applicables. Dans
la plupart de ces littératures que le mode de fonctionnement continu CCM est consid-
éré. Une méthode de calcul des instants de temps de commutation sur la base d’énergie
du convertisseur boost en fonctionnement DCM, ot les ondulations sont considérés a été
proposé dans [28]. Dans cette stratégie, les instants de commutation sont choisis de sorte
que le changement d’énergie totale est égale a zéro. Les calculs nécessaires ne sont pas
simples dans cette stratégie, et seul les résultats de simulation sont présentés.

Le convertisseur donc est un systéme de hybride, qui présente des comportements des
systémes a temps continu et & temps discret en meme temps. Les signes distinctifs seront

comme suit:

(i) Le controle n’est pas un signal continu, mais directement les positions des commu-
tateurs, qui prennent des valeurs binaires {0, 1}, et décide la commutation entre les

différentes topologies du convertisseur.

(ii) En raison de considérations technologiques, I’activation des interrupteurs est soumis

a un temps minimum qui doit étre pris en compte.

(iii) En plus des commutations induites par les positions de commutation, il y aura les

commutations forcées en raison de la violation de I’hypothése de 'unidirectionnalité.

(iv) Comme 'ondulation ne peut étre négligé, I'objectif de controle n’est pas la stabili-
sation d’un point d’équilibre, mais la génération d’une orbite périodique (“avec une

amplitude minimale") autour du point de fonctionnement souhaité.

Une littérature récente sur les systémes hybrides est apparue dans la communauté de
controle dans les derniéres années [25]. Comme d’habitude dans la théorie du controle,
I’objectif principal de la recherche s’est orientée vers le développement de méthodologies
générales, surtout pour I'analyse [22] mais aussi pour la conception du controleur, des
classes de systémes dynamiques hybrides a motivation théorique. Pour cela une per-

spective différente a été adoptée, c’est le développement d’une solution pour des exemples
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pratiques. Nous allons considérer un convertisseur de type boost et un convertisseur buck-
boost en mode d’operation discontinu DCM. La formulation du probléme sera présenté

dans la section suivante.

Modéle et formulation du probléme

Deux types de convertisseurs de puissance sont considerés: le convertisseur boost et le
convertisseur buck-boost donnés dans les Figs. 1.4(b), et 1.4(c).

Les circuits pour les trois topologies correspondants aux trois modes d’opération sont
décrits dans les Figs. 2.1, et 2.2. Ces modes depend de la position de l'interrupteur et
de la conduction de la diode diode comme décrit ci-dessous. Les états sont le courant de
I'inductance x; et la tension du condensateur x,. La dynamique dans les deux cas sont
décrits par le modéle:

= Ajx + bjvgy,, 1=1,2,3,

ou le paire (A;, b;) constitut la matrice du systéme et la matrice d’entrée, i=1,2,3 représente
le mode de fonctionnement.

Dans le cas du convertisseur boost: Les paires (A;, b;) pour les trois topologies sont

[ = =1 1
Ql . A1 = [1/ _Ll s b1 = L
L C CRy 0

[0 0 0
QQI A2= 0;1],52:[()]

CRy

0 :
Qg . Ag = _ s bg = .
0 & 0

Dans la topologie €23, lorsque I'interrupteur est ON, la batterie externe v;, € R, fournit
de I’énergie magnétique a I'inductance L, tandis que I’énergie électrique du condensateur
C est déchargé dans la charge, représentée ici par une résistance Ry. Lorsque 'interrupteur
est OFF et la diode est ON le circuit prend la topologie §2;, alors I’énergie se transfert de
I'inducteur au condensateur, assurant la construction de sa tension de x, et la réalisation
de 'amplification souhaitée. La topologie {25 représente le mode de conduction discontinu.

Dans le cas du convertisseur buck-boost: Les paires (A;,b;) pour les trois topologies

sont
Ly 1 0
Ql : A1 = f Ll ] 5 b1 = [ ]
= 0
L C CRo
0 O 0
QQ A2 - 1 ] ) U2 [ ]
0 s 0
o)l
QB A3 - _ s bg =
I 0 CI%O 0
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Pour le convertisseur buckboost Fig.2.2, 'inductance gagne de I’énergie dans la topologie
Q3 et le condensateur perd son énergie dans les topologies 23 et €25. Dans la topologie €2,
I'inductance fournit de I’énergie au condensateur.

Les deux systémes évoluent dans I'ensemble {x; > 0,29 > 0} =: Ri pour les topologies
Qq et €3, tandis que pour la topologie (25, les trajectoires sont limitées a l’ensemble
{1 = 0,29 > 0}. Une trajectoire typique dans le plan de phase x; — xo est montrée
dans la figure Fig. 2.3, ou t; € Ry, ¢« = 1,2, 3, représente le temps pendant chacune des
topologies.

En raison de considérations technologiques, un minimum de temps (dwell time), tp €
R, , est imposé a 'interrupteur. Sitp est grand, par rapport a la constante de temps RyC),
le courant x; devient nul et une transition forcée de §2; a {25 est induite. D’autre part,
les transitions de 25 a €3 et de €23 a )y, déterminées par la position de I'interrupteur,
sont décidées par le controleur. Bien siir, ces temps de transition de commutation doivent
respecter la contrainte de temps minimale.

Compte tenu de t; — le temps qu’il faut pour le courant pour passer a zéro — le
concepteur doit décider les temps de commutation ¢ et t3, qui devraient satisfaire la
contrainte sur le temps

l3 >1tp, t1+1ty>1p.

L’objectif du controle est de générer un cycle limite attractif (de période t; + to + t3)
contenu dans la bande

xo(t) € [x5 — €1, 25 + €3],

ou 5 € R, est la valeur moyenne souhaitée pour zo et — pour réduire au minimum
I’ondulation de la tension — les constantes ¢; € R, sont aussi petits que possible. Bien
que la gamme des valeurs de z(t) n’est pas la principale préoccupation, pour des raisons

pratiques, ce courant est également limité & une borne supérieure z;(t) < z.

Algorithme de commande

Les calculs dans la section 2.3 conduisent a ’algorithme de controle suivant:

Step 1. Fixer un point (29, 29) € R%, tel que t3 donné par:
L 0
t3=——1In (1 — TLxl) )
rL Vin

Step 2. A linstant to > 0 quand x(ty) = (20, 23) activer le passage de u =0 a u = 1.

vérifie t3 > tp et 29 < 3.

Step 3. Attendre (en mode €) jusqu’a x;(t) = 0 et mesurer x5 correspondant.
Step 4. Calculer t5 +t35. Sity > 0 aller a I’étape 5, sinon definir ¢, := tp — t1, puis passer
a I’étape 5.

Step 5. Attendre (en mode 3) pour un temps ¢, et activer le passage de u =1 a u = 0.
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Step 6. Attendre (en mode 23) pour un temps t3 et mesurer 'état, soit (29, x3). Vérifier
si, pour la nouvelle valeur (29,29), t3 > tp et 2y < z3. Si oui, aller & I'étape 2, sinon
attendre pour un temps plus long jusqu’a ce que 1’état est conforme aux contraintes, puis
attribuer la nouvelle valeur ¢3 et passer a ’étape 2.

Comme indiqué dans l'introduction, en fonctionnement normal, le circuit fonctionne
dans le DCM, d’ou a I’étape 3 t5 > 0. En outre, il est clair que, dans des conditions
idéales, lorsque les parameétres sont exactement connues et il n’ya pas de perturbations,
le point de (29, 9) obtenu a I’étape 6 coincide avec le point initial. Toutefois, en pratique
il y aura un écart, d’out la nécessité de recalculer les temps de commutation en fonction
des mesures.

Cet algorithme peut étre robustifié vis a vis les incertitudes dans les constantes de
temps. Ce calcul est presenté dans la section 2.4

L’utilité du systéeme de controle proposé a été évaluée par des simulations numériques
et des éxperimentations. Les résultats sont présentés respectivement dans les sections:
2.5 et 2.6.

Stabilisation des Convertisseurs de Puissance par PI avec
des Mesures Partielles de I’Etat

Les controleurs se basant sur la passivité ont été trés efficaces pour les convertisseurs de
puissance. Mais, pour générer la sortie pourlaquelle la passivité incrémentielle est établie
[39], la mesure compléte de 1’état est généralement requise. Pour des raisons économiques
et technologiques, il est souhaitable d’éviter la nécessité d’avoir de capteurs dans les
convertisseurs de puissance, et donc détendre I’hypothése d’une mesure de I'état.

La principale contribution de cette partie est de montrer que I'approche de I'immersion
et I'invariance (I&I) de [37] peut etre utilisée pour concevoir un observateur a ordre réduit
asymptotiquement convergent pour une classe définie de convertisseurs de puissance, qui
se caractérise par une inégalité matricielle linéaire simple (LMI). Par ailleurs, I'observateur
I&I peut etre combiné avec le controleur PI proposé dans [39] préservant les propriétés
GAS de la boucle fermée. Le nouveau controleur est appliqué pour réguler la tension du
convertisseur trés - populaire, et difficile & controler, le SEPIC, pour lequel les résultats

expérimentaux sont présentés.

Conception de I'observateur

Nous considérons la classe de convertisseurs de puissance commutés avec des condensa-

teurs et des inductances linéaires, décris dans la forme hamiltonienne
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ou z € R", composée des flux des inducteurs et des charges des condensateurs, est 1’état
du convertisseur, u € R™ désigne le rapport cyclique, I’énergie totale stockée dans les

inductances et les condensateurs est

1
H(p)=5"Qr, Q=@ >0, (2)
V= %, Ji=—J e R e {0}Jm := {1,...,m} sont les matrices d’interconnections,

R e R™™ R = R'" > 0 est la matrice de dissipation, et le vecteur E € R" contient les
sources de tension et courants externes.

Le probléme d’observateur d’état est formulé comme suit. Supposons
Ym = Cx € RP,

avec p < n et C' € RP*™ rang plein, est disponible pour la mesure. Pour reconstruire 1’état

z on definit une matrice S € R™P)*" telle que la matrice carrée

S
C

T .= e RV (3)

est de rang plein et on considére le changement de coordonnées

Ui
Ym

Le probléeme est alors de produire une estimation pour le vecteur n € R"?, n € R"7P,

=Tx.

pour définir I’état observé comme

i ] i
ym]—[a DQ}[ym], (4)

otl, pour une référence future, on a introduit les matrices D; € R (") and Dy € R"*P.

Z=T"1!

Une classe de convertisseurs de puissance pour laquelle le probléme d’observation est

résolu est caractérisée par le LMI qui suit
Hypothése 1. Etant donné
Joy oy Iy R, Q € R
S e R P*n D e R O e RPX™
On definit
Fy, = S(Jo— R)QD,
F, = SJ,QD,, 1€m

GO = C(JO—R)QDl
Gl‘ = CJZQDl, 1€ m. (5)
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1l existe

7 e Rn=p)xp p — pT o Rn=p)x(n—p)

Y

solution des LMI suivantes

P > 0
sym{PFy+ ZGy} < 0
sym{PF;+ ZG;} = 0,1i¢€m, (6)

ou sym{-} désigne la partie symétrique.

Proposition 1. Considérons le convertisseur de puissance (1), (2) vérifiant Uhypothése

1. Définissons

A . RT SRV
Au) = (Jo—R)Q + Z JiQuy, (7)
i=1
avec u = col(uy, ..., uy). l'observateur 161 a dimension (n — p)

§ = (S+TO) AW (D2 = Dil)ym + Di§) + E]
i = &= Tyn (8)

ol
=Pz cRrP>p (9)

avec P et Z la solution des LMI, assure la convergence exponentielle globale de ’erreur
d’observation. Pour toutes les conditions initiales x(0) € R",£(0) € R, et tout u(t), il
existe a, k € Ry tel que

[(t) = n(®)] < ke™*[7(0) = n(0)],

pour tout t >0, ou | - | est la norme euclidienne.

La preuve de cette proposition est donné dans la section 3.1.

