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i
Résumé

Le systéme pile a combustible (PAC) est une solution pleine de promesses pour le
transport automobile sans émission de gaz a effet de serre. Dans la pratique, la PAC est
hybridée avec des sources de puissance dans un systéme de traction automobile afin de
récupérer I’énergie au freinage et assister la PAC dans les phases d’accélérations. Par
conséquent, le couplage de la PAC avec une source annexe (par ex. des batteries) conduit a
I’élaboration de stratégies de gestion d’énergie (SGE). L objectif des SGE est, entre autres,
d’assurer une répartition efficiente de 1'énergie pour réduire la consommation ou pour
augmenter ’autonomie de roulage. Dans cette thése, une SGE optimale entre une PAC et
un pack de batteries est développée en prenant en compte les variations des conditions
opératoires de la PAC. La PAC est un systéeme multiphysique et, par conséquent, ses
performances varient selon les conditions opératoires (i.e, température, humidité relative,
stcechiométrie et pression des gaz, et le degré de dégradation). De ce fait, des techniques
spécifiques doivent étre développées pour atteindre les meilleures performances de la PAC
tout en assurant les performances de roulage. Dans cette thése, une méthode basée sur
I’1dentification en ligne des paramétres d’un modele de PAC est établie afin de retranscrire
les performances de la PAC en ligne. Ensuite, un algorithme d’optimisation est couplé a
I"identification en ligne afin de rechercher les maximums de rendement et de puissance de
la PAC. Ce procédé est utilisé¢ dans une SGE globale optimale basée sur le principe du
minimum de Pontriaguine. Cette these, démontre que la SGE optimale adaptative permet de
réduire la consommation d’hydrogene tout en préservant la PAC pendant son

fonctionnement.
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Chapitre 1 - Introduction

1.1 Contexte : Développement durable ou consumérisme ?

Les besoins énergétiques mondiaux grandissants et dus a la forte croissance des pays
émergents constituent une problématique majeure pour la communauté internationale. Le
secteur du transport est particulicrement dépendant des combustibles fossiles et
spécifiquement du pétrole. L.’agence internationale de I’énergie a mis en lumiére qu’a
I’horizon 2040 le prix du baril de pétrole serait fatalement élevé malgré les avancées
technologiques en matiére d’extraction et une politique favorable a I’amélioration du
rendement énergétique [1]. La pérennité de I’économie mondiale est menacée, de plus
I"utilisation des combustibles fossiles impactes de plus en plus les changements
climatiques. En effet, les combustibles fossiles sont responsables en grande partie des
émissions de Gaz a Effet de Serre Anthropologique (GESA), conduisant ainsi a la

modification des écosystemes.

Le secteur automobile constitue une part importante dans les émissions de GESA au
Québec [2]. D’apres le Ministére du Développement durable, de I’Environnement et des
Parcs, le secteur du transport des biens et personnes est responsable de 44.7% des émissions
de GESA au Québec (figure 1). Le Québec importe la totalité de son pétrole pour le raffiner

par la suite'. Cela représente selon I’institut statistique du Québec une facture annuelle de

' Energie et ressources naturelles du Québec [consulté Je 17 septembre 2015]. Disponible sur :

http://www.mern.gouv.qc.ca‘enereie/statistiques/statistiques-import-export-petrole.jsp




10 998 millions de dollars canadiens. Le pétrole est majoritairement responsable de la
balance commerciale énergétique négative (charbon : 212 M$ et gaz naturels : 1 160 M$).
Avec le temps, la balance énergétique négative québécoise croit fatalement et des solutions

énergétiques alternatives pour le transport doivent émerger.
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Figure 1: Répartition des émissions de GESA par secteur au Québec [2].

Actuellement, le véhicule €lectrique hybride a moteur a combustion interne (VEH) est
une solution viable, mais toujours dépendante des énergies fossiles. Le véhicule tout
¢lectrique (VTE) a batterie (VB) est une alternative sérieuse au VEH. Cependant, la
problématique du temps de recharge, la basse capacité, le cout, la faible plage de
température de fonctionnement et le nombre de cycles des batteries sont un frein a

’implantation du VB [3].

Une des solutions prometteuses est le véhicule hybride pile & combustible (VHPAC) et
en particulier le VHPAC a pile PEM (Proton Exchange Membrane). Ce type de véhicule se
caractérise par une émission locale de polluant nulle, une efficacité énergétique supérieure

au moteur a combustion (dans les VEH), et un temps de recharge faible (quelques minutes,



contrairement aux batteries qui demandent plusieurs dizaines de minutes, pour les

meilleures recharges rapides) [4].

Dans le transport, la pile PEM est généralement retenue, car cette derniére posseéde des
avantages par rapport aux autres technologies (ex: solide oxyde, alcalin, direct
methanol...) telles que la basse température de fonctionnement, une tolérance au CO,
(utilisation de I’air comme comburant), ainsi que des densités de puissance élevées. Par
contre, la pile PEM souffre d’une forte sensibilit¢ a la pureté de I’hydrogéne, d'une
nécessité forte d’équilibrer I’humidification et d'un prix de catalyseur élevé, d’ou la

nécessité d’auxiliaires performants [5, 6].

La pile PEM patie aussi d’une limitation dynamique et devrait €tre surdimensionnée, en
puissance notamment, pour répondre seule aux transitoires de la charge (par exemple :
démarrage du véhicule). La cause est que la pile PEM est limitée par la dynamique
fluidique et un phénomene de famine est observé quand une consigne de puissance de
dynamique et d’amplitude élevées est imposée a la pile. Dans une architecture de véhicule
pile a combustible, il est nécessaire d’hybrider avec une source secondaire (batterie de
puissance, supercondensateur, volant inertiel...) pour répondre aux fortes dynamiques et
satisfaire la demande du conducteur ainsi que pour récupérer 1’énergie au freinage [7].
Comme I’hybridation induit une répartition de I’énergie entre au moins deux sources, la

recherche de Stratégies de Gestion de 1’Energie (SGE) s’impose.



1.2 Stratégies de gestion d’énergie pour les véhicules a pile a combustible :
importance des variations de performances de la PAC et nécessité d’une

gestion adaptative

1.2.1 Problématique

Dans la littérature, les SGE pour le VHPAC peuvent se définir en deux classes : les

SGE basées sur des regles et celles basées sur le contréle optimal [8].

Les SGE basées sur des regles sont développées a partir des connaissances des experts
sur un systtme donné (par ex.: le VHPAC). Ces types de SGE sont basées sur des
heuristiques, qui prennent une forme déterministe (par ex : SGE thermostatique ou on/off),
adaptative ou prédictive et sont facilement intégrables ainsi qu’efficientes sur un systéme

en temps réel.

La seconde approche sur les SGE qui est basée sur I’optimisation se scinde en deux
parties : I’optimisation globale et I'optimisation en temps réel. Ces deux méthodes
s’appuient sur I'optimisation d’une fonction colt traduite soit par la consommation de
carburant (par ex. : hydrogéne), par I’efficacité ou par la puissance du systeéme (par ex. :

rendement du systéme pile a combustible).

La littérature abonde de SGE sur les véhicules hybrides, cependant, ce travail de these
met une emphase sur les SGE temps réel appliquées au VHPAC. A cet effet, Payman et al.
[9] propose une commande par platitude afin de réguler le bus continu et réalise une
validation expérimentale. Feroldi et al. [10] développe une SGE basée sur la cartographie
du rendement et intégre ce travail dans un banc test en temps réel. Leurs ¢tudes montrent

que la consommation d’hydrogéne est drastiquement réduite. Hemi et al. [11] développe



une SGE basée sur la répartition optimale de la puissance avec 1’application du principe du
de Pontriaguine. Une étude de simulation est faite sur un systtme VHPAC complet.
Bernard et al. [12] congoie une SGE dérivée de la théorie de commande optimale (principe
de Pontriaguine) afin de minimiser la consommation d’hydrogene et fournie des résultats
expérimentaux. Farouk et al. [13] propose une ¢tude comparative entre une SGE basée sur
la logique floue et une autre basée sur la commande optimale adaptée en ligne. La
conclusion de ce travail validé expérimentalement, montre que de meilleures performances
sont obtenues avec la commande optimale puisque la consommation d’hydrogene est plus

faible.