Controlleur PI A retour de sortie GAS

Dans cette section, nous proposons d’utiliser 'observateur 1&I de la section précédente,
avec le controleur PI du [39], préservant la GAS de la boucle fermé. Afin de simpli-
fier notre présentation (une légére variation) des principaux résultats rapportés dans le
chapitre 1 sont d’abord rappelés ci-dessous.
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Proposition 2. Considérons un convertisseur de puissance décrit par (1). Soit x* € R"

un point d’équilibre admissible, alors, il satisfait

i=1
pour certains u* € R™. On definit [’entrée incrémentale

U:=u—u",

et le signal de sortie
y = Cuz,

avec
(z9)TQNLQ
C:=— : e R™*", (11)
(%) T QI Q
1. L’application u — y est passive. Plus précisément, le systéme vérifie l'inégalité de
dissipation

H<y'a, (12)

avec la fonction de stockage
H : R"-> R,
1
HE) = 7Qk (13)

ou T =z — x*.

2. Le convertisseur de puissance en boucle fermée avec le réqulateur PI

w o=y

u = —Kyy— Kw, (14)
avec K, = KpT > 0,K; = K, >0 assure que ’équilibre
(z,w) = (z*, _K@'_IU*)a

est GAS siy est detectable. Autrement dit, si pour toute solution (x(t),w(t)) de la boucle
fermée du systéeme, l'implication suivante est vraie:

yt)=0 = limz(t) = 2% lim w(t) = —K; 'u*. (15)

t—o00 t—o00 ¢

Nous sommes en mesure de présenter le résultat principal de cette section.
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Proposition 3. Considérons un convertisseur de puissance décrit par (1), vérifiant ’hypothése
1, avec un état d’équilibre x* et une entrée correspondante u*. Supposons (15) de la propo-

sition détient. le controlleur PI avec [’observateur

w = Ci

v = —K,Ct— Kw (16)
ou & est l'estimation de ’état généré par Uintermédiaire (4), (7), (8) and (9), assure que
[’équilibre

(x,w,z) = (¥, —Ki_lu*,O)

est GAS.

La preuve de cette proposition est également fourni dans la section 3.3.

Application au SEPIC

Le SEPIC est un des convertisseur de puissance qui a trouvé une large application dans
I'industrie parce qu’il est relativement simple et peut fonctionner aussi bien en mode
elevateur et abaisseur [49]. En dépit de sa similitude avec le convertisseur Cuk bien connu,
il est largement reconnu que la conception d’un controleur pour obtenir un comportement
de haute performance est un probléme majeur ouvert.

En supposant qu’il est en mode de conduction continue, son modéle moyen, peut etre

exprimé sous forme hamiltonienne (1) avec n = 4 et les définitions

xr = COl(¢1a ¢2a q1, 92)7 E = COI(‘/;TH Oa 07 0)

1
R = diag {’I“LI,TLQ,O, —}
r

11 1 1
— di - - =
Q la‘g{L17L27017C2}

0 0 -1 -1
00 0
Jo =
1 0 0
1 -1 0 0 |
0 0 1 1]
0 0 -1 —1
Jy =
~1 1 0
| -11 0 0 |
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ou ¢; sont les flux dans les inducteurs L;, ¢; les charges dans les condensateurs C;, u est
I'indice de modulation, V;, est la tension d’alimentation constante directe, L;, C;, 7.,
sont les paramétres SEPIC et r est la résistance de charge.

L’objectif du controle est la régulation de la tension de sortie & une valeur donnée
constante V*, i.e., la régulation de la charge x4 pour une référence souhaitée zj > 0 ou
CoV* = aj. 1l est supposé que la seule variable disponible pour la mesure est la tension
de sortie, parsuite p =1, et

C=(0001).

La proposition ci-dessous qui — par la proposition 1 établit I'existence d’'un observateur
I&I GAS. L’ application directe de la proposition prouve alors qu’un controleur PI par
retour de sortie rend le SEPIC GAS.

Proposition 4. Fizons Pi3 > 0 et posons
1
PQQI—P13+K (17)
’I“L2
Ly
Cﬂ"LQ
> 0 tel que, pour tous K > K

L
)Pis + é[(. (18)

les matrices

P33 = (TLQ -+

Il existe K ;0 min
%P22 O P13
P — 0 P22 P13

P13 P13 P33

Z = —P13

L2(];—2f - ]Z_gf’)

sont solutions des LMI de I’Hypothése 1 pour le modeéle du SEPIC. Par ailleurs, K devrait

satisfaire les deux conditions suivantes:

1 L‘zl 1 Lo 1 L3
2R (—== 2K P
47"%201 L1 + (27"L2 L1 + 7"%201 Ll) 13+

] 12 1L, 1
o B Ly ) 19
TL2L1+7"% ) Pi (19)

2
2

:—Z%KQ paz2 _LZlypoR - = P> 0. (20)

Ces conditions sont obtenues aprés une démonstration détaillée expliquée dans le
chapitre 3. Comme les coefficients de K2 sur les cotés droite de (19) et (20) sont positifs,
il est clair que, pour tout P;3 choisi, il existe K > 0 telles que les deux inégalités sont
satisfaites. Le nouveau controleur est illustré avec le convertisseur SEPIC, pour lequel les

simulations et les résultats expérimentaux sont présentés dans la section 3.5.




Introduction

Switched electronic systems are used in a huge number of everyday domestic and in-
dustrial utilities: liquid crystal displays, home appliances, lighting, personal computers,
power plants, transportation vehicles and so on. Efficient operations of all such applica-
tions depend on the essential " hidden work" done by switched electronic systems, whose
behaviour is determined by a suitable interconnection and control of analog and digital
devices.

From the engineering point of view, most switched electronic systems can be classified
as power converters. These systems can be viewed as networks composed of semicon-
ductor switches, e.g., thyristors, transistors and diodes, along with passive elements, e.g.,
inductors capacitors and resistors, and current-voltage sources.

The most common classification of power conversion systems is based on the waveform
of the input and output signals, in the case whether they are alternating current (AC) or
direct current (DC), thus: DC to DC, DC to AC, AC to DC and AC to AC. Depending on
the character of the input source, they may be voltage-source converters or current-source
converters. Moreover, converters may be of low, medium or high voltage and/or current
level.

Switched systems play a fundamental role in all those environments where regulation,
control and conversion of the electrical energy is a key issue. In recent years, continuously
more demanding efficiency and quality constraints are imposed on the electrical energy
in applications such as electrical drives, power systems and transportation vehicles. This
has determined a new research interest in the study of formal approaches for the analysis,
design and control of power converters. In this context the analysis, design and control
of switched electronic systems is a key issue, and the use of advanced mathematical tools
can be an effective approach for tackling increasing requirements in performance and
efficiency.

As a motivation of this work, we consider the DC-DC power converters, due to there
wide range of applicability, and presence in all kind of electronic circuits, from industrial
applications (spacecraft power systems, DC motor drives, telecommunication equipment)
to personal applications (PCs, office equipment, electrical appliance, and with a power
range from milliwatts, mobile phone, for example, to megawatts, in electric power trans-

mission systems.




2 INTRODUCTION

The problem of modeling and control of these power electronics systems is that they
have circuit topologies that include continuous time elements like resistors, inductors,
capacitors, and voltage and current sources that are interfaced with electronic devices
like diodes, and electronic switches such as thyristors, transistors, and MOSFETs. This
leads to hybrid system types that involve continuous-time system behavior mixed with
discrete-time logic switching behavior. Traditional control schemes was based on averaged
models where the action of the switches are assimilated to continuous signals ranging in
some closed interval, e.g., [0,1], then neglecting the presence of ripples. A burgeoning
literature on hybrid systems has emerged in the control community in the last few years
[25]. As usual in control theory, the main thrust of the research has been towards the de-
velopment of general methodologies, mainly for analysis [22] but also for controller design,
of classes of theoretically motivated, hybrid dynamical systems. That is, there is a truly
need to develop hybrid control, and the control objective will be not the stabilization of
an equilibrium point but the generation of a periodic orbit around a desired operating
point. Motivated by this fact, in the first part of the thesis a different perspective was
adopted, namely the development of a solution for a specific example of practical rele-
vance. We will consider a boost and a buck-boost converter operating in DCM, and our

main contribution will be a simple robust control algorithm.

Neglecting the presence of the ripple permits to recast the converter regulation as
a classical equilibrium problem for which, by now standard, nonlinear controller design

techniques, e.g. sliding mode and passivity based are directly applicable.

Developing control of nonlinear systems that incorporates at a fundamental level the
systems physical structure and provides solutions to practical engineering problems, was
the motivation of several works. A main contribution in this domain was the identification
of a large class of converters that can be stabilized via adaptive PI control . A procedure
to design globally asymptotically stabilizing linear proportional plus integral controllers
for switched power converters was proposed in [39]. The construction requires the mea-
surement of the full state of the system which is often unavailable in practice. The main
objective of the second part will be to show that the I&I approach of [37] can be used
to design an asymptotically convergent reduced order observer for a well-defined class
of power converters, which is characterized by a simple linear matrix inequality (LMI).
Moreover, we will prove that the I&I observer can be combined with the PI controller
preserving the GAS properties of the closed—loop. The new (certainty—equivalent) con-
troller is applied to regulate the voltage of the widely—popular, and difficult to control,
single-ended primary inductor converter (SEPIC).




This thesis is composed of three chapters:

The first chapter presents some background materials, concepts and results. We
begin first with an introduction about switching power converters, then the different
conduction modes: the continuous and discontinuous conduction modes of power
converters. The results of stabilization via adaptive PI control of a large class of
converters using the key property of passivity of the nonlinear incremental model,
and the procedure to design the globally asymptotically stabilizing controllers for
these converters are then presented. After a brief introduction where the main ideas
of immersion and invariance are illustrated, then the design principle of observers

for general nonlinear systems provided by I&[ are given.

In chapter 2 we are interested in the problem of voltage regulation of power con-
verters operating in discontinuous conducting mode. Two power converters are
considered: the boost converter and the buck-boost converter. The system does
not admit a (continuous—time) average model approximation, hence is a bona fide
hybrid system where the control objective is the generation of a periodic orbit and
the actuator commands are switching times. Our main contribution is a simple
robust algorithm that gives explicit formulas for the switching times without ap-
proximations. Simulation and experimental results that illustrate the robustness
of the scheme to parameter uncertainty, as well as performance comparisons with

current practice, are presented.

In chapter 3 a class of power converters that can be globally stabilized with an
output-feedback PI controller has been identified. Moreover, we will prove that the
I&T observer can be combined with the PI controller preserving the GAS properties
of the closed—loop. The class is characterized by a simple linear matrix inequality.
The new controller is illustrated with the widely—popular, and difficult to control,
single-ended primary inductor converter, for which simulation and experimental

results are presented.
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In this chapter some background materials, concepts and results are presented.

We begin first with an introduction about switching power converters, providing the
different topologies from a circuit theory perspective, then the different conduction modes:

the continuous and discontinuous conduction modes of power converters. In this section

the DC-DC power converters that will be considered in this thesis are presented.

The results of stabilization via adaptive PI control of a large class of converters using
the key property of passivity of the nonlinear incremental model, and the procedure to

design the globally asymptotically stabilizing controllers for these converters are then

presented in the next section.

After a brief introduction where the main ideas of immersion and invariance are illus-

trated, then

the design principle of observers for general nonlinear systems provided by

I1&1I are given.




6 1. PRELIMINARIES

1.1 Switching Power converters

Switching power converters are in existence for almost five decades. They control the
flow of power between two systems by changing the character of electrical energy: from
direct current to alternating current, from one voltage level to another voltage, or in
some other way. The most common classification of power conversion systems is based on
the waveform of the input and output signals, in the case whether they are alternating
current (AC) or direct current (DC), thus: DC to DC, DC to AC, AC to DC and AC to
AC [1], [2]. Depending on the character of the input source, they may be the family of
voltage-source converters or the less-known family of current-source converters. Moreover,
converters may be of low, medium or high voltage and/or current level. Another sort of
classification may be performed according to the size of the output signal obtained from
the input signal; if the converter accomplishes a lower output signal it is well known as
step-down, and if it obtains a larger signal, it is known as step-up.

DC-DC power converters, with which this thesis is concerned, forms a major chunk
of these systems. They have recently aroused the interest in the current market due to
there wide range of applicability.

This section provides first from a circuit theory perspective, how fundamental convert-
ers are derived, how they are related, and how they can be integrated to result in more
complicated types of converters. Then the two modes of conduction of power converters:

the continuous and discontinuous conduction mode are explained.