Cependant dans ces ¢tudes, les SGE sont développées a partir d’un modele ou d’une
cartographie valide dans une plage de fonctionnement donnée. Ce qui constitue une
limitation importante des SGE classiques. Cette thése se focalise sur I’aspect adaptatif des
SGE afin de réduire la consommation d’hydrogene et de surcroit augmenter 1’autonomie du

véhicule (figure 2)
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Figure 2 : Energie d’hydrogéne utilisée versus I’énergie des batteries pour deux
SGE données

La problématique de cette thése est la limitation importante des SGE classiques
lorsque les performances de la pile & combustible varient en fonction des conditions

opératoires (températures, pressions, steechiométries) et de dégradations.

En effet, la pile a combustible est un systéme multiphysique, et en conséquence la
puissance et le rendement de la pile sont fortement dépendants des conditions opératoires et
de dégradations. Les figures 3 et 4 montrent les variations des performances de deux piles
PEM de modéle identique’, mais avec une durée de fonctionnement différente. Les

performances en puissance maximum chutent de 30% et le rendement maximum baisse de

® Horizon Fuel Cell Technologies [consulté le 11 janvier 2016] disponibles sur:

http://www.horizonfuelcell.com/#!h-series-stacks/c52t



9%. Egalement, les points d’opérations permettant d’atteindre la meilleure puissance et le
meilleur rendement varient sensiblement. Par exemple, il faut un courant différent pour
atteindre la meilleure puissance en début et en fin de vie. De plus, deux piles a combustible
sorties d’usine et supposées identiques présentent des disparités de fonctionnement et de
performance importantes (la production n’est pas encore uniforme). Dans une SGE
classique, la pile a combustible avec les performances d’usine est considérée, par
conséquent, la SGE n’est plus valide (ou, en tous cas, n’est plus optimale) quand les

performances de la pile & combustible changent.
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Figure 3: Courbe de puissance de deux piles PEM Horizon de S00W installées a
’IRH avec des heures de fonctionnement différentes.
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Figure 4: Courbe de rendement de deux piles PEM Horizon de S00W installées a
I’IRH avec des heures de fonctionnement différentes.

1.2.2  Objectif général

L’objectif général de cette thése est donc de développer une SGE optimale
compléte et en mesure de s’adapter a ’évolution des performances de la pile PEM

induite par les variations de conditions d’opérations et de dégradations.

1.2.3  Meéthodologie et objectif spécifiques

Pour répondre a cet objectif, cette thése propose une méthodologie en 3 temps basée sur
une identification en ligne des parameétres d’un modéle de pile PEM, la déduction des

meilleurs points de fonctionnement et leur intégration dans une SGE adaptative complete

(Fig. 4).
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Figure 5 : Synoptique de la gestion d’énergic adaptative avec le systéme pile & combustible

(PAC).

Dans les applications en temps réel, une solution pour pallier ces limites dans une SGE
est I’utilisation de modeéles complexes afin de considérer ’aspect multiphysique du systéme
pile a combustible [14]. Cependant, le développement et la validation de ce type de modele
sont ardus et il n’existe pas encore de modeles matures de dégradation de la pile a
combustible [14]. De plus, la complexité du modele fait exploser les temps de calcul, ce qui

est rédhibitoire pour une implantation de SGE en temps réel.

Une autre solution est I’emploi de modeles de type boite noire et d’adapter les paramétres
en ligne en fonction des fluctuations des conditions opératoires et de dégradations.

Beaucoup de modéles de pile a combustible dans la littérature répondent aux contraintes du



temps réel et possedent des paramétres identifiables en ligne. Meiler et al. [15] classifie les
modéles temps réel de pile PEM pour les SGE et montre que parmi tous les mod¢les
¢tudiés dans ces travaux (logique floue, réseau de neurones, auto régressive, de Wiener...),
les meilleurs résultats sont obtenus par le modele d’Uryson. Raga et al. [16] propose
d’étudier un modele de pile PEM de type boite noire afin de développer une méthodologie
d’identification expérimentale des parameétres empiriques hors ligne. Les résultats montrent
un écart de 2% entre les résultats de simulation et expérimentaux de, ce qui rend possible
I"utilisation de ce modé¢le pour la conception de commandes basées sur des modeles.
Valdivia et al. [17] utilisent des modeles de type boite noire afin d’émuler le comportement
d’une source hybride (pile PEM couplée avec un pack de batteries a travers un
convertisseur DC-DC). Cette ¢étude démontre la possibilit¢ d’identifier hors ligne le
comportement de la source hybride pour la conception de commande. Torreglosa et al. [18]
développe dans son étude une comparaison entre un modele de pile PEM lin€aire et un
mod¢le de Wiener pour prendre en compte la non-linéarité¢ du comportement de la pile a
combustible. Les paramétres des modeéles sont déterminés hors ligne et la conclusion de
Iarticle pointe sur la nécessité de la prise en compte de la non-linéarité de la caractéristique
de la pile a combustible pour une meilleure précision du modele pour le controle. Kunusch
et al. [19] propose pour sa part un modele paramétrique traduisant la quantité d’eau dans la
membrane de la pile a combustible. Ce travail démontre la possibilité d’estimer en ligne la
quantité d’eau dans la membrane. Les travaux de Xu et al. [20] constitue une base solide
pour les travaux de cette thése car une SGE optimale adaptative est développée pour un
systeme PAC. Les paramétres d’un modele trés simple de la PAC sont déterminés grace a

un algorithme des moindres carrés pour mettre un jour des cartographies représentant la



dynamique temporelle de la PAC. Le point négatif de cette SGE réside justement dans

I"utilisation de ces cartographies de constante de temps fixes.

Ces travaux montrent clairement la possibilité d’estimer les parametres d’un modéle de
pile PEM pendant son opération. Néanmoins, ces approches se basent sur des modéles
mathématiques pour la plus part, sans signification physique reliée au systéme étudié. Cette
signification physique est pour nous essentielle afin de mettre a profit notre expertise du

systeme pour I’analyse des résultats et le développement subséquent des SGE.

D’un autre c6té, la littérature montre que des modéles semi-empiriques ont la capacité
de décrire le comportement de Ia pile PEM avec une signification physique et un temps de

calcul réduit [21, 22], ce qui constitue une solution de choix pour une SGE adaptative [20].

Par conséquent, un modele semi-empirique de pile PEM est utilisé dans ce travail de
thése, car cela offre un compromis entre la signification physique des parametres et le

temps de calcul dans le développement d’une SGE adaptative.

Objectif spécifique 1: Développer une méthode d’identification en ligne des

parametres d’un modele semi-empirique de pile 4 combustible.

Un modéle semi-empirique est donc utilisé pour suivre les performances de la PAC en
temps réel grice a une méthode d’identification en ligne. Ce modele peut ensuite étre
employé afin d’identifier les plages ou la pile PEM possede ses meilleures performances. Il
convient donc de définir les facteurs de performances de la pile PEM. Dans cette these, les
indicateurs de performances de la pile a combustible se traduisent par la valeur du
Maximum de Puissance (MP) et du Maximum de Rendement (MR). Ces deux critéres de

performance sont particuliérement intéressants. Un mode de fonctionnement au MP permet



a la pile a combustible de fournir le maximum de puissance possible. Un mode de
fonctionnement MR fixe la puissance au maximum du rendement du systeme pile a
combustible, ce qui permet de réduire la consommation d’hydrogéne au minimum lors du
fonctionnement. En outre, ces deux modes de fonctionnement bornent la plage de puissance
de la pile PEM. Ce choix de critéres de fonctionnement est soutenu pour diminuer la
dégradation de la pile PEM lors du fonctionnement. En effet, la littérature montre que le
taux de dégradation des cellules de la pile PEM est plus élevé en dehors des plages de

puissance des MP et MR [10, 23].

La recherche des modes de MP et de MR se révele étre un défi puisque les
performances de la pile & combustible changent en fonction des conditions opératoires et de
I’état de dégradation. Dans le but d’exploiter les meilleures performances de la pile a

combustible, différentes études proposent d’importantes contributions.

Zhong et al. [24] a congu un algorithme MPPT (maximum power point tracking) afin
de rechercher de maniére itérative le maximum de puissance d’une pile PEM. Benyahia et
al [25] a proposé une MPPT pour la pile PEM basée sur le principe du P&O (perturbation
and observation). Methekar et al. [26] a décrit une commande optimale adaptative basée sur
un modele de Wiener pour déterminer en ligne le maximum de puissance et a proposé une
validation numérique. Becherif et al. [27] a développé une MPPT originale afin de
maximiser les performances de la pile PEM par la commande de la consommation de I’air.
Dazi et al. [28] a effectué une étude numérique d’une commande prédictive afin que la pile

fonctionne au maximum de puissance.

Cependant, peu d’études proposent une validation expérimentale d’une recherche de

maximum (MR ou MP) pour une PAC dans une gestion complete. Par exemple, Kelouwani



et al. [29] a présenté les résultats expérimentaux d’'un algorithme MEPT (maximum
efficiency point tracking) qui recherche, grace a I’identification en ligne des paramétres
d’un mod¢le empirique, le MR de la PAC. Carlos et al. [30] a proposé une validation
hardware in the loop d’une MPPT minimisant la consommation d’hydrogéne. Somaiah et
al. [31] a présenté¢ une MPPT basée sur les moindres carrés recursifsavec une validation
expérimentale. Ces études montrent des résultats probants, par contre, il faut remarquer que
les mode¢les utilisés sont des polynémes qui ne sont pas représentatifs de la caractéristique
de la pile PEM. De plus, un point commun a toutes ces €tudes est que la problématique de
tracking des extrema est toujours traitée de manic¢re unipolaire. En effet, ces études se
bornent & I’étude soit de la technique MPPT, soit de la technique du MEPT. Enfin, ces
¢tudes n’inscrivent pratiquement pas leurs SGE dans un contexte automobile ou les

sollicitations dynamiques sont plus contraignantes que dans le domaine stationnaire.

Dans le cas de cette these, un modele semi-empirique de pile PEM est employé¢, les
parametres sont mis a jour grace a une méthode d’identification en ligne. Cela permet donc
d’utiliser ce modé¢le identifié en ligne pour déterminer les modes de fonctionnement
optimaux (MR et le MP). Les modes de fonctionnement optimaux MR et MP sont

recherchés simultanément.

Objectif spécifique 2: Développer une méthode embarquée d’identification
simultanée des points de MR et de MP basée sur le modéle mis & jour en temps réel de

I’objectif spécifique 1.

En résumé, des SGE permettent de répartir la puissance entre deux sources dans un
systéme hybride (par exemple batterie et pile a combustible) et des méthodes permettent de

déterminer les meilleures performances (MP et MR) de la pile a combustible. Cependant, il



faut mettre en lumicre qu’il n’existe pas de SGE faisant le lien entre la répartition de
puissance et les méthodes de recherche de meilleures performances de la pile PEM. A ce
jour, la littérature n’offre pas d’étude sur les SGE en temps réel pour un VHPAC qui établit

un lien entre les meilleurs points de fonctionnement de [a pile a combustible.

Objectif spécifique 3: Développer une méthode de répartition de puissance
optimale entre la pile PEM et la source auxiliaire intégrant 1I’évolution des meilleurs
points d’opération en fonction de la variation des conditions d’opérations et de

dégradations.

Ainsi, cette these aboutira au développement d'une SGE en temps réel prenant en

compte les variations de performances de la pile a combustible dans le cadre du véhicule.

1.3 Plan de theése

Dans cette these, trois articles dédi€s chacun a une étape spécifique de la gestion décrite

ala figure 4 sont présentes.

Dans un premier article, un travail sur les modeles semi-empiriques est réalis€¢ pour
définir le modele capable de reproduire le comportement de la pile a combustible en temps
réel. Une technique adaptative de moindres carrés est couplée au modele afin de mettre a
jour les parametres en fonction des performances de la pile PEM. La méthode
d’identification est validée sur un banc de test expérimental. Les résultats permettent de
passer a I’étape suivante puisque I’article démontre que les courbes de polarisation de la

pile PEM sur des températures différentes sont effectivement identifiées.

Par la suite, I’objectif du deuxiéme article est double. Premierement, il est de prouver

que la méthode d’identification permet de déterminer les maximums de puissance et de



rendement grdce a une optimisation sur le modele identifié. Ensuite, démontrer que la
méthode d’identification couplée a la recherche des maximums de puissance et de
rendement peut s’inscrire dans une SGE simple et surtout en temps réel. L objectif est
atteint en comparant deux stratégies sur deux piles PEM avec des degrés de dégradations
différents. En effet, une stratégie globale sans la méthode d’identification développée est
comparée a une stratégie avec la méthode d’identification et d’optimisation. Les résultats
expérimentaux montrent que la méthode développée permet bien de prendre en compte la
dégradation d’une pile PEM en s’adaptant au changement de performance. Tandis que la

SGE sans la méthode développée provoque I’arrét du systeme.

Enfin, le troisieme article décrit une SGE optimale en temps réel pour la répartition de
I’énergie dans un VHPAC. Cet article constitue une réponse a la problématique générale
posée. Le principe de Pontriaguine est utilisé¢ pour formuler un probleme d’optimisation
sous contrainte. Comme classiquement, ce type de SGE utilise un modele de pile a
combustible fixe, le troisieme article propose d’inclure la méthode d’identification dans
cette SGE. Dans le deuxieme article, la gestion était vue comme une machine a état qui
active ou non des modes de fonctionnement de la pile PEM (maximum de puissance ou de
rendement). Dans ce troisieme article, la méthode d’identification des performances de la
pile PEM est employée pour identifier les bornes (maximum de puissance et de rendement)
de fonctionnements de la pile & combustible. D’autre part, la méthode permet aussi de
mettre a jour la fonction cott (la consommation d’hydrogéne). En conséquence, la gestion
d’énergie est maintenant optimale, tout en s’adaptant & la variation des performances (par

ex., dégradation) de la pile a combustible.



Chapitre 2 - Article 1 : Identification en ligne d’un modéle semi
empirique de pile PEM

Dans cet article, une étude est menée afin d’identifier un modéle semi-empirique
capable de reproduire en temps réel le comportement de la pile PEM. L’utilisation d’un
modele semi-empirique est un choix fort puisqu’une trés grande partie des travaux dans la
littérature s’appuie sur des modeles de type boite noire. Ce choix est motivé par la
possibilité d’analyser les parametres empiriques du modéle afin qu’un regard expert puisse
évaluer la pertinence des résultats fournis par I’algorithme d’identification. Pour cela,
plusieurs modéles sont comparés avec comme critére nécessaire a I’estimation du
maximum de puissance : (1) la prise en compte du transport de masse (surtension la plus
influente quand la pile est proche du maximum de puissance), (ii) le nombre de paramétres
empirique a estimer et (iii) la signification physique des paramétres identifiés. Une fois le
mod¢le sélectionné, une méthode adaptative des moindres carrés récursifs (ARLS) est
employée. L’algorithme ARLS a pour objectif de mettre a jour les parametres du modele
semi-empirique afin de suivre la variation des performances de la pile a combustible en
temps réel. Le modele couplé a la méthode ARLS est testé sur un banc test LabVIEW/cRio
développé pour cette occasion. Le travail expérimental a permis de démontrer que le

modéle sélectionné peut estimer les performances de la pile PEM en temps réel.