1.1.1 Minimum configurable switching storage structures

Switching power conversion encompasses two types of conversions, namely voltage con-
version and current conversion. Power converters which electronically convert an energy
source of one voltage level to another voltage level are known as voltage converters. In
this respect, current converters are power electronics that convert an energy source from
one current level to another current level [3]. The basic mechanism of performing an
ideally lossless voltage or current conversion involves the rapid repeated connection and
disconnection of the voltage or current source to an appropriate storage device, namely an
inductor or capacitor, in a controlled manner via electronic switches, such that the energy
is transferred at the appropriate voltage or current level before being released to the out-
put load in the desired form. In configuring such power converters, it is important that
the voltage sources are never connected directly to a capacitor and the current sources
are never connected directly to an inductor. From a theoretical viewpoint, there are two
simplest configurable switching storage structures possible, namely a star-connected two-
switch inductor cell and a delta-connected two-switch capacitor cell. We will next give a
discussion on these storage cells and how they are configured to give the various possible

types of power converters [4], [6], [7].
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Figure 1.1: DC-DC voltage converter using the switching-inductor cell.

1.1.1.1 Switching-inductor cell

The switching-inductor cell comprises a storage inductor and two switches arranged in
a star connection as depicted in Fig. 1.1. Since current flowing through an inductor
must be continuous and cannot become zero instantaneously, the two switches must be
designed to operate complementarily such a closed-circuit continuous path will always
exist for the flow of the inductor current. For this reason, this switching-inductor cell
represents the minimum configurable switching inductor structure possible. To qualify
for a lossless conversion process, the switching-inductor cell must be implemented with
an input voltage source together with an output voltage sink, which forms the basis for a
voltage-to-voltage converter.

As illustrated in Fig. 1.2, there are three possible ways of configuring the switching-
inductor cell while still maintaining the star-connection structure. Each can be realized
by swapping the positions of any two of the three circuit elements. For proper operation
of such a configuration with its input source and output sink, there should be no instance
when the two switches are concurrently turned on. This will cause a direct short circuit
of either the source, the sink, or the source with the sink for the respective configurations
given in Fig. 1.2. Additionally, when there is current flowing in the inductor, there should
be no instance when both the switches are simultaneously turned off.

By replacing the voltage sink in Fig. 1.1 with a more realistic and practical circuit
representation in the form of a resistor-capacitor sink as illustrated in Fig. 1.3, and by
considering the three possible configurations of the switching-inductor cell given in Fig.
1.2, three fundamental types of voltage converters can be obtained. They are the voltage
buck, boost, and buck-boost converters, which represent the fundamental topologies of
the voltage converters. The schematics of these converters are given in Fig. 1.4 . For
economical reasons, one of the two switches is replaced by a diode. The primary difference
between the topologies is that each converter has a different voltage conversion ratio M

1

such that M(D) = 3=, where D is the duty cycle and is a function of the turn-on time
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Figure 1.2: The three possible configurations of the switching-inductor cell. (a) Structure
1, (b) Structure 2, (c¢) Structure 3.

To, and the period T" which is the sum of turn-on and turn-off time periods, T, + T,¢/,
. . . . Ton
of the active switch S, i.e. D = Tt
For example, the voltage conversion ratios M (D) for the respective converters when
they are operating in the continuous inductor conduction mode (current flow of the in-

ductor never falls to zero) are:

e Voltage buck converter:

Vo
=D 1.1
V- (1.1)
e Voltage boost converter:
V, 1
= — (1.2)
e Voltage buck-boost converter:
V, D
= — 1.
V. "1-D (1.3)

From these equations, one can expect since the duty ratio is confined as 0 < D < 1, the
voltage buck converter can only produce an output voltage smaller than the input voltage,
i.e. 'V, < Vi,; a voltage boost converter can only produce an output voltage bigger than
the input voltage, i.e. V, > V;,,; whereas a voltage buck-boost converter will have V, <V,
when 0 < D < 0.5 and V, > V},, when 0.5 < D < 1. In the case of discontinuous inductor
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Figure 1.3: Voltage sink replaced by resistor-capacitor sink.

conduction mode, the converters inherit a different set of conversion ratios (given later
in section 1.1.3). Nevertheless, their properties of stepping up or stepping down voltage

levels remain the same regardless of the conduction mode.

1.1.1.2 Switching-capacitor cell

The switching-capacitor cell comprises a storage capacitor and two switches arranged in a
delta connection as depicted in Fig. 1.5. The voltage of a capacitor has to be maintained
continuous and cannot become zero instantaneously. The presence of the two switches
is important in the sence that they must be synchronised to operate complementarily to
ensure that there is no circumstance that the capacitor has a direct short circuit. This
gives the minimum configurable switching-capacitor cell must be implemented with an
input current source and an output current sink. This forms the basis for the current-to-
current converters.

As illustrated in Fig. 1.6, there are three possible ways of configuring the switching-
capacitor cell while still maintaining the delta-connection structure. Each can be realised
by swapping the positions of any two of three circuit elements. For proper operation of
such a configuration with its input source and output sink, there should be no instance
when the two switches are concurrently turned off. This will cause a direct open circuit
of either the source (in case (a)) or the sink (in case (b)), or a short circuit between the
current source and the current sink (in case (¢)) for the respective configurations given in
Fig. 1.6. Additionally, when there is stored charge in the capacitor, there should be no
instance when both the switches are simultaneously turned on, thus avoiding a capacitor
short circuit.

By considering the three possible configurations of the switching-capacitor cell given
in Fig. 1.6, three fundamental types of current converters can be obtained. They are the
current buck, boost, and buck-boost converters, which are in reality the dual counterparts
of the voltage converters given in Fig. 1.4. These converters represent the fundamental
topologies in the family of current converters. The schematics of these converters are
given in fig. 1.7. For economical reasons, one of the two switches can be replaced by a

diode. Here each of these topologies possesses a different current conversion ratio M, such
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Figure 1.4: The three fundamental DC-DC voltage converters. (a) Voltage buck converter,

(b) Voltage boost converter, (¢) Voltage buck-boost converter.
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Figure 1.5: DC-DC current converter using the switching-capacitor cell.
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Figure 1.6: The three possible configurations of the switching-capacitor cell. (a) Structure
1, (b) Structure 2, (c¢) Structure 3.
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that M(D') = L, where D' =1— D and D = (T,J;%ff) represents the duty cycle of S.
The current conversion ratios M (D/) for the respective converters when they are op-
erating in the continous voltage conduction mode ( voltage of the capacitor never falls to

Zero) are:

e Current buck converter:

I ,
2 =D 1.4
; (1.4
e Current boost converter:
1, B 1 (15)
I, 1-D '
e Current buck-boost converter: ,
I D
o__Z 1.6
I; 1-D (1.6)

It is clear from the equations that for a buck current converter, the output current is
always smaller than its input, i.e. I, < I;; for the current boost converter, output current
is always bigger than the input current, i.e. I, > I;; and for the current buck-boost
converter, I, < I; when 0 < D" < 0.5 and I, > I, when 0.5 < D’ < 1.

1.1.1.3 Duality of voltage and current converters

The family of current converters are basically the dual counterparts of the voltage con-
verters. So far, we have demonstrated the formulation of these converters from basic
circuit rules and framework of a switching-inductor cell and a switching-capacitor cell.
Interestingly, using the principle of circuit duality, it is possible to extract the same fam-
ily of current converters from the voltage converters, and conversely, the family of voltage

converters from the current converters.

1.1.1.4 Practical current DC-DC converters

While the reported family of current DC-DC converters in Fig. 1.7 are theoretically feasi-
ble, in reality, it is uncommon that practical current source and current sink are available.
Hence, a more practical scenario would be to replace the current sources and current sinks
with their circuit equivalent of voltage sources and sinks, which are respectively shown in
Fig. 1.8. This will result in an interesting family of current buck, boost and buck-boost
converters that are based on voltage sources and sinks, as depicted in Fig. 1.9. Note
that the derived converters possesses two inductors and two capacitors and they must be
operated only in the continuous inductor conduction mode such that the currents of both
the inductors are always continuous(to preserve the original property of a current source
and current sink). The presented current buck and boost converters and their modified

versions, as illustrated in Figs. 1.7, 1.9 are relatively unknown topologies which may
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Figure 1.7: The three fundamental DC-DC current converters. (a) Current buck con-
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Figure 1.8: (a) Current source replaced by an equivalent of voltage source and series

inductor and (b) Current sink replaced by a resistor-capacitor sink and series inductor.

be interesting for new emerging applications. Coincidentally, the modified buck-boost

converter given in Fig. 1.9(c) happens to be the well known Cuk converter.

1.1.2 Fourth-order converters

The Cuk, SEPIC, and zeta converters are a family of fairly interesting fourth-order con-
verters that were introduced in 1980s [5|. They have been classified as fourth order
converters for the reason that each of these converters comprises four independent stor-
age elements involving two inductors and two capacitors that are inter-actively configured
with the voltage source and sink via a switch and a diode.

From a topological viewpoint, fourth-order converters have twice the number of stor-
age elements and are more complicated than the fundamental voltage buck, boost, and
buck-boost converters, which are primarily second-order converters. Nevertheless, the
fourth-order converters possess unique features which renders them preferential in certain
applications over the second-order converters.

Next we will illustrate how this family of fourth-order converters can be obtained from

a two-inductor-two-switch circuit cutset.

1.1.2.1 Two-inductor-two-switch circuit cutset

Based on the two-inductor-two-switch cutset, the family of fourth-order converters can
be portrayed in the generic structure as depicted in Fig. 1.10. In this diagram, the four
boxes in dotted lines which are labeled as 14, 15, 24, and 25 represent either an inductor
or a switch.

The structure itself is known as the two-inductor-two-switch circuit cutset. To ensure
that there will be no short-circuit operation of the voltage source and voltage sink, the
cutset must be configured such that if component 1, is a switch, then the component

1 must be an inductor, and vice versa. Likewise, if component 24 is a switch, then
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current buck-boost converter.
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Figure 1.10: Generic fourth-order converter with two-inductor-two-switch cutset.

component 2z must be an inductor, and vice versa. With these constraints, there exist
only four possible configurations in this two-inductor-two-switch cutset. Omne of these
possible configurations is: 14 is an inductor, 15 is a switch, 24 is an inductor, and 25 is
a diode. This makes the Cuk converter given in Fig. 1.11(a). A second configuration is
to assign 14 as inductor, 15 as a switch, 24 as an inductor, and 2 as a diode. This gives
the SEPIC converter, which is shown in Fig. 1.11(b). The third configuration is to assign
14 as a switch, 15 as an inductor, 24 as an inductor, and 25 as a diode, to give what is
known as the zeta converter, as depicted in Fig. 1.11(c).

For all the three topologies, the voltage conversion ratios M (D) for the continuous

inductor conduction mode are exactly that of a buck-boost converter, i.e.

V, D
= — 1.
V. 1D (1.7)

The difference between these converters and the voltage buck-boost converter is that for
the latter, both the input current and the output current are non-pulsating. For the
SEPIC converter, the input current is non-pulsating but the output current is pulsating.
For the zeta converter, the input current is pulsating but the output current is non-

pulsating.

1.1.3 Continuous and discontinuous conduction mode

When the ideal switches of a dc-dc converter are implemented using current-unidirectional
and/or voltage-unidirectional semiconductor switches, one or more new modes of oper-
ation known as discontinuous conduction modes (DCM) can occur. The discontinuous
conduction mode arises when the switching ripple in an inductor current or capacitor
voltage is large enough to cause the polarity of the applied switch current or voltage to
reverse, such that the current- or voltage-unidirectional assumptions made in realizing the

switch with semiconductor devices are violated. The DCM is commonly observed in de-dc
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Figure 1.11: Known types of fourth-order converters with the two-inductor-two-switch

cutset. (a) Cuk converter, (b) SEPIC converter, (c¢) Zeta converter.
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converters and rectifiers, and can also sometimes occur in inverters or in other converters
containing two quadrant switches [21].

The discontinuous conduction mode typically occurs with large inductor current ripple
in a converter operating at light load and containing current-unidirectional switches. Since
it is usually required that converters operate with their loads removed, DCM is frequently
encountered. Indeed, some converters are purposely designed to operate in DCM for all
loads.