Deux campagnes de mesures sont conduites sous différentes conditions opératoires de
la pile PEM (36 °C et 47 °C). Les mesures expérimentales montrent |’influence de la
température sur les performances de la pile. Les résultats permettent également une
validation expérimentale de [’estimation de la courbe de polarisation de la pile a

combustible par rapport aux mesures dans les conditions données.



Une étude de sensibilité est menée afin d’évaluer I'influence des parameétres sur
’estimation de la puissance de la pile et d’évaluer la possibilit¢ d’une simplification de
modele. Cette étude montre que le transport de masse est un facteur qui influence peu le
comportement de la pile PEM puisque I’erreur d’estimation est réduite. Cela explique donc
que plusieurs modeles de la littérature négligent cet aspect lors de I'utilisation de modeéle
semi-empirique dans la gestion d’énergie. Cependant, ces phénomenes de transport de
masse sont les principaux responsables des limitations de puissance électrique dans une pile
PEM. Ainsi, ce parametre est capital dans I’estimation du maximum de puissance, comme
démontré dans ’article. Ce résultat est significatif pour la suite des travaux qui repose sur
’estimation du maximum de puissance de la pile, notamment pour la recherche du
maximum. Il est donc nécessaire d’appliquer un modele semi-empirique qui tient compte

de ce phénomeéne.



Online identification of semi-empirical model parameters for PEMFCs

Ettihir, K., Boulon, L., Becherif, M., Agbossou, K., & Ramadan, H. S. (2014). Online
identification of semi-empirical model parameters for PEMFCs. International Journal of
Hydrogen Energy, 39(36), 21165-21176.

doi: http://dx.doi.org/10.1016/j.ijhvdene.2014.10.045

2.1 Introduction

The increase in worldwide use of fossil fuel energy causes faster depletion of the world
reserves and it enhances greenhouse gas and particles emissions which pave the way for
global warming at an alarming rate [1]. One of the promising solutions in order to produce
electricity in embedded (as hybrid vehicles) or stationary systems is the Proton Exchange
Membrane Fuel Cell (PEMFC) [2] as it allows a zero local emission electricity generation
and the consumed hydrogen can be produced with renewable energies such as electrolysis
process and biomass [3]. In the literature, the hybrid electric vehicle architecture has been
classified into three categories: serial, serial-parallel and parallel. The most common
architecture for Fuel Cell Vehicle (FCV) is serial [4]. In order to ensure an adequate
durability of the PEMFCs, slow electric dynamics is requested. Consequently, another
energy source has to be used between the PEMFC and the load such as battery,
supercapacitor and/or flywheels [5]. This second device could be either the main source or
a simple energetic buffer. The Hydrogen Research Institute (HRI) LSV shown in Fig.1, so-
called Nemo, is a multi-source system [6]. Its architecture has been based on battery pack
as the primary source and PEMFC as an auxiliary source to extend the FCV autonomy.
Such a configuration leads to a decoupled operation of the PEMFC versus the load request.

Therefore, very simple global energy management will start and stop the PEMFC
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depending on the SOC of the second source [7]. The architecture of several PEMFC based

Renewable Energy (RE) systems is quite similar[8].

FC-PHEV serial topology

R e e

PEMFC =

Figure 1: Synoptic of FCV Nemo of the HRI [6].

In a multi-source system, the PEMFC is generally connected through a power
electronics converter and electric operating point has to be defined by the energy
management [9]; [10]. This operating point can be found in order to maximize the system
efficiency (and consequently the vehicle autonomy), the output power, the lifetime and so
on [7]. Nevertheless, the PEMFC is a relatively complex system which make difficult to
reach these operating points. As a multiphysic system, the Fuel Cell System (FCS)
energetic performances are operating conditions dependent. Its performances are greatly
influenced by temperature, gas relative humidity, gas stoichiometry and pressure [11, 12].
The desired operating point is constantly moving through the operating space. Therefore,
this point has to be sought for different techniques. In several cases, the PEMFCs rated
operating point is given by the manufacturer. It is a good compromise between energetic

efficiency and durability under given standard operating conditions [13].

The Energy Management Strategies (EMS) of the FCV can be divided into two main

classes: (i) rule based and (ii) optimization based. The first ones are both robust with
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respect to the inaccuracy of measurement and easily adaptable in real time without a deep
system understanding. However, the principal disadvantage of the rule based methods is
that the performances of the EMS greatly depend on the knowledge of the designer for a
stated problem [9, 14]. Optimization based strategies [15] provide interesting results;
however they are deeply model quality dependent. Complex models have to be used in
order to take into account the multiphysics behaviour of FCSs [16]. The model design (and
validation) may be a difficult and time consuming process. The design of a complete model
including ageing effect such as membrane degradation (operating point drift) is still a study

limitation [17].

In order to track these issues, Maximal Power Point Tracking (MPPT) and Maximal
Efficiency Point Tracking (MEPT) can be easily considered [18, 19]. Nevertheless, these
techniques are limited to the FCV strategy management case with a single specific
objective function (i.e. the best efficiency or/and the best power). Moreover, the
implementation on a FCS can be difficult regarding the system several and different time
constants such as electrochemical, fluidic, and thermal time constants that vary from the
milliseconds to the minutes. As depicted in Fig.2, [7] show the relevance of a three state
energy management based on the level of the battery State Of Charge (SOC). (i) the
PEMFC is stopped at high SOC, (ii) the PEMFC at maximum efficiency with medium
SOC, (iii) the PEMFC at maximum power with low SOC. With such an energy
management, it is important to know the best efficiency point during the best power
operation (and vice-versa) in order to ensure efficient switching between the modes. This

feature is not possible to implement with either classic MEPT or MPPT algorithms[20].
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Figure 2: Simple three modes SOC based energy management [7].

In order to address these issues, a three step method is currently developed at the HRI
as depicted in Fig.3. The complete process is realized online, during the FCS normal
operation. The main idea is to perform a real time model identification (step 1) to find the
best operating points with a light optimization algorithm (step 2). In the third step, the
identified operating point is applied to the real system. The used model is relatively simple
to allow real time identification, however it needs to be continuously updated. Based on this
model, it is possible to identify simultaneously several operating points (best power and
best efficiency for instance). In addition, higher strategy level can choose among the
different identified operating points to enhance the power split in the multi-source FCV.
Therefore, it will be possible to design a multi-dimensional model to seek several operating

parameters such as current, temperature, pressures...etc [21] . The proposed method deals
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with the concept of the extremum adaptive control [22]. This concept has been applied to a
class system, usually nonlinear, whose relation between the inputs and outputs of the
system admits an extremum. The objective of the control in this concept has been to
maintain the state of the system relatively to this extremum. In this study, the maximum

power and efficiency of the PEMFC have been considered.

/Model \ ﬂind the best \ /Apply the \

Identification operating point operating point

- From the latest from the model on the real system
experimental ne9) o B
data A mosl—— -—6_:'".—.,’:' 'y

- Real time (eg. N | 0
RLS algo) /\/ ——= | _

_ ),

Figure 3: Three step method in order to find and track the best operating points.