The properties of converters change radically in the discontinuous conduction mode.
The conversion ratio M becomes load-dependent, and the output impedance is increased.
For example, the voltage conversion ratios M for the respective voltage converters when

they are operating in the discontinuous inductor conduction mode are [23]:

e Voltage buck converter:

2
M=———- (1.8)
L+ /1+ 55
e Voltage boost converter:
1+4/1+42%
M = 5 (1.9)
e Voltage buck-boost converter:
D
M = \/—% (1.10)
with the dimensionless parameter K, defined as K = 2?{ ¢ and f, the switching frequency.

Where D is the duty cycle (equivalent to D in CCM) and is a function of the turn-on time
T., and the period T" which is the sum of turn-on and turn-off time periods, T, + T,¢/,
of the active switch S, i.e. Dy = (nﬂ% In discontinuous conduction mode, there are
now two subintervals during T5,;s. The inductor current waveforms of the two modes of

switching converter operation are illustrated in Fig. 1.12.

1.2 PI stabilization of switched power converters

1.2.1 Introduction

The identification of a large class of converters that can be stabilized via adaptive PI
control was shown in [39]. The work effectively exploits the key property of passivity of
the nonlinear incremental model [42], first reported in [46]. More specifically, this class of

switched power converters with linear capacitors and inductors, is described in the form:

i=1
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Figure 1.12: Inductor current waveforms and definitions of two modes. (a) Continuous

conduction mode, (b) Discontinuous conduction mode.

where z € R", consisting of inductor fluxes and capacitor charges, is the converter state,
u € R™ denotes the duty ratio of the switches, the total energy stored in inductors and

capacitors is

1
H(z) = §:UTQ3:, Q=Q" >0, (1.12)
V=2 J=-J eR”", ie{0}Um:={l,...,m} are the interconnection matrices,

R c R™™ R = R" > 0 is the dissipation matrix, and the vector £ € R" contains the
external voltage and current sources. G;,7 € m are n X n matrices, the model contains
besides the fixed sources GoE the switching sources > " | Giu, E.

Let x* € R™ be an admissible equilibrium point of the switched power converters
described in (1.11) that is z* satisfies

0=(Jo+ Y Ju;— R\VH(z") + (Go+ Y Gu})E (1.13)
i=1 =1

for some u* € R™. The nonlinear incremental model of the system for the output y = Cz,
where
ETGT — (z9)TQJ,
C = : Q e R™" (1.14)
ETGT — (2)TQJ,

is passive. More precisely, the system verifies the dissipation inequality

vV <yl (1.15)
where 7 := z — x*, y* = Cz* and the (positive definite) storage function V' : R” — R, is
given by

1
V(r) = 5:#@55 (1.16)

This passivity property corresponds to the mapping u — .
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1.2.2 PI stabilization

Consider a switched power converter described by (1.11) in closed loop with the PI con-
troller
=Y (1.17)
u=—K,y+ K;z
with 7 = CZ and C given by (1.14), and K, = K > 0, K; = K] > 0 and z*, u* satisfying
(1.13). For all initial conditions (z(0),z(0)) € R™™™ the trajectories of the closed loop

system are bounded and such that
lim g,(t) =0
where 3, is an augmented "output signal" defined as

C
RQ

o = 7 (1.18)

Moreover

lim s(0) =

if g, is detectable, that is, if for any solution x(t) of the closed loop system the following
implication is true:

ga@) =0= lim l‘(t) =

t—s00
The proof is given in [39]. In this thesis (chapter 3) we will show that the I&I approach
of [37] described in the next section, can be used to design an asymptotically convergent
reduced order observer for a well-defined class of power converters, which is characterized
by a simple linear matrix inequality (LMI). Moreover, we will prove that the I&I observer

combined with the PI controller preserve the GAS properties of the closed—loop.

1.3 Immersion and invariance approach

In this section a brief introduction of the main ideas of I&I are illustrated, the I&I frame-
work to solve stabilisation and adaptive control problems is presented after, then the

observer design for general nonlinear systems based on I&I is shown [37].

1.3.1 Immersion and invariance principle

I&I is a new method for designing nonlinear and adaptive controllers for (uncertain) non-
linear systems. The method relies upon the notions of system immersion and manifold
invariance, which are classical tools from nonlinear regulator theory and geometric non-
linear control, but are used in the present work from a new perspective. We call the new

methodology immersion and invariance (I&I). The basic idea of the I&I approach is to
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Figure 1.13: Graphical illustration of the immersion and invariance approach.

achieve the control objective by immersing the plant dynamics into a (possibly lower-
order) target system that captures the desired behavior.

A graphical illustration of the I&I approach is given in Fig. 1.13. Observe that 7(.)
maps a trajectory on the &-space to a trajectory on the x-space, which is restricted to the
manifold M containing the origin. Moreover, all trajectories starting outside M converge
to the origin.

The basic result for I&I stabilisation, namely a set of sufficient conditions for the
construction of globally asymptotically stabilising, static, state feedback control laws for

general, control affine, nonlinear systems is given in the next theorem:.

Theorem 1.1. Consider the system

T = f(z)+g(x)u (1.19)

with x € R, v € R™, and an equilibrium point x* € R™ to be stabilised. Assume that
there exist smooth mappings o : RP— RP, 7 : RP— R", ¢ :R"— R"P, ¢ : RP—R™
and v : R =P) 5 R™ with p < n, such that the following hold.

(A1) The target system

£ =a(f) (1.20)
with & € RP has a globally asymptotically stable equilibrium at £ € RP and
at =m(£)
(A2) For all £ € RP,
0
F(()) + g(m(©))el(m(€)) = Z-a(®). (1.21)
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(A3) The set identity

{r eR"|p(z) =0} ={x e R" |z =7(f),{ € R} (1.22)
holds.
(A4) All trajectories of the system
2= 22(1() + ool ), (1.23)
b = () + g(e)ole 2), (1.24

are bounded and (1.23) has a uniformly globally asymptotically stable equilibrium at z = 0.
Then x* is a globally asymptotically stable equilibrium of the closed-loop system

&= f(z) +g(@)v(z, d(x)). (1.25)

The proof of this theorem is given in [37].

1.3.2 Parameters estimation using I1&I1

Consider again the system (1.19), where the functions f(.) and g(.) depend on an unknown
parameter vector § € RY, and the problem of finding, whenever possible, an adaptive state
feedback control law of the form )
b= w(,0), (1.26)
u=uv(z,0),
such that all trajectories of the closed-loop system (1.19), (1.26) are bounded and tlz’m x(t) =
—00
x*. To this end, it is natural to assume that a full-information control law (that depends

on 0) is known, i.e., that the following stabilisability condition holds.

Assumption 1.1. There exists a function v(x,0), where 6 € RY, such that the system

&= f(z)+ g(z)v(x,0) (1.27)

has a globally asymptotically stable equilibrium at x = x*. The I&I adaptive control

problem is then formulated as follows.

Definition 1.1. The system (1.19) with assumption 1.1, is said to be adaptively 161
stabilizable if there exist 5(.) and w(.) such that all trajectories of the extended system

&= f(z) gg(w)v(wj 0+ B(x)), (1.28)

= w(x,0)

are bounded and satisfy

lim [g(ﬂf(t))v(ff(t), 0(t) + B(x(1))) = glx(t)o((t), 9)] =0. (1.29)

t—00
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Note that for all trajectories staying on the manifold
M = {@,é) eR" xR |0 — 6 + B() :0}

condition (1.28) holds. Moreover, by Definition 1.1 and Assumption 1.1, adaptive &I
stabilisability implies that
lim z(t) = x™. (1.30)

t— 00

1.3.3 Construction of the I1&I nonlinear observer

The problem of constructing observers for nonlinear systems has received a great deal
of attention due to its importance in practical applications, where some of the states
may not be available for measurement. In the case of linear systems a complete theory
on asymptotic (reduced-order) observers can be found in [9], while an observer with
finite-time convergence has been developed in [10]. The classical approach to nonlinear
observer design consists in finding a transformation that linearises the plant up to an
output injection term and then applying standard linear observer design techniques. The
existence of such a transformation, however, relies on a set of stringent assumptions [11],
[12] which are hard to verify in practice. Lyapunov-like conditions for the existence of a
nonlinear observer with asymptotically stable error dynamics have been given in [13]. An
observer for uniformly observable nonlinear systems in canonical form has been developed
in [14],[15],[16], based on a global Lipschitz condition and a gain assignment technique.
Some extensions of this result, which avoid the transformation to canonical form and
allow for more flexibility in the selection of the observer gain, have been proposed in [17].
More recently, in [18] conditions for the existence of a linear observer with a nonlinear
output map have been given in terms of the local solution of a partial differential equation
(PDE), thus extending LuenbergerSs early ideas [19], [20] to the nonlinear case.

In this section the general framework for constructing globally convergent (reduced-
order) observers for classes of nonlinear systems is presented. Instrumental to this devel-
opment is to formulate the observer design problem as a problem of rendering invariant
and attractive an appropriately selected manifold in the extended state-space of the plant
and the observer.

In the &I approach the manifold, which (as in the adaptive case) is parameterised
by a function 3, is rendered invariant by a nonlinear filter and attractive by a proper
selection of the function .

We consider nonlinear, time-varying systems described by equations of the form:

’f] = fl(nayat)
Y= fQ(nayat)

where n € R" is the unmeasured part of the state and y € R™ is the measurable part of

(1.31)

the state. It is assumed that the vector fields fi(.) and fy(.) are forward complete, i.e.,

trajectories starting at time tq are defined for all times t > tq.
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Definition 1.2. The dynamical system.:

§=al&yt) (1.32)

with & € RP, is called an observer for the system (1.31), if there exist mappings [ :
RP x R™ x R — RP and ¢ : R" x R™ x R — RP? that are leftinvertible and such that the
manifold

M={(n,y,§1) eR" xR xR xR : B(§,y,t) = ¢(n,y,1)} (1.33)

has the following properties.

(i) All trajectories of the extended system (1.31), (1.32) that start on the manifold M
remain there for all future times, i.e., M is positively invariant.

(11) All trajectories of the extended system (1.31), (1.32) that start in a neighbourhood
of M asymptotically converge to M. The above definition implies that an asymptotically
converging estimate of the state n is given by

= ¢"(B(E y,1),y.1)

where ¢ denotes a left-inverse of ¢. Note that the state estimation error ) — 1 is zero
on the manifold M. Moreover, if the property (ii) holds for any (n(to),y(to),&(to), o) €
R™ x R™ x RP x R then (1.32) is a global observer for the system (1.31).

A general tool for constructing nonlinear (reducedorder) observers of the form given
in Definition 1.2 is given:

Theorem 1.2. Consider the system (1.31), (1.32) and suppose that there exist C* mapping
B(&y,t) : RP xR xR — RP and ¢(n,y,t) : R* x R™ x R — RP, with a left inverse ¢* :
R?P x R™ x R — R", such that the following hold.

(A1) For all y, € and t, B(&,y,t) is left-invertible with respect to £ and

9p
(A2) The system

z=- g_g(f2(ﬁayat> - f2(777y7t))+ g_j

0
f2(ﬁay7t> - a_ij(nayat>+

n=n

(1.34)
¢ ) ¢ ¢ ¢
8_77 i fl(nay7t> - a_nfl(nayat> + E - - Ea
Then the system (1.32) with
0 0 19) 0
Oé(fayat) = (a_§>_1(a_§f2(ﬁayat> + a_f - a_j i fQ(ﬁayat)_
o N (1.35)
8_7’] i fl(naya ) - E n:ﬁ)a
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where i) = ¢ (B(E, 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 = [ — ¢ represent the
off-the-manifold dynamics. This theorem provides an implicit description of the observer
dynamics (1.32) in terms of the mappings 3(.), ¢(.) and ¢”(.) which must then be selected
to satisfy (A2). (Note, however, that the function «(.) in (1.35) renders the manifold M
invariant for any mappings 5(.) and ¢(.).) As a result, the problem of constructing an
observer for the system (1.31) is reduced to the problem of rendering the system (1.34)
asymptotically stable by assigning the functions 3(.) ,¢(.) and ¢Z(.).




26

1. PRELIMINARIES




27

Chapter 2

Robust Feedback Control of DC-DC

Power Converters in Discontinuous
Conduction Mode

Contents
2.1 Introduction . ... ..... ... ..., 28
2.2 Mathematical Model and Problem Formulation . .. ... .. 29
2.3 A Robust Switching Algorithm . ... .............. 32
2.4 Estimation of the Time Constants . ... ... .. ... .... 35
2.5 Simulations Results . ... ... ... .......... ... 36
2.6 Experimental system . ... ........... 0000, 37
2.7 Experimental Results . ... ... ................. 37
2.8 Approximation method . . . ... ... ... ... .. ..., 42
29 Conclusion. . . . .. ... i e e e e 50

In this chapter we are interested in the problem of voltage regulation of power convert-

ers operating in discontinuous conducting mode. Two power converters are considered: the

boost converter and the buck-boost converter. The system does not admit a (continuous—

time) average model approximation, hence is a bona fide hybrid system where the control

objective is the generation of a periodic orbit and the actuator commands are switching

times. Our main contribution is a simple robust algorithm that gives explicit formulas for

the switching times without approximations. Simulation and experimental results that

illustrate the robustness of the scheme to parameter uncertainty, as well as performance

comparisons with current practice, are presented.
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2.1 Introduction

Ideal switches in power converters are typically implemented using unidirectional semi-
conductor devices that may lead to a new operation mode generically called discontinuous
conduction mode (DCM). The DCM arises when the ripple is large enough to cause the
polarity of the signal (current or voltage) applied to the switch to reverse, violating the
unidirectionality assumptions made in the realization of the switch. In classical converter
topologies DCM appears very frequently in low load operating modes. More interestingly,
to achieve high performance some new converters are purposely design to operate all the
time in DCM [24].

The converter dynamics are significantly altered in DCM. The existing techniques for
controller analysis and design, in particular, the approximations of averaging dynamics
(valid under fast switching) or small ripple, are not valid anymore. With the latter ap-
proximations the converter can be treated as a continuous (possibly nonlinear) dynamical
system, with the action of the switches assimilated to continuous signals ranging in some
closed interval, e.g., [0, 1]. Readers are referred to the classical reference [23] and the ex-
cellent monograph [21] for a detailed explanation of the physical phenomenon and some
rules for controller design that rely on some approximations [26], [27]. Neglecting the
presence ofthe ripple permits to recast the converter regulation problem as a classical
equilibrium stabilization problem for which, by—now standard, nonlinear controller design
techniques, e.g., sliding mode [29]-[33] and passivity—based [34]-[36], are directly applica-
ble. In most of these literatures only the CCM operation mode is considered. A method
of computation of the time switching instants based on an energy balanced of the boost
converter in DCM operation where the ripples are considered was proposed in [28]. In
this strategy the switching instants are chosen so the total energy change is zero. The
calculation needed are not simple in this strategy, and only simulation results are shown.

In DCM the converter is a bona fide hybrid system, which exhibits behaviors of
continuous—time and discrete—time dynamical systems. Distinguishing features of con-

verters in DCM include the following.

(i) The control is not a continuous signal, but directly the switches positions, that
take values in the binary set {0, 1}, and decide the commutation among the various

converter topologies.

(ii) Due to technological considerations, the activation of the switches is submitted to

a minimal dwell time that has to be taken into account in the design.

(iii) Besides the commutations induced by (designer selected) switch positions, there are
forced commutations due to the aforementioned violation of the unidirectionality

assumption, e.g., the presence of diodes.
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(iv) As the ripple cannot be neglected, the control objective is not stabilization of an
equilibrium but generation of a periodic orbit (with “minimal amplitude") around

the desired operating point.

A burgeoning literature on hybrid systems has emerged in the control community in
the last few years, see e.g., [25] for a recent tutorial account. As usual in control theory, the
main thrust of the research has been towards the development of general methodologies,
mainly for analysis [22| but also for controller design, of classes of theoretically-motivated,
hybrid dynamical systems. To the best of our knowledge, none of the existing results
reported in the literature is applicable to address the problem at hand.

Motivated by this fact, in this chapter a different perspective is adopted, namely the
development of a solution for a specific example of practical relevance. Towards this end,
we consider a boost and a buck-boost converter operating in DCM, which exhibits the
four distinguishing features discussed above. Our main contribution is a simple robust
algorithm that, in contrast with current practice, gives explicit formulas for the switching
times without approximations. Although the design relies on the specific topology of the

boost and buck-boost converters.

2.2 Mathematical Model and Problem Formulation

Two power converters are considered in this section: the boost and the buck-boost con-
verter given in Figs. 1.4(b), and 1.4(c). The circuits in the three topologies correspending
to the three modes of operations are depicted in Figs. 2.1, and 2.2. These modes depend
on the switch position and conduction of the diode as described below. The states are
the inductor current x; and the capacitor voltage x5. The dynamics in both cases are

described by a piece—wise affine model
T = Azl' + bivm, 1= 1, 2,3,

where the pairs (A;, b;) are the system matrix and the input matrix, i=1,2,3 denotes the
mode of operation.

In the case of the boost converter: The pairs (A;, b;) for the three topologies are given
by

[ = =t 1
Ql A1 == [1/ _Ll , b1 == L (2 ].)
C  CRo 0
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T 0
L L
+ 1

R[]% T2

+

Vi e

_‘\Nﬁﬁ —(Mm— ' ¥\
L L

1
)

o
||
|
&
\
m

v,

[

rL L

Y
Rog T2

!

Figure 2.1: Ideal representation of the boost converter in the topologies: €; (top), €

(middle) and Q3 (bottom).

In the topology €23, when the switch is ON, the external battery v, € R, supplies

magnetic energy to the (leaky) inductor L while the electric energy of the capacitor C' is

discharged in the load, represented here by a resistance ;. When the switch is OFF and

the diode is ON the circuit takes the topology €2;, then the energy flows from the inductor

to the capacitor, building up its voltage x5 and achieving the desired amplification. The

topology €2, represent the discontinuous conduction mode.

In the case of the buck-boost converter: The pairs (A;, ;) for the three topologies are

given by

Qll Al_

QQI AQ_

QgI Ag_

In the buckboost conveter Fig.2.2,

Bk 0
A P I (2.4)
C CRy
0 0 0
> T[] .
0 Chy 0
—ry, 0 1
L _ 5 bg - L . (26)
0 CRlo ] [ 0 ]

the inductor gains energy in the topology €23 and the
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Figure 2.2: Ideal representation of the buck-boost converter in the topologies: €2; (top),
2y (middle) and Q3 (bottom).

capacitor loses its energy in the topologies €23 and €25. In the topology €2; the inductor

supplies energy to the capacitor.

Both systems evolves in the set {z; > 0,22 > 0} =: R% for the topologies Q; and
Q3, while for the topology €2, trajectories are restricted to the set {x; = 0,25 > 0}.' A
typical trajectory in the phase plane x; — z5 is shown in Fig. 2.3, where the ¢; € R,

1 =1,2,3, denote the time spent on each of the topologies.

Due to technological considerations, a minimal dwell time, denoted tp € R, is im-
posed to the switch. If ¢p is large, with respect to the time constant of the RyC' tank,
the inductor current x; becomes zero and a forced transition from €2y to )y is induced.
On the other hand, the transitions from {25 to €23 and from 23 to 2y, determined by the
switch position, are decided by the controller. Of course, these switching transition times

should respect the minimal dwell time constraint.

Given t;—the time it takes for the current to go to zero—the designer has to decide

I The possibility of total discharge of the capacitor, e.g., £o = 0, is ruled out because below a critical
value of =5 the diode starts conducing again commuting to the topology €2; and driving the trajectory
inside the positive quadrant.
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Figure 2.3: Typical periodic orbit in the phase plane.

the switching times ¢, and t3, which should satisfy the dwell time constraints
ty >tp, ti+1ts>tp. (2.7)

The control objective is to generate an attractive limit cycle (of period t; + to + t3)
contained in the band

xo(t) € [x5 — €1, x5 + €3],

where 25 € R, is the desired average value for x5 and—to minimize the voltage ripple—
the constants ¢; € R, are as small as possible. Although the range of values of z(t) is
not the main concern, for practical reasons, this current is also restricted to satisfy an
upperbound x,(t) < M. As discussed below, in the standard approximated algorithms

[23, 21], 2 is fixed to some given value.

2.3 A Robust Switching Algorithm

The objective of the note is to propose a switching algorithm that guarantees the existence
of the desired periodic orbit. That is, the derivation of a rule to compute the switching
instants t3 and #5.2 To ensure robustness it should be a feedback strategy—that is, based
on measurements of the system state—and should not be very sensitive to variations of

the system parameters.

2 As shown in Section 3.4 this is equivalent to computing the duty ratios for operation in a synchronous
mode with a fixed sampling time—as done in [23, 21].
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An obvious procedure to compute the switching times relies on the solution of the
differential equations along the periodic orbit, which leads to a set of nonlinear algebraic
equations that are very hard, if at all possible, to solve. Unfortunately, the implementa-
tion of the numerical algorithm is extremely time-consuming, which renders its applica-
tion practically unfeasible. As explained later in Section 2.9, to obtain explicit formulas
in practice the state transition matrices of the LTI systems are approximated by a linear

4it ~ J, 4+ A;t. The approximation induces an error that, in high perfor-

function, that is, e
mance applications, may be inadmissible and, as shown in a simulation below, may even
lead to instability. Instrumental to this end are the following key computations, which

are carried out along a closed trajectory.

Computation of ¢, + t3. Define the time interval Z; := [t1,t; + to + t3]. For all t € 74

the capacitor voltage evolves according to

1
CRy

T, (2.8)

Tg = —
whose solution is
To(t) = e_c;%(t_s):cg(s), Vt > s, Vi, s € 1.
Hence, along the orbit depicted in Fig. 2.3 and from Fig. 2.4, one has

1
0 _ _—¢eg-(ta+ts) 1
Ty =€ CRo Ty,

yielding
ZL'l
ty +t3 = RyC'ln (_g) . (2.9)
Lo

Since x5 > 2 we have that t + 3 > 0. Furthermore, since xJ is the smallest value of

z9(t) along the periodic orbit, it should be selected to satisfy 29 < 3.

Computation of 3. Define the time interval Z, := [t; + to,t; + to + t3]. For all time

t € 7, the inductor current evolves according to

. rL Uin
b = ==+

L L

whose solution with zero initial conditions is

l’l(t) = (]_ — 6_%t> /Uﬂ, Vit € IQ.

rL

Hence, fixing x,(t3) = 2Y—again referring to Figs. 2.3 and 2.4—and solving for ¢3 yields

L 0
ts = ——In (1 - Wl) . (2.10)

rL Uin
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Figure 2.4: Time evolution of z;(f) and z5(t) along a periodic orbit.

The time t3 is also positive, because

0

rLx
0<1——2<1.
Vin

Indeed, 2 > 0 ensures the upper bound. On the other hand, recall that the equilibrium

associated to this topology is (ZZ—L", 0), which is only reached at infinity, hence 2§ < o
The computations above lead naturally to the following control algorithm.

Step 1. Fix a point (2, 23) € R%, such that ¢ in (2.10) yields 3 > ¢p and 29 < 3.
Step 2. At a time ¢ty > 0 when z(ty) = (27, 29) switch from v =0 to u = 1.

Step 3. Wait (in mode ;) until x1(¢) = 0 and measure the corresponding z}.

Step 4. Compute ty + t3 from (2.9). If 5 > 0 go to Step 5, else define ty := tp — t;, then
go to Step 5.

Step 5. Wait (in mode €) for ¢ units of time and then switch from v =1 to u = 0.
Step 6. Wait (in mode §23) for ¢3 units of time and then measure the state, call it (29, z9).
Check whether, for the new (z9,29), (2.10) yields 3 > tp and x5 < 5. If so, go to Step
2, 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 indicated in the introduction, in normal operation the circuit operates in DCM,
hence Step 3 will, in general, yield o > 0. Also, it is clear that, in ideal conditions,
when the parameters are exactly known and there are no disturbances, the point (2%, 29)
obtained in Step 6 will coincide with the initial point. However, in practice there will
be a discrepancy, hence the need to recompute the switching times as a function of the

measurements. Finally, regarding Step 6, in the topology 3, z2(t) decreases (tending




35

Ui

to converge to zero) and x;(t) increases towards J=—both evolutions being monotonic.
Consequently, there is indeed a (sufficiently long) time such that the new values of the

state guarantee that (2.10) yields ¢3 > tp and z9 < 3.

2.4 Estimation of the Time Constants

The computations involved in (2.9) and (2.10) are extremely simple, and can be pro-
grammed with a few lines of code. Moreover, they only depend on the input voltage,
which is reasonable to assume known, and the time constants “= and C'Ry. The algo-
rithm can be robustified vis—a-vis uncertainty in the time constants incorporating an
adaptation stage.