This paper is organized as follows. A review of FCS model identification and PEMFC
semi-empirical models is proposed. The identification algorithm dedicated to the estimation
of the PEMFC model parameters is studied to extract the initial conditions for real time
implementation. An experimental validation has been studied with Air Breathing PEMFC
of 500W in order to demonstrate the validity of the proposed method. The ANOVA is
considered to highlight the influence of the identified parameters on the estimation of the

PEMFC characteristics.
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2.2  Model identification method of fuel cell systems

This paper aims at proposing the model identification step. In the parametric
identification process, the number of parameters is crucial for the computational time.
Relevant model architectures are considered in order to develop a convenient real-time
identification method. The literature offers several models that match real time capabilities.
Meiler et al. [23] defines some classes of model to evaluate the real time capability for
different models and concludes that the best result is given by Ursyon-Model (UM). Yang
et al. [24] uses an Auto-regressive Moving-Average (ARMAX) model to emulate the
PEMEFC behaviour in addition to design and validate experimentally the proposed control.
Methekar and al. [25] proposes an adaptive optimizing control based on Wiener model and
validate it with numerical simulations. Dazi and al. [26] investigates on simulation study of
PEM-FC with a general predictive control. In this study, a semi-empirical model
(polarization curve) has been considered because this type of model adequately describes
PEMFC behaviour with a physical meaning and with relative short computational time [27-
29]. These physical meanings such as open circuit voltage (OCV), activation, ohmic and
mass transport overvoltage are very interesting to evaluate the relevance of the results. In
this work, semi-empirical models are studied because the aim is to provide information to

the energy management and not to design dynamic control rules.

2.3 PEMFC model overview

An important step for the model identification is to define the model. The PEMFC is
subject to operating parameter variations because the physical conversion including
electrochemical, thermodynamic, fluidic transport and electrical phenomena [30]. Different

PEMFC models have been proposed in the literatures that emulate PEMFC behaviour
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based on 0D, 1D, 2D or 3D dimension [31-33]. PEMFC model parameters have been
mostly identified at a given operating condition [9, 34]. However in real time operation, the
range of validity of the identified parameters is mainly influenced by the operating
conditions (mainly because of the temperature) and the PEMFC health[35, 36]. Moreover,
in the control field, PEMFC static maps (static models) are used for the design of
management strategy [10, 14, 37]. These types of control have been no longer valid when
the operating conditions change. Consequently, the choice of the convenient PEMFC model
has been important. Moreover the granularity level of the model has been selected for real
time operation and for reproducing the PEMFC behaviour. In case of high granularity level,
the number of empirical parameters would slow down the process. In addition, fewer

parameters give a lack of precision for control.
2.3.1 Srinivasan et al. model

In this model, the mass transport overvoltage has been neglected. The model has been

the basis of the major semi-empirical model developed in the literature Srinivasan]988:

V. =Vo—blog(i,)-ri, M

(o

RT),
Vo=V +2.303—=log(i,) 2)
S

Based on Equation (1) and (2) Srinivasan et al. [38] have developed a model based on

experimental data and have estimated V,,¢,i,,b and r that refer to the reversible potential

for the cell, the transfer coefficient of the oxygen reduction, the exchange current, the Tafel

slope and the slope of the linear region with nonlinear least square fits respectively.
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2.3.2 Kim et al model

Kim [39] has developed a semi-empirical model to fit the V(i) characteristic of the

PEMFC at different operating conditions such as temperature, pressure and gas mixture.

His study has focused on the following Equations:

Vg =Vo—blog(i,)—ri, —mexp(ni,) 3)

Vo=V +blog(i,) (4)

where iﬂ,V,,,b,iO and r are the PEMFC current, the reversible potential of the cell, the
Tafel parameters for oxygen reduction and the ohmic resistance of the PEMEFC

respectively. The parameters m and » are constants that account for the mass transport

phenomena in high current density.
2.3.3 Leeet al model

Lee et al. [40] has proposed a model on the same basis of Kim [39]with an exponential

term for the concentration loss as shown in Equation (5):

V.0y =Vo=blog(i, ) ~ri, ~mexp(ni,) —blog[il )
Do

In addition, a logarithmic term expressing the ratio between the total pressure p and
the partial oxygen pressure p,,, has been added. The parameters Vo, b, r, m and n have

been respectively defined as the OCV and empirical constants depending on operating

condition such as temperature, total pressure, oxygen partial pressure and humidity.
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2.3.4  Mann et al. model

Mann et al. [41] have considered a model with a mechanistic and an empirical approach

of the PEMFC process as given in Equations (6-10):
I-/::e// = Enern.\l + 77acl + 77()/7:77 (6)

E.  =1229-(0.85¢7)T, —298.15) -
+(4.308¢ )T [In(p,;,) +0.5In(p,,)]

N =&+ §2T/L- + §3Tf<-(ln(coz N+ET, ]'n(iﬁ-) (8
ﬂnhm = _iﬁ' (rc/cclmn/c + rprr)mmc) = _l._/('rmlcrnal (9)
r/lllc/'lla/ = ILI‘] + :LIZT/L' + /’L.li_/c + :Ll47‘ﬁ'l—_/c + ILIST/;; + #61.’;)0 (10)
The cell potential ¥, has been determined by the Nernst potential £, and the

activation 77,, and the ohmic 77, over potential. The Nernst potential has been defined
as the thermodynamic potential of the chemical reaction inside the PEMFC. It depends on
the PEMFC temperature 7, and the partial pressure of oxygen and hydrogen, p,, and p,,,
. The activation overpotential 7., is the sum of the anode and cathode overvoltage. The
parameters ¢, ,¢,.¢; and ¢, are empirical parameters related to the kinetics of the

reaction. The ohmic overvoltage depends on internal resistance r and results in a fit

ternal

model of the resistance of the proton and electron transfer inside the membrane and the

electrodes.
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2.3.5 Squadrito et al. model

Squadrito et al.[42]have defined a static model of PEMFC on the basis of[38, 39] as

stated in Equation (11):
V. =Vo—blog(i, )-ri, +aiyIn(1-p£i,) (11)
The difference between Equation (11) and previous Equations is in the

characterization of the mass transport overpotential. The parameters a and x are fitting

parameters and f is the inverse of the limiting current i, .

2.3.6  Kulikovsky et al. model

Kulikovsky et al. [43, 44] have developed a static model including the oxygen
stoichiometry as shown in Equations (12-15). The open circuit voltage and the ohmic

overvoltage are the same as in [38-40, 42].

V., =Vo —1{[1+1LJ10g(y)—1og(u)}rjﬂ_ —blog[l —f’—]’] (12)
+}’ ’

7
y = Jande (13)
J
1
f;w2 =-1,, log {1 ——] (14)
02
- 20b
Jj = (15)
T

However, the activation and the mass transport overpotential have been described by

the different terms in Equation (12) including the stoichiometry. The parameters j . J s s

v are the PEMFC current density, the characteristic current (defined by o, &, the proton
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conductivity and the Tafel slope), the limiting current density and a parameter for the

concentration overpotential respectively
2.3.7 Model selection

The criteria chosen to determine the semi-empirical model is the physical significance
of the parameters, the number of parameters to be identified and the number of sensors
used. Obviously, it is necessary that the model accounts for the overvoltages to characterize
the PEMFC on all its measurement range. Nevertheless, the mass transport phenomena are

also important in order to highlight the maximal power point of the PEMFC.

When the studied models are compared, Squadrito et al. model seems to be the best
adapted because it has few sensors (only current and voltage measurements) and wider
measurement range. The Kim model could be also relevant but with less physical parameter
meanings as illustrated in Table 1. Squadrito et al. model accurately fits the experimental
data and is based on the physical meaning of the parameters, and of the previous authors
[39-41]. However, Equation (12) is considered not sufficient to justify the physical
properties of the mass transport phenomena. Pisani et al. [45] have proposed a model on
the basis of [39, 40, 42] and related the parameter x with the water flooding phenomena, the
parameter a to diffusion mechanism and £ the inverse of the limiting current have a value
of 0.99 . Moreover, the parameter has been found in 90% of cases between 2 and 4. So,

Squadrito et al. model can be considered as a four parameter model (Vo, b, r and a).