Let us illustrate a simple way to estimate the parameter C'Ry. As explained above,
during the interval Z;, z5(t) satisfies (2.8). Discretizing this equation with a (fast) sam-

pling time® T yields the difference equation
__1 7
xo(k) = Oxy(k — 1), 0:=e TR0/
where the standard notation
va(k) = 22(t), Yt € ((h— 1)Ty, KTy),

with k € Z4, is used. Now, sample z5(t) with the sampling rate 7y € R, and take N

to+ts
Ty

integer. Define the N—dimensional vectors

samples, where N := | |, with |-| the floor operator that takes the largest previous

Xy :=col(xo(1),...,22(N)), @ :=col(z2(0),...,29(N —1)).

Since Xy = 0P, it is clear that 6 can be computed from

1

0= —
|2

o' X, (2.11)
with |-| the Euclidean norm. Note that |®| is bounded away from zero because z5(t) € R.
From the knowledge of € the time constant C'Rj is directly obtained.

Since @ is a shifted version of X5 the rule (2.11) can be easily implemented in firmware.
The parameter estimation algorithm need not be repeated in every period, but only when
performance degradation is detected. Finally, it is obvious that a similar procedure is
possible to estimate the second time constant “-, and eventually also v;,, but they are
omitted for brevity.

3Clearly, Ty should be selected much smaller that ¢5 + t3.
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Figure 2.5: The periodic orbit in the phase plane with Ry = 45.5¢2.

2.5 Simulations Results

The usefulness of the proposed control scheme was evaluated through numerical simula-

tions. The considered circuit parameters for the boost converter are:
L =0.00015H, Ry = 45.5Q, r;, = 0.06652, C' = 0.00077F

Simulations were developed in Matlab using the circuit toolbox Simpower systems. In Fig.
2.5 the periodic orbit obtained via the application of the algorithm is depicted. The same
simulation was repeated with a 100% change the in the load resistance—whose behavior

is depicted in Fig. 2.6. In this case the algorithm generates a shifted periodic orbit.

Figs. 2.7 shows the result of the simulation when a step in the value of the load
resistance R, occur in the nonadaptive case. Notice that the value of the regulated voltage
exhibits an undesirable shift. On the other hand, in Figs. 2.8 we show the behavior of the
adaptive algorithm, which estimates (almost instantaneously) the new value of R,. It is
observed that the output voltage exhibits an overshoot, but it quickly settles around the
value of 23. The application of the adaptive algorithm, detect the change in the value of

R, and correct the performance degradation.

For the buk-boost converter the simulations are done with these circuit parameters:
L = 0.000047H, Ry = 100€2, r;, = 0.05Q2 and C' = 0.0000033F'. Similarly, figs. 2.9 shows
the result of the simulation when a step in the value of the load resistance R, occur in
the nonadaptive case and figs. 2.10 shows the behavior of the adaptive algorithm, which

estimates (almost instantaneously) the new value of R,.
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Figure 2.6: The shifted periodic orbit in the phase plane in the case of load change to

2.6 Experimental system

In order to test the proposed control strategy, an experimental system was built with
the boost converter. Experiments were carried out in a setup located in the universi-
tat Politécnica de Catalunya UPC. Boost converter was designed and tested using the

following system parameters:
L =0.00015H, Ry = 45.582, r, = 0.066€2, C'= 0.00077F

The experimental card was assembled using low cost commercial electronic elements
placed on a card designed in the laboratory. In Fig. 2.11 we show the diagram of the
experimental set-up, consisting of the boost circuit card that receives control signals from
the Digital Signal Processor (DSP) TMS320-F28335 from Texas Instruments. The DSP
card acquires, using an analog to digital converter integrated in the chip, the capacitor
voltage and inductor current signals previously conditioned from the boost converter. Two
DC power supplies are necessary to operate the whole system, one to provide energy to

the system, and the other one to feed the electronic parts of the card.

2.7 Experimental Results

Tests were performed in order to evaluate the usefulness of the proposed control scheme.
Waveforms were captured using a DL1640 YOKOGAWA model oscilloscope.
Fig.2.12(a) shows the evolution of the voltage and the current via the application

of the algorithm with R, — 45.5 2. Three traces were captured where the upper trace
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Figure 2.7: (a) Time evolution of z;(¢) for the simulation with a step variation in Ry,
(b) The corresponding time evolution of x5(t), (¢c) The corresponding orbit in the phase

plane.
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Figure 2.8: (a) Time evolution of z;(t) for the simulation in the case of the adaptive
algorithm, (b) The corresponding time evolution of x4(t), (¢) The corresponding orbit in
the phase plane.
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Figure 2.9: (a) Time evolution of z;(t) for the simulation with a step variation in Ry,
(b) The corresponding time evolution of x5(t), (¢) The corresponding orbit in the phase

plane.
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Figure 2.11: Experimental prototype of a boost converter

represented x(t) in dc mode followed down by z5(¢) in ac mode, and ending with the last
trace that presents the the inductor current xy(t). In Fig. 2.12(b) the desired periodic
orbit obtained with R, = 45.5 €2 is depicted. Fig.2.13(a) shows the time evolution of the
voltage and the current obtained with R, = 91 . In Fig. 2.13(b) the corresponding
shifted periodic orbit is depicted.

To test the robustness of the algorithm, the same experiment was repeated with a
step change the in the load resistance from R, — 45.5 2 to R, — 91 {2 whose behavior
is depicted in Fig. 2.14. Notice that the value of the regulated voltage exhibits an
undesirable shift. On the other hand, in Figs. 2.15 we show the behavior of the adaptive
algorithm, which estimates (almost instantaneously) the new value of R,, avoiding the
performance degradation. A step change the in the load resistance from R, = 91 Q) to R,
= 45.5 2 is shown in Figs. 2.16. Fig. 2.17 present the behavior of the adaptive algorithm
in this case. The estimation of the value of R, is depicted in Fig. 2.18.

2.8 Approximation method

In the approximate method of [23| the equations for the three topologies of the boost,

namely,
w=Aw+buv, 0<t<t
y=Ay+ by, t1 <t <t 4ty
2=A3z+b3vy, 1+t <t<t;i+ty+1t3
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Figure 2.12: Operation with R,= 45.5 Q: (a) x2(t) in dc mode (top), z2(¢) in ac mode
(middle) and z4(¢) (bottom), (b) The periodic orbit in the phase plane.
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(middle) and z;(t) (bottom), (b) The periodic orbit in the phase plane.
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Figure 2.14: Load change from R,= 45.5 to 91 Q without estimation: (a) ir (top), x2(t)
in ac mode (middle) and z;(¢)(bottom), (b) The corresponding orbit in the phase plane.
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bottom: z5(t) in dc mode, ig, z2(t) in ac mode and x1(¢), (b)The corresponding orbit in

the phase plane.
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Figure 2.17: Load change from R,= 45.5 to 91 €, the adaptive case: (a) From top to
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Figure 2.18: Estimation of R,.

are solved, yielding

w(tl) = eAltlw(O) —f- Bl (tl)blvin
y(tl + tz) = €A2t2y(t1) —+ BQ (tz)bz’l)m
Z(tl —+ tz -+ tg) = €A3t32’(t1 —+ tz) + Bg(tg)bgvm

where B;(t) := f(f eimdr. Imposing the boundary conditions

w(ty) = y(tr), y(t1 +t2) = 2(t1 + t2),

using the linear approximations e ~ I, + A;t;, and after retention of only first order
terms yields

2(t1 +ta +t3) = (I + A)w(0) + bugy,

where we have defined
A= Ayty + Aoty + Asts, b= t1by + taby + t3bs.
In a closed cycle we have z(t; + t5 + t3) = w(0), hence
Aw(0) + bv, = 0. (2.12)
Using the expressions of A; and b;, with the practical consideration that r;, = 0, yields

_t titits
A= L | b= L (2.13)
-z 0

QlEr ©
S
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where T' := t; + t5 + t3, is assumed fixed a priori. Replacing (2.13) in (2.12) defines a set

of two algebraic equations

—tlfL‘g + (tl -+ tg)l)z‘n =0
Rtiz) — Tz = 0, (2.14)

where we have adopted our notation w(0) = (29, 29). The first equation can be rewritten
as

where we have defined M : . Since 29 is the smallest value of the capacitor voltage
and, in normal operation, thls should be larger than v;,, it is reasonable to assume that
M > 1. At this step, another practical consideration is made, namely, to fix 2, which

corresponds to the largest value of the inductor current along the cycle, to

0 UintB
L1

= ) 2.16

5T (2.16)
This value is obtained assuming that in the interval ¢3 the current grows as a ramp of
slope =, which is indeed the case if 7, = 0, and taking half of the peak value.

Replacing (2.15) and (3.10) in the second equation of (2.14) yields, after some simple

2LTM \/M —1) 2LT
\/ —1)’

1 which are, precisely, the expressions (38) and (39) derived in [23].

manipulations,

Finally, the simulations showing that the approximate method of [23] may lead to
instability were performed, and are shown in Fig. 2.19, and the experiments are shown
in Figs. 2.20, and 2.21.

2.9 Conclusion

The switching times may, in principle, be derived integrating the differential equations
describing the system along the periodic orbit. Unfortunately, due to the “coupled dy-
namics" in topology €2y, this leads to a complicated set of nonlinear algebraic equations
that is difficult, if at all possible, to solve. The key observation that allows to obtain
explicit solutions is that the existence of the periodic orbit can be guaranteed without the
computation of the flow associated to topology €2y, but just looking at the intervals Z;
and Z,, where the inductor and capacitor dynamics are decoupled. This fact, of course,
stems from the basic operation principle of the boost converter, where magnetic energy
is stored in the inductor while electric energy of the capacitor is transferred to the load.
In the DCM no magnetic energy is added to the inductor, but the capacitor continues its
discharge—with the same time constant. This principle of operation is the same for the

buck-boost converter also.
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In chapter. 1 the procedure to design globally asymptotically stabilizing linear propor-

tional plus integral controllers for switched power converters proposed by [39] was shown.

The construction requires the measurement of the full state of the system, which is often

unavailable in practice. In this chapter we identify a class of converters for which an

asymptotically convergent reduced order observer, preserving the aforementioned stabil-

ity property of the closed—loop, can be designed. The class is characterized by a simple

linear matrix inequality. The new controller is illustrated with the widely—popular, and

difficult to control, single-ended primary inductor converter, for which simulation and

experimental results are presented.
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3.1 Introduction

In chapter. 1, it was shown that a large class of switched power converters can be globally
asymptotically stabilized (GAS) with linear proportional plus integral (PI) controllers.
The work effectively exploits the key property of passivity of the nonlinear incremental
model [42], first reported in [46]. Unfortunately, to generate the output, with respect
to which incremental passivity is established, full measurement of the state is typically
required. For economic and technological reasons it is desirable to avoid the need of
sensors in power converters, particularly current sensors, hence the need to reconstruct
the unmeasurable part of the state.

The main contribution of this chapter is to show that the I&I approach of [37] can be
used to design an asymptotically convergent reduced order observer for a well-defined class
of power converters, which is characterized by a simple linear matrix inequality (LMI).
Moreover, it is proven that the I&I observer can be combined with the PI controller
proposed in [39] preserving the GAS properties of the closed—loop. The new (certainty—
equivalent) controller is applied to regulate the voltage of the widely—popular, and difficult
to control, single-ended primary inductor converter (SEPIC), for which experimental

results are presented.

3.2 Observer Design

We consider the class of switched power converters with linear capacitors and inductors,

described in port-Hamiltonian form [38|*

T = (Jo + i Jiu; — R) VH(z)+ FE (3.1)

where x € R", consisting of inductor fluxes and capacitor charges, is the converter state,
u € R™ denotes the duty ratio of the switches, the total energy stored in inductors and

capacitors is

1
H(z) = ixTQx, Q=Q" >0, (3.2)
V=2=2 J=-J" eR™ ie{0}Um:={1,...,m} are the interconnection matrices,

R e R™™ R = R" > 0 is the dissipation matrix, and the vector £ € R" contains the
external voltage and current sources. The reader is referred to [38] for further details on
this model, which is obtained applying Kirchhoff’s laws to the switching topologies, as
well as the motivation to select fluxes and charges as state variables instead of, the more
standard, voltages and currents.