Table I: Implementation Equation

PEMEFC semi-empirical | Number of fitting | Number of Mass transport
Model parameters measures overvoltage
Srinivasan et al. [38]. 2 2 No

Kim et al.[39] 4 2 Yes

Lee et al.[40] 4 3 Yes
Amphlett et al.[30] 11 5 Yes
Squadrito et al.[42] 4 2 Yes
Kulikovsky et al.[43] 5 3 Yes

2.4 Online modeling with ARLS

2.4.1 Recursive identification algorithm

29

Among the different recursive methods used for online identification such as Recursive

Instrumental Variable (RVA),

Recursive Maximum Likelihood (RML),

Recursive

Correlation and Least Square (RCOR-LS), the Recursive Least Square (RLS) is considered

the one that give the best results in real time[46, 47]. The RLS algorithm has been used to

identify the extremum function which is suitable for real-time application based on

successive updating of model parameters [22]. However, when classic RLS algorithm is

implemented for tracking systems with time-varying parameters such as PEMFC, the
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algorithm loses its precision during the identification process. A practical solution to
maintain the precision of the algorithm is to adapt a forgetting factor w to account on more
recent measurements. The main methods to update the forgetting factor are Exponential
Forgetting (EF) and Directional Forgetting (DF) [48]. EF is well suited for persistently
excited time-varying systems. However, an estimation windup phenomena appear when the
system is not enough excited and the identification process becomes unreliable and
sensitive to noise. DF factor is implemented to improve the performance of the RLS as
developed in [49] to avoid the estimation windup phenomena [50, 51]. Moreover, the
covariance matrix is decomposed (Bierman decomposition) to ensure a positive semi-
definite function and avoid numerical instability [52]. The RLS algorithm coupled with DF

factor is qualified as Adaptive Recursive Least Square (ARLS).

2.4.2  Adaptive RLS implementation

The ARLS is used to perform a recursive estimation of the static PEMFC model

parameters as depicted in Fig.4.

I FCmeasured, VF C,measured

ARLS
(Equations:19-24)

[45] PEM-FC model
(Equation 11)

VF C,estimated

Update parameters 0

Figure 4: Synoptic of the PEMFC identification with the ARLS.
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In this study, the PEMFC is considered as a Single Input Single Output (SISO)
system. The model developed by Squadrito et al. is proposed for the ARLS algorithm using

Equation (16) :

[y(0)] =[¢m)][6k)] +[Ek)] (16)

where ¢(k) is a stochastic noise variable with normal distribution and zero mean. At
each time step k, the regressor vector ¢(k) defines the evolution of the measured input
current . y(k) is the measured PEMFC voltage . The ARLS algorithm determines online the
parameter vector @(k) of the PEMFC behaviour under operating parameters changing with
the minimization of the square error prediction ¢(k). Therefore the unknown parameter

vector at each step time k, @(k) is defined by Equation (17):
O(k) = [Volk),b(k), r(k), a(k)] (17)

The objective function J(k) that should be minimized is the prediction square error of

e(k) as illustrated in Equation (18):
k
Jy=Y v'"e (18)
1=

where y is the forgetting factor which is necessary to track the variation of the
parameters during time variation (ageing drift). w is a value between [0;1] and e(k) is the
prediction error. y is initialized at 0.9 and is actualized in Equation 21. The implementation

of the ARLS is attained using Equations (19-24):

P(k)g(k +1)
1+¢' (k+1)P(k)p(k +1)

K(k+1)= (19)
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(P(k) - K(k+1)¢’ (k+1)P(k))
(k)" +¢ (k+1)P(k)g(k +1))

P(k+1)=P(k)- (20)

I—w(k+1) L
k+1)—— ; k+1)P(k)g(k
utes =" G e pogaery T O T DIEOKED >0 e

1 s if ¢ (k+1D)P(R)g(k+1)=0

e(k+1) = y(k +1)— ' (k +1)8(k) (22)
Ok +1) = O(k) + K (k + ek +1) (23)
P(k) =U(k)D(k)U (k)" (24)

where K(k) is the Kalman gain, P(k) is the covariance matrix of the prediction error
e(k). The Biermann factorized components are U(k) which is an upper triangular matrix
with ones in the diagonal,and D(k) which is a diagonal matrix. Equations (19-24) are solved

recursively to determine G(k).

2.4.3  Determination of the experimental initial parameters

The experimental initial parameters of the ARLS should be properly chosen close to the
reality to avoid algorithm divergence. Thus, a PEMFC dynamic model is introduced to
emulate the 500W PEMFC behaviour in simulation [21, 53]. This model is parametrized
with classical literature values as there is no need preliminary experiment. This model is
implemented in Matlab/Simulink. Thereafter, the ARLS algorithm is used for fitting the
parameters of the static model as previously described in Fig.2. However, the real PEMFC
is replaced by the dynamic model. The determination of the initial operating point is
realized during simulation. Consequently, a pseudo random binary current can be injected

in the model to maximize the performances of the ARLS algorithm (fitting parameters



depicted in Table 2). The parameters extracted are experimentally used as the initial data of

the ARLS.

Table 2: Initialization of the parameters using the ARLS algorithm.

Empirical parameters

Vo

Value

33.0694

-0.02594 -26.0395 0.2492

2.5 Experimental validation

2.5.1 Test-bench description

The ARLS algorithm is verified using the initial conditions determined from the

numerical simulation. The experiment is performed with an air breathing 500 PEMFC

Horizon composed of 36 cells. The test bench Fig.5 is a reduced scale of the powertrain of

the LSV Nemo of the HRI.

Hydrogen Tank

DC-DC PC

Figure 5: Experimental test bench at the HRI.
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The PEMFC works with ancilaries to regulate the pressure and the temperature. The
pressure is regulated at /.5 bars at the anode side for the hydrogen. The fans have two main
roles. The first is to bring the air to the reduction reaction of oxygen on the cathode side. In
practice, such a system works with very high stoichoimetry ratio from /0 to 30/54]. The
second is the regulation of the temperature within its operating range between 0 and 635.
Moreover, purge valve evacuates the water produced each fen seconds during ten
miliseconds. The PEMFC current is controlled using /kW Zahn Electronics power
converter and connected to the lead acid battery pack of 3. 9kWh. The embedded computer
compact CRio 9022 of National Instrument is used to control the PEMFC power through
the power converter. In addition, control of fan speed, the hydrogen purge, and the data

acquisition is performed by this module.

2.5.2  Experimental study under load variation

A current profile has been imposed to the PEMFC on the complete operating range (0-

304) as illustrated in Fig.6. The measured and estimated voltages V

Jemeasured 27 fe estomated >
respectively, have been compared. Percentage error curve has been shown adequate results
for the ARLS even for operating parameters variation as demonstrated in Fig.6 and Fig.7.
The Vo, b, r and a are the updated fitting parameters of the implemented semi-empirical

model during the test as shown in Fig.8.
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Figure 6: Experimental validation of the ARLS under load and temperature variation.
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Figure 7: Zoom on the variation of the PEMFC voltage with the ARLS estimation.
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Figure 8: Variation of the empirical parameters considering load and temperature variation.

The experimental test allows plotting the PEMFC characteristics, PEMFC power

curves, at two different temperatures T, to highlight the behaviour of the fitting

parameters. Accordingly, two parameter sets are chosen during the previous experiment: (i)
when the fans are controlled to achieve maximum speed the temperature of the PEMFC
drops to 36°C, (i1) when the fans are controlled to achieve the minimum speed, the
temperature of the PEMFC rises to 47°C. The two parameter sets are used to plot the
PEMFC power curve characteristics at each temperature as demonstrated in Fig.9. As
expected from the literature, the temperature increase leads to not only a PEMFC power

rise but also an increase in its maximum current [55]. Thus, the ARLS distinguishes the
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PEMFC power at different temperatures (at 36°C and 47°C) by updating the parameters
corresponding to the operating conditions. Finally, polarization curves plot is performed
after the ARLS experiment in order to show the relevance of the estimated parameters as

shown in Fig.10. For this purpose, a new trial for each polarization curve is done.