The state observer problem is formulated as follows. Assume

Ym = Cx € RP,

'In [39] a more general class of converters—including switched sources—is considered.
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with p < n and C' € RP*" full rank, is available for measurement. To reconstruct the

state © we define a matrix S € R("P)*” such that the square matrix

S
C

T = € R™*" (3.3)

is full rank and consider the change of coordinates

n
Ym

The problem is then to generate an estimate for the vector n € R"™?, say n € R" P, to

=Tx.

define the observed state as

n :[D1 D2] n
Ym Ym

where, for future reference, we introduced the matrices D; € R™ () and D, € R"*?.

, (3.4)

A class of power converters for which the observer problem is solvable is characterized
by the following LMI.

Assumption 3.1. Given
J07 ) Jma RaQ € Rnxn,

S e R-Pxn p c Rrx(=p) o ¢ RPXM,

Define

FO = S(JO—R)QDl

E = SJZQDl, TEMmM
G() = C(JO - R)QDl

There exists
7 c R(n—p)xp7 P = PT ¢ Rn=P)x(n-p)

solution of the LMI

P >0
sym{PFy+ ZGo} < 0
sym{PF,+ ZG;} = 0,i€m, (3.6)

where sym{-} denotes the symmetric part.
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Proposition 3.1. Consider the power converter (3.1), (3.2) wverifying Assumption 1.
Define the mapping

A R"R"

Aw) = (Jo—R)Q+>_ JiQui, (3.7)
i=1
where u := col(uy, ..., Uy). The (n — p)-dimensional 161 observer

£ = (S+TO)AW)(Dz = DiT)ym + Di&) + E]
n = & Tyn (3.8)
where
=P 1z e ROvpxp (3.9)

with P and Z the solution of the LMI (3.6), ensures global exponential convergence of the
observation error. That is, for all initial conditions x(0) € R™ £(0) € R™ P, and controls

u(t), such that the system is forward complete, there exist o,k € Ry such that

[(t) = n(t)] < ke™*[7(0) — n(0)],

for all t >0, where | - | is the Fuclidean norm.

Proof. To establish the result we follow wverbatim the I&I procedure [37|. Define the

(n — p)—dimensional vector
z=n=E+ B(Ym)
where the mapping § : R? — R"? is to be designed. The objective in I&I is to select &
and [ to ensure an asymptotically stable dynamics for z. In this way, an estimate of 7 is
given by
n=¢&—p.
Differentiating z, and recalling that n = Sz and y,, = C'z, one gets
i = S(A(u)z+ E) — £+ VBC(A(u)z + E)
= (S+TCO)A(u)z + E] - ¢

where, to get the second identity, we have selected
B =Typnm.

Now, using

x:[Dl Dg}["], (3.10)

Ym
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and selecting £ as in (3.8), yields
2= (S+TC)A(u)D;z. (3.11)

The remaining problem is to show that I, given in (3.9), ensures an exponentially stable
dynamics for z.
Towards this end, notice that with the definitions (3.5) and

Z = PT
the LMI (3.6) becomes
sym{P(S+TC)J;,QD:} = 0, (3.13)

for © € m. Now, recalling the definition of A(u) in (3.7) the z dynamics may be written
as

¢ =(S+TO)(Jo — R)QD: + Y _ JQDyu.
=1

Consider the Lyapunov function candidate

1
V(z) = azTPZ,

whose derivative, using (3.13) to cancel the u;~dependent terms, and (3.12), verifies the
bound

vV o< —alz)?
2040
N )\max{P}‘/’ (3 )

for some ay € R,. The proof is completed noting that
Z2=n-—n (3.15)

and doing some standard bounding [44].
ooo

Remark 3.1. As usual in observer design the proposed 11 observer relies on the exact
knowledge of the system dynamics. Indeed, the construction of the observer (3.8) contains
the matriz A(u) defined in (3.7) and the vector E. In the case of uncertainty on these
parameters, the dynamics of the off-the-manifold coordinate (3.11) is perturbed by an
additive term. For instance, uncertainty in the resistance matrix R—that is a common

situation, because the load resistance is usually unknown—uyields

2 = (S+TC)A(u)Dyz —
—(R — R)Q[(Dy — DyT)Cx + Dsé],




3. PI STABILIZATION OF POWER CONVERTERS WITH PARTIAL STATE
60 MEASUREMENTS

where R is the (constant) estimated resistance matriz. The stability analysis of the overall
perturbed dynamics, with state (x,&, z), is a complicated task. Interestingly, the simulation
and experimental results presented in Section 3.5 show that this parametric error does not
destabilize the system, but it introduces a steady—state error in the observation. Moreover,
we also present in Section 3.5 the implementation of the 161 adaptive scheme of [39],
which estimates on—line the load resistance and overcomes this problem—alas, no complete

stability analysis of this adaptive observer is available as yet. See [40] for further details.

Remark 3.2. Although the LMI (3.6) gives only sufficient conditions for observer con-
vergence, the simulation and experimental results presented in Section 3.5 show that they
may not be far from being necessary. Indeed, if the algebraic condition (3.13) is satisfied

and the inequality (3.12) “changes sign", that is, if
sym{P(S+TC)(Jo— R)QD1} > 0,

the z—dynamics is unstable.

3.3 A GAS Output—Feedback PI Controller

In this section we prove that the I&I observer proposed in the previous section can be
used, in a certainty equivalent way, with the PI controller of [39], preserving GAS of the
closed—-loop. To streamline our presentation a slight variation of the main results reported

in chapter. 1 is first recalled below.

Proposition 3.2. Consider a switched power converter described by (3.1). Let x* € R"

be an admissible equilibrium point, that s, it satisfies

0= (JO + ) J; - R) Qi* + E, (3.16)

i=1
for some u* € R™. Define the incremental input
and the output signal

where

e R™*" (3.17)
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1. The mapping u — y is passive. More precisely, the system verifies the dissipation
inequality
H<y'a, (3.18)

with storage function
H @ R"—>R,
1
H(z) = aiTQ:i, (3.19)

where T .= x — x*.
2. The power converter in closed loop with the PI controller
w o=y

u = —Kpy— Kw, (3.20)
with K, = KpT >0, K; = K,” > 0 ensures that the equilibrium
(z,w) = (z*, —K; 'u*),

is GAS if y is detectable. That is, if for any solution (x(t),w(t)) of the closed—loop system

the following tmplication is true:

yt)=0 = lim x(t) = x*,tlim w(t) = —K; 'u*. (3.21)
—00

t—o00 v

We are in position to present the main result of this section.

Proposition 3.3. Consider a switched power converter described by (3.1), verifying As-
sumption 1, with an assignable equilibrium state x* and corresponding input u*. Assume
(3.21) of Proposition 3.2 holds. The observer—based PI controller

w = Czx

v = —K,Ct— Kw (3.22)
with & the estimate of the state generated via (3.4), (3.7), (3.8) and (3.9), ensures that

the equilibrium
(z,w,2) = (2%, —K; 'u*,0)

1s GAS.

Proof. From (3.4) and (3.10) we see that the observation error can be expressed as

JAZ'—.I':DLZ.
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Hence, we can write the control (3.22) in the perturbed form

u = —Kpy— Kw—K,CDz (3.23)

To carry out the proof we write the overall system as a cascade interconnection of the
observer error subsystem and the full state-feedback dynamics, which takes the form

w

[5?"] — (@ @) + gld)>
2 = —Au)z (3.24)

where

W= w+ K
and f:R" x R™ — R™"™ ¢ :R™ — R"™™ are some suitably defined mappings. Proposi-
tion 3.2 shows that the system with z = 0 is GAS. To establish the claim we invoke the
fundamental result of [47], see also [48], and see that the proof will be completed if we can
establish boundedness of the trajectories (Z(t), w(t)). Towards this end, we follow closely
the derivations in [45] and construct a function W3(Z,w, z) whose boundedness implies

boundedness of the state and that satisfies a bound
W < c|z|Ws,

for some ¢ € R,. Since z is clearly an integrable function, invoking the Comparison Lemma
[44], we immediately conclude boundedness of W3 and, consequently, boundedness of the
trajectories as desired.
Consider the function
| .
Wi (2, ) = H(Z) + §wTKZ-w,
where H is defined in (3.19).2 Computing the time derivative along the trajectories of
(3.24) we get the bounds

Wi < —anlyP + (e lyl + e i) |2]
2
C ~
< B el 2],

40[1
where we defined the constants
] = /\min{Kp}, C1 = ||KpCD1||, Cy = ||KZCD1||,

with || - || the 2-norm, and we have used

(€3] 2 &1 2
< — [
yllel < 2l + o ]

2See the proof of Proposition 2 in [39] for further details on this, rather standard, derivation.
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to get the second inequality. Consider, now, the function

2
1

W2(:Z‘>u~]a 2) = Wl(faw) +

V(2),

40(10(0

whose derivative, in view of (3.14), satisfies the bound

Wy < epld]|z]

L 1

S CIGIERIEE
2
< 2 Z
where, to get the last inequality, we have applied 2ab < a?+b? to the factors in the second
equation.
Now, from (3.14) it follows that
1

a2 . {P
Dty <~ 2 mint )

T V2ad P}

Consequently, to cancel the term %|z\, define the function

K8

2QAmax{ P 1
WB(i.a U~}, Z) = QWQ(i.awa Z) + QVQ (Z)a

whose derivative clearly yields
Wy < Glal |
< % 2| W (3.25)
> T 3 IR 3, .
Amin{ %}

where we have used the bound
Wy > 2W1 > Apin{ K} @],

to get the last equation. In view of the argument above, the inequality (3.25) completes
the proof.
g

Remark 3.3. Of course, the interesting feature of Proposition 3.3—that is a consequence
of exploiting a passivity property—is that GAS is ensured for all positive values of the PI

gains, considerably simplifying the controller tuning procedure.

3.4 Application to the SEPIC

The SEPIC is a DC—to—-DC power electronic device that has found wide application in

industry because is relatively simple and can operate both in step—up and step—down
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Figure 3.1: Schematic of the SEPIC with a resistive load.

modes [49]. In spite of its similarity with the well-known Cuk converter, it is widely
recognized that designing a controller to achieve a high performance behavior is a major
open problem. The interested reader is referred to [40], and references therein for further
details on the SEPIC model and control problem.

A schematic representation of the SEPIC, feeding a purely resistive load, is depicted
in Fig. 3.1. Assuming continuous conduction mode, its average model, can be expressed
in the Port—Hamiltonian form (3.1) with n = 4 and the definitions

xr = COI(¢17 ¢27q17QZ)7 E = CO](V;na()vOaO)
) 1
R = diag {TLI,’I"LQ, 0, —}
r

Q:diag{1 1 1 1}

Ly Ly C, Cy
[0 0 —1 —17
0 0 0 1
Jo =
1 0 0
1 -1 0 |
0 0 1 1 7
0 0 —1 -1
Jy =
11 0 0
-1 1 0 0 |

where ¢; are the fluxes in the inductors, ¢; the charges in the capacitors, u is the modula-
tion index, V, is the constant direct supply voltage, L;, C;, rp,, are the SEPIC parameters
and r is the load resistance.

The relationship between the elements of x, and the signals indicated in Fig. 3.1 is:

Ty . X2 €3 Xyg
— o= —, Vo= =,Veo = —.
Ly Ch Cy
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The control objective is the regulation of the output voltage to a given constant value

V*, i.e., the regulation of the charge x4 to a desired reference zj > 0 where CyV™* = z7.

It is assumed that the only variable available for measurement is the output voltage, that

is, p =1, and
C=(0001).

The proposition below that—via Proposition 3.1 establishes the existence of a GAS

I&T1 observer—is the main result of this section. Direct application of Proposition 3.3

proves then that an output—feedback PI controller renders the SEPIC GAS.

Proposition 3.4. Fiz P35 > 0 and set
1

Py =—P3+K
TL2
L L
P33:(TL2+01:L )P13+FjK
2

There exists K, ;y, > 0 such that, for all K > K., the matrices

%Pm 0 P
P: O PQQ P13
Pi3 Pis Ps3
and
—Pi3
Z = —P13
L2(FC)—212 - Iz_sf)

solve the LMI of Assumption 1 for the SEPIC model.