600
o [}
Pfc,esﬂmated at 36 C
500 — - - °
Pfc,estimated at 47 C o i
- .
. 23 .
Fa
\
. 400 5 . \
=< / \
/’ \
g 300 = V4 \
o | 4 \
O e )
L 2004 L5
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0 5 10 15 20 25 30 35
FC Current (A)

Figure 9: PEMFC power curve identified with ARLS under different operating conditions.
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Figure 10: Comparison between the estimated polarization curves and the experimental operating points at

different temperature.

2.6 Simulation and experimental results discussion

The use of the static model enables matching with experimental measurement. In the
study, four parameters are identified in real time by the ARLS using Squadrito et al model
[42]. Therefore studying the influence of each parameter on the PEMFC characterization
such as OCV, activation (AL), ohmic (OL) and concentration (CL) loss (mass transport

phenomena) becomes possible. The decomposition by ANOVA with the Sobol method is
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considered to highlight and quantify the parameter that has the greatest effect on the
estimated PEMFC voltage [56]. Using Equation (25), the set of results that defines the

PEMEFC voltage has been calculated as shown in Table 3:
Vi =Vo0, b log(i)—ri. +aiylog()(1- pi,.) (25)

The model used for the online identification is employed to characterize the total

variance of the PEMFC voltage and the variance of each factor (Vo, b, r, a) as given in

Equations (26-30).

Table 3: Example of the values of the FC Voltage with different parameter level (N=5).

y=Lz=1 | Vo, Vo, Vo, Vo,., Vo,s Means
b Veca Vrc2a1 Vrc s Vrcain Vrcsii Vie i
b,_, Veca21a Veca2 Vrc a2 Vrca2.1) Vrc s Vie o
b Veca s Vrc2301 Ve Vrcasn Vresau Viesn
B Vecaan Vicaa) Vec 34 Vrcaan Vicsan Vican
b Vecisa Vec2,5,1 Vee 35 Vecasia Vecss i Vie sa
Means Vicra Viea Vs Vica Vies. Vie .
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N N N N

Z Z Z Z (VI-‘(',w‘J,y.: - Tf

Var(l/;‘_("w‘x)y,:) _ w=l x=1 y=1 ==I N4 (26)

Var(Vo) = = _ 27)

Var(b) = 7 (28)

Var(r) = = _ (29)

N
Z(Vvl(: - I/I( . )2

Var(a) = <=, v (30)

As illustrated in Fig.11, the parameters that have the greatest effect on the static model
are the OCV and the OL using ANOVA. The PEMFC system model is less sensitive to a
than all other parameters. Thus the CL term (mass transport) could be assumed constant
and removed from the online identification process in order to reduce the computational
time. From a statistical point of view, the PEMFC model is nearby similar to the model of

Srinivasan et al. extensively discussed in Section 2 [38]. However, if the mass transport is
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neglected, the PEMFC maximum power point is no longer identifiable as demonstrated in

Fig.12. This operating point is very important for the FCV energy management strategy.

(223 ~ =] ©
o o o o
T

Parameters Effect (%)
(4,
o

40
30
20 16.7422
10
0 0.44088
ocv Activation Loss Ohmic Loss Concentration Loss

Figure 11: Influence of each fitting parameters on the PEMFC voltage estimation.
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Figure 12: PEMFC power curves with and without mass transport overvoltage (CL).

2.7 Conclusion

In this paper, an online identification approach for the PEMFC air breathing behaviour
with semi-empirical model has been presented. For this purpose, Squadrito et al. model has
been used in favor of its relative simplicity, the physical meaning of the empirical
parameters and its reduced number of sensors necessary for the current and the voltage
estimation in comparison with the other studied models. The initial parameters have been
defined by simulation with a dynamic model of PEMFC. Then, the ARLS has been used

because of its suitability for time varying system. The ARLS algorithm has been applied in
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real time and the parameters are well identified. The characteristics of the PEMFC have
been plotted. Finally, a statistical sensitivity analysis (ANOVA) has been performed to
highlight the impact of each parameter on the PEMFC characteristic. The OCV, AL and OL
are the most significant parameters on the characterization of the PEMFC with semi-
empirical model. Moreover, the CL should be considered owing to its importance in the

energy management strategy purposes.

Future works will follow two main axes. Firstly, the identification method will be
improved to design a multi-dimensional model to seek several operating parameters such as
current, temperature, pressures Secondly, this identification method will be optimally

developed on the test bench and then implemented on a real FCV.
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Chapitre 3 - Article 2 : Validation de la méthode de recherche
des maximums avec une stratégie simple

L’article décrit dans le chapitre 1 a permis de montrer que la méthode permet de prendre en
compte des variations de conditions d’opération ou de dégradation. La méthode est validée
sur I’exemple spécifique de la prise en compte de ’influence de la variation de la
température sur la caractéristique de la pile PEM. Dans cet article, il s’agit de capitaliser sur
ce travail en développant une couche supplémentaire & la méthode. Le modele semi-
empirique couplé a I’ARLS permet d’estimer la courbe de polarisation de la pile PEM. Un
algorithme d’optimisation est ajouté pour rechercher les maximums de puissance et de
rendement a partir de I’identification en ligne. Cela permet dans ce travail d’estimer la
puissance de la pile et de reproduire la caractéristique tension-courant de la PAC en temps
réel. De plus, la recherche du maximum de rendement est introduite grace a |’estimation du

débit d’hydrogene consommé par la pile & combustible et donc, de la courbe de rendement.

Le sous-probléme traité dans cet article est que les stratégies classiques basées sur une
cartographie fixe de la pile a combustible ne sont plus valides quand les performances de la
pile changent (dans ce cas d’étude, en raison du vieillissement du systeme). Dans le cadre
d’une stratégie globale, il est donc nécessaire d’inclure cette variation de performances afin

de garder la pile PEM dans sa bonne plage de fonctionnement.

En premier lieu, la validation expérimentale de la recherche du maximum de puissance
et de rendement de la pile a I’aide des algorithmes est développée (cas de la pile en bonne
santé). Les résultats expérimentaux prouvent que les maximums de puissance et de

rendement peuvent d’étre déterminés en temps réel.
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Par la suite, une stratégie de répartition basée sur I’hystérésis (machine a états) est
développée pour placer la recherche des maximums dans le cadre d’une gestion d’énergie
sur le VHPAC. Cette stratégie hystérésis se base sur un article développé précédemment
[32]. Les modes de fonctionnement qui placent le fonctionnement de la pile PEM au
maximum de rendement et de puissance sont déterminés en ligne par |’algorithme de
recherche des maximums. Deux piles PEM avec un degré de dégradation différent sont
utilisées pour démontrer la capacité de 1’algorithme hystérésis a activer les modes de
recherche du maximum de rendement et de puissance selon le niveau de charge des

batteries.
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Energy Management Strategy for a Fuel Cell Hybrid Vehicle based on
Maximum Efficiency and Maximum Power identification

Ettihir, Khalid, Boulon, Loic, & Agbossou, Kodjo. (2016). Energy management strategy for
a fuel cell hybrid vehicle based on maximum efficiency and maximum power
identification. JET Electrical Systems in Transportation, 6(4), 261-268. http://digital-
library.theiet.org/content/journals/10.1049/iet-est.2015.0023

3.1 Introduction

The most used fuel cell system (FCS) for embedded applications is the proton
exchange membrane fuel cell (PEM-FC) because of its low operating temperature and
pressure, tolerance to carbon dioxide and solid membrane [1]. A PEM-FC allows a zero
local emission electricity generation, and the consumed hydrogen can be produced with
renewable energies, such as electrolysis and biomass processes [2]. To ensure a good
durability of the PEM-FC, slow load dynamics are requested, and consequently, another
energy source must be used between the PEM-FC and the load to satisfy the fast dynamic
load for the traction power on a vehicle DC bus [3]. This second device could be the main
source or a simple energetic buffer (battery, supercapacitor, and flywheel). Consequently,
the supplied PEM-FC power can be different from the load request and can be used in
specific operating modes (maximum efficiency or maximum power for instance). This
work addresses the energy management strategy (EMS) of embedded systems and more
specifically the fuel cell hybrid electric vehicle (FC-HEV) (the architecture is defined in
section 2).