Proof. From (3.3) and (3.4), we have that
T=1I,S=[I3]00=D, Dy=ey,

where I3 is the 3 x 3 identity matrix. Now, use (3.5) to compute

I _1
L1 C1
=] 0 -7 0
1
= 0 0
0 0 &
L= 0 0 —&
1 1
7, 7,

(3.26)

(3.27)
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To simplify the derivations set the (1,2)-element of the matrix P equal to zero, that

is, Pio = 0. Direct replacement proves that, under this condition, the equality condition
Sym {PFl + ZGl} = 0.

is satisfied if and only if

Py = 7 Poy, P13 = Pys,
1
and
—Pi3
Z = —Pi3
sz~
Now, define

QO = —Ssym {PFO + ZG()} .

The remaining task is to select the elements of P, which is of the form

2Py 0 P
P = 0 Py P3|,
Py Py Py

that, preserving P > 0, ensure that ()o > 0. Replacing P and Z above in @) yields

2rp L _ r
LL% *Py TP TP
Qo = * K C%P22—L%P33+2L—22P13
* * C%Plg
where we have defined
K — 2’]“L2P 2 P
=, e e
To simplify the positivity test set the (2,3) term to zero, that is,
1 1 L
—Pyy — — P33+ —2P;3=0
o in T et

This yields

27‘L1L2 -1 T,
L% P22 _P13 L_1P13

QO - Z_lel?, K 0
TLL—fP 13 0 C%P 13
A Schur complement analysis shows that P > 0 if and only if

L
P22>O, P33P22>P123(1+L—1)
2

Replacing Pay and Ps3 by (3.26) and (3.27) gives the first condition that K must satisfy,

namely,
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1 L 1 L 1 L3

3 _2K2 + ( t’] =2
4TL201 L1 2TL2 L1
1 1 L2 1L, 1

+ =2 — = )P3>0. 3.28
TL2L1 T%@Cl L1 TL2 L1 TLQ) 13 ( )

On the other hand, a Schur complement analysis shows that Qg > 0 if and only if

1 017“2
(73 + 5755

which, upon replacement of P9, gives the second condition that K must satisfy

2
P22>P13

TAL—%KM( —L= P K——~p2~0 (3.29)
ro, I3 ST ‘

Since the coefficients of K2 in the right hand sides of (3.28) and (3.29) are positive, it is
clear that, for any fixed P,3, there exists K > 0 such that both inequalities hold. This

completes the proof. 00O

3.5 Simulation and Experimental Results of the SEPIC

In this section simulation and experimental results of the observer—based PI controller for
the SEPIC presented in Section 3.4 are given. The parameters of the converter, used in

both cases, are given by
Vin =20V, Ly =23 x 10°H, L, =330 x 107 °H

C;=Cy =190 x 10°°F,r, = 1.7Q,r1, = 0.5.

The load resistance was originally set to » = 222, but it was later changed to test the
robustness of the controller. The voltage reference V* is initially set equal to 20V, with

a pulse change of 2V introduced later.

3.5.1 Simulations

Simulations were first performed in MATLAB® Simulink®. A first set of simulations was
carried out to show the effect of the tuning gains P;3 and K of Proposition 3.4 on the
performance of the observer. The initial conditions were taken as z(0) = 0, w(0) = 0 and
(21(0), 22(0), 23(0)) = col(1.9550 x 107, 1.9550 x 1077, —2.2 x 10~®). The gains of the PI
were set to K, = 0.001 and K; = 5.

In Fig. 3.2 the observation error 1 —x for P;3 = 0.5 and several values of K > K,,;, =
4545 is shown.® In Fig. 3.3 the error is shown for K = 1 and values of P;3 < 0.0001 that
satisfy the conditions of Proposition 3.4. As indicated by (3.14), the transient performance

improves with increasing K and decreasing P;3. Notice the vertical scale.
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Figure 3.2: State observation error @ for P;3 = 0.5 and admissible K > K,,;,, = 4545.

2.5 T T T T

-1 i i i i
0 0.005 0.01 0.015 0.02 0.025

time (secs)

Figure 3.3: State observation error % for K =1 and admissible P;3 < 0.0001.

To illustrate Remark 3.2, that is, how close from being necessary are the sufficient

conditions given in the proposition, in Fig. 3.4 we show that the observer becomes unstable

3The other observation errors show a similar pattern, hence they are omitted for brevity.
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if K is taken outside the admissible range.
for K =1 and P;3 = 0.0002 > 0.0001.

A similar instability phenomenon was observed

e, (®

-0.03r

-0.04r

-0.05 !
0 0.005

Figure 3.4: State observation error
Kopin = 4545.

Ly

0.01

(&1—x1

0.015 0.02

time (secs)

0.025

) for P35 = 0.5 and inadmissible K = 800 <

Fig. 3.5 shows the response of the output voltage, with P35 = 0.5, K = 4550, and

various values of K, and K;. As predicted
converges with a zero steady state error.

strongly influences the transient behavior

by the theory, the overall system exponentially
It was observed that the parameter that more
is K.

25
20F
> K =0.001, K=5
Q
g 15 K =0.001,K=2 1
2 K =0.0003, K=1.5
5 P '
210 i
> — —
3 K =0.0005, K=1
5¢ |
0 ; ; ; ; ; ; ; ; ;
0 002 004 006 008 01 012 014 016 0.18 0.2
Time (secs)

Figure 3.5: Output voltage & for different tunings of the PI gains.

As explained in Remark 3.1, the observer is sensitive to parameter uncertainty. To

illustrate this point a 100% pulse change of the load resistance r—from 222 to 44(>—was

introduced.* Fig. 3.6 shows the performance of the observation errors that, in spite of

the very large parameter variation, remain bounded but exhibit a steady—state error. As

4This corresponds to a power change from 9W to 18W, that might occur in applications.




3. PI STABILIZATION OF POWER CONVERTERS WITH PARTIAL STATE
70 MEASUREMENTS

a consequence of the observation error the output voltage also has a constant bias, as
shown in Fig. 3.7

0.6

0.5 .

0.4F .

0.3f .

e, (A)

0.1 .

-01 i i i i i i i i i
0 0.02 0.04 0.06 008 01 012 014 016 0.18 0.2
time (secs)

0.3

0.2f .

0.1 .

e, (A)

_O_l, . . . . . . . -

—0.4 i i i i i i i i i
0 0.02 0.04 0.06 008 01 012 014 016 0.18 0.2
time (secs)

0.5

0.3f .

0.2f .

&, (V)

-0.2 i i i i i i i i i
0 0.02 0.04 0.06 008 01 012 014 016 0.18 0.2
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Figure 3.6: Behavior of the observation errors, (@Lf,zi),i =1,2 and @30;;”3), in the face of

a 100% load resistance pulse change.
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Figure 3.7: Behavior of the output voltage in the face of a 100% load resistance pulse

change.

3.5.2 Experiments

The performance of the observer—based PI controller has then been experimentally vali-
dated on the laboratory test bench prototype shown in Fig. 3.8. It operates at a constant
switching frequency of 20kH z and includes a load variation kit, a “dSpace®" acquisition
card, used to interface data transfer (measured output voltage and calculated duty ratio)
between the converter and a PC, where the control law and observer are implemented
using the Real-Time Windows Target Simulink® Library. The “Control Desk®" software

environment is used as a graphical user interface.

Figure 3.8: SEPIC prototype (right) with load variation kit (left).

The response of the output voltage for the pulse reference voltage change is given in
Fig. 3.9, which was obtained using the same observer and controller settings as in the
simulation. Besides a steady—state error, which is due to sensor bias, it closely matches

the simulated one.
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Output voltage (V)
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Figure 3.9: Experimental response of the output voltage ¢ to a pulse in the voltage

reference.

The behavior for a pulse change in the load resistance was also very similar to the
one shown in Fig. 3.7—that is, exhibiting a large steady—state error. On the other hand,
as indicated in Remark 3.1, the observer can be combined, in an ad-hoc basis, with the
I&I load estimator proposed in [39]. See [41] for details. Interestingly, the overall scheme
performs remarkably well because, as shown in Fig. 3.10, the estimator closely tracks
the parameter variations. Fig. 3.11 shows the behavior of the output voltage of the
adaptive observer—based PI controller, in simulation and experiments, when the voltage
reference and the load resistance change. As seen in the figure, the similarity between the

simulation and the experiment is remarkable.

45 T

7
Real load Estimated load
40r 1

R Q)

25F L .
20 Il Il Il Il Il Il Il
0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

time (secs)

Figure 3.10: Load resistance variation and its estimated value.
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(a) Reference voltage variation
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Figure 3.11: Behavior of the output voltage to reference (top) and load resistance (bottom)

variations, in simulation and experiments.

3.6 Conclusions

A class of power converters that can be globally stabilized with an output—feedback PI
controller has been identified. The characterization is given in terms of an LMI that can
be easily verified with standard computational tools. Instrumental for the establishment
of the result is the construction of an observer that uses the new I&I techniques proposed
in [37].> In order to get simple designs, we have taken here the basic version of I&I
—defining the manifold via separable functions and taking a linear function §. Some
preliminary calculations show that considering a larger class of functions does not lead to

possible extensions.

The approach adopted in the observer design is to “eliminate" the input—dependent
terms in the Lyapunov function derivative. This lead to a conservative design that clearly
reduces the admissible class of converters. Since the control is a duty ratio, that is bounded
by definition, an alternative is to add a saturation function to the control and determine
intervals for the observer parameters that ensure stability of the resulting polytopic sys-
tem. This approach, pursued in Chapter 8 of [37], is certainly applicable to a larger class
of converters. Indeed, it can be shown that the LMI is not feasible for classical convert-
ers like the boost or Cuk—examples that are successfully treated in [37]. It is, however,

applicable for the quadratic converter, that will be reported in the near future.

5 Although it is possible to design a full-order Luenberger observer, the admissible class of systems—
which is also characterized by an LMI—is extremely restrictive and does not seem to include any practical
power converter topology.
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As a byproduct of our derivations we have identified, via an LMI, a class of bilinear

systems of the form
i=1
y = Cu.

for which a globally convergent observer can be designed. To the best of our knowledge,

in spite of its simplicity, this result is new.
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Conclusion

This thesis contributes to provide hybrid and nonlinear control problem solutions to sev-
eral types of power converters. Specifically, this thesis deals with DC-DC power converters.

The development of a solution for a specific example of practical relevance was the
motivation of the chapter 2. We considered a boost and a buck-boost converter operating

in DCM, which exhibits the four distinguishing features:

(i) The control is not a continuous signal, but directly the switches positions, that
take values in the binary set {0, 1}, and decide the commutation among the various

converter topologies.

(ii) Due to technological considerations, the activation of the switches is submitted to

a minimal dwell time that has to be taken into account in the design.

(iii) Besides the commutations induced by (designer selected) switch positions, there are
forced commutations due to the aforementioned violation of the unidirectionality

assumption, e.g., the presence of diodes.

(iv) As the ripple cannot be neglected, the control objective is not stabilization of an
equilibrium but generation of a periodic orbit (with “minimal amplitude") around

the desired operating point.

Our main contribution was a simple robust algorithm that, in contrast with current prac-
tice, gives explicit formulas for the switching times without approximations. Although the
design relies on the specific topology of the boost and buck-boost converters. The switch-
ing times may, in principle, be derived integrating the differential equations describing the
system along the periodic orbit. Unfortunately, due to the “coupled dynamics" in topol-
ogy €1y, this leads to a complicated set of nonlinear algebraic equations that is difficult, if
at all possible, to solve. The key observation common to both of converters, that allows
to obtain explicit solutions, was that the existence of the periodic orbit can be guaranteed
without the computation of the flow associated to topology €2y, but just looking at the
intervals Z; and Z,, where the inductor and capacitor dynamics are decoupled.

A second contribution was presented in Chapter 3. We show that the I&I approach can

be used to design an asymptotically convergent reduced order observer for a well-defined
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class of power converters, which is characterized by a simple linear matrix inequality
(LMI). Moreover, it is proven that the I&I observer can be combined with the PI controller
proposed preserving the GAS properties of the closed—loop. The new controller was
applied to regulate the voltage of the widely-popular, and difficult to control, single—
ended primary inductor converter (SEPIC). We have identified, via an LMI, a class of
bilinear systems of the form

1=1
y = Cu.

for which a globally convergent observer can be designed. To the best of our knowledge,

in spite of its simplicity, this result is new.
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