In the literature, the EMS of the FC-HEV is divided in two classes: rule-based
controls and optimisation-based controls [4]. The rule-based controls use expert knowledge,

appear in deterministic (for example, thermostatic EMS), adaptive or predictive forms and
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are easily adaptable in real-time systems. The second approach based on optimisation is
divided into two parts: global optimisation and real-time optimisation. These two methods
optimize a cost function, which frequently defines the criterion of the fuel consumption,

system efficiency, or system power.

Payman et al. [5] propose a flatness based control to regulate the dc bus and perform
experimental validation. Feroldi et al. [6] develop strategies based on the static efficiency
map and implement them in real time. Their study shows that the hydrogen consumption
could be reduced drastically. Hemi et al. [7] design an optimal power split strategy based
on the Pontryagin's principle. A simulation study of a complete real time EMS is realized.
Bernard et al. [8] design a strategy derived from an optimal control theory to minimize the
hydrogen consumption and perform experimental validation. Recently, Farouk et al. [9]
propose the study of two strategies: one strategy based on fuzzy logic and the other strategy
based on optimal control theory. Their experimental study shows that optimal control can
outperform the fuzzy logic power split. For the two classes of the EMS presented, the
provided results are very interesting, but in most cases, they are based on a PEM-FC map or

a mathematical model with constant parameters.

The drawback of these EMSs is that they depend on models (valid within a given
operating range) or maps. Nevertheless, the PEM-FC is a multi-physics system [10], and
consequently, its energetic performances depend on the degradation and on the operating
conditions (e.g., temperature, gas relative humidity, gas stoichiometry, pressure) [11] as
shown in the experimental curves obtained in Fig.1. In real time application, one solution to

consider for the multi-physics behaviour of the PEM-FC is to use complex models.
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However, their design (and validation) can be difficult and time-consuming processes [12].
Another solution is to use black-box models and adapt the online parameters. Several
models in the literature meet the real-time capability and are given to identify the online
PEM-FC parameters. Meiler et al. [13] presents a review that classifies the real-time model
for the EMS and concludes that among the reviewed model (fuzzy, neural network, auto
regressive, Wiener), the best results are given by the Ursyon model. However, semi-
empirical models of the PEM-FC describe the PEM-FC behaviour with a physical meaning

and a reduced computing time so that they can be useful for an adaptive EMS [14].
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Figure. 6. Characteristic curves for two 0.5 kW air-breathing PEM-FCs with different degrees of

degradation at 7,,=35°C: (a) the power versus current; (b) the efficiency versus the current

In order to exploit the best performances of the PEM-FC, several studies have
proposed important contributions on the topic of extremum-seeking control in a PEM-FC.
The challenge is that the maximum power (MP) and efficiency (MP) of the PEM-FC move
when the operating conditions vary. Zhong et al. [15] designs a maximum power point
tracking (MPPT) algorithm. Kelouwani et al. [16] presents an experimental adaptive

control approach for a maximum efficiency point tracking (MEPT) of a PEM-FC. Guo-
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Rong et al. designs a MPPT algorithm based on resistance matching and implement it on a
hybrid energy system. Benyahia et al. [17] proposes an MPPT based on perturb and observe
technique and validate it experimentally. Methekar et al. [18] proposes an adaptive
optimizing control based on the Wiener model and validated it with numerical simulations.
Becherif et al. [19] designs an original MPPT to enhance the air consumption. Dazi et al.
[20] investigates a simulation study on the maximum power operation of a PEM-FC with a
general predictive control. However, in the previously conducted studies, few experimental
extremum-seeking controls on the PEM-FC show the reliability of this type of control in
real time. Carlos et al. [21] proposes specific hardware in the loop validation for an MPPT-
based control. Park et al. [22] propose a hysteresis controller based on MPPT for microbial
fuel cells and perform an experimental validation. Gene et al. [23] designed an
experimental real-time optimisation on a solid oxide fuel cell.

To date, the literature hardly present study that offer EMS for finding the best
performances of the PEM-FC, in real time, for an FC-HEV. This paper proposes a two-step
extremum seeking process (ESP) for tracking specific operation points for ME and MP.
The ESP is based on the online identification of a semi-empirical model followed by an
optimisation process performed on this up-to-date model. The output of the ESP is the
current requested for the PEM-FC through the DC/DC converter. The ESP is used in a
complete EMS based on a hysteretic behaviour [24] to avoid the chattering effect and to
show its effectiveness in real-time operation. The experimental results are provided with a
specific emphasis on the study of the operating parameter drift by using two PEM-FCs with

different levels of degradation.
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The rest of the paper is organized as follows. Section 2 presents the hybrid system,
whereas the EMS is described in Section 3. The experimental setup and results are

presented in Sections 4 and 5. The conclusion and perspectives are discussed in Section 6.

3.2 Architecture of the hybrid system

3.2.1 FC-HEV Description

The architecture of the hybrid system used in this paper is based on the Nemo FC-
HEV (low-speed vehicle (Fig.2.a). The DC bus is built around a 335 A# battery pack, and a
2.5 kW Axane PEM-FC is used as a range extender. The powertrain is based on a 5 kW

induction machine.

3.2.2  Description of the Test Bench

For the purpose of this work, a reduced-scale experimental test bench is designed
(Fig.2.b). The experiments are performed with a Horizon 36 cells 0.5 k}¥ air-breathing
PEM-FC. The oxygen supply, relative humidity and temperature are managed by the fans.
The hydrogen side operates in dead-end mode with a regulated pressure 0.05 MPa. The
electric connection between the PEM-FC and the DC bus is realized by using a Zahn
Electronics DC/DC converter and connected to the lead acid battery pack of 3.94AWh to
control the PEM-FC current ir. An electronic load (Dynaload Series WCL 488 Water
Cooled) and a controllable source (Sorensen SGI 100) are used to emulate the power profile
recorded on the real vehicle. The embedded computer compactRIO 9022 from National

Instruments is used to manage the load control, the data acquisition and the developed
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control algorithms. The control of the auxiliaries, such as fan speed, anodic purges,

hydrogen supply and power control, is performed by the controller (Fig.2.b).
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Figure. 7. The architecture of the hybrid system: (a) Nemo FC-HEV of the Hydrogen Research Institute); (b)

the experimental test bench

3.3 Energy management strategy

The designed EMS is based on two layers. Fig. 3 provides a global view of the

designed EMS with:
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» The hysteresis power split control (HPSC) that avoids chattering and switches

between different modes of PEM-FC operation

» The ESP of the optimal operating point based on the power and efficiency online

estimation
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Figure. 8. Global view of the applied EMS based on ESP on the hybrid system

3.3.1 Hysteresis Power Split Strategy

The HPSC is realized with a battery state-of-charge (SoC) based strategy. It allows

three operation modes for the PEM-FC: ME, MP and OFF (or ON). A double hysteresis

trigger is used to avoid fast switching between the modes. The ME mode is used to ensure a

lower hydrogen consumption when the PEM-FC is running. Essentially, the power range
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between the open circuit voltage and the best efficiency point is the area where the
hydrogen consumption is highest and is also the area where the fuel cell degrades more
rapidly [6, 25]. So, when the PEM-FC is switched on, the ME mode is activated directly.
The MP mode is activated to assist the battery pack in the case of a very low SoC
estimation. Another use of the MP mode could be to help the batteries in the case of a high
traction power operation, such as mountain slope climbing. The SoC estimation is not the
aim of this paper, and a simple discrete-time approximate recurrence relation is used [26] in

Equation (1):

iba[ I3

SOC, | =S0C, -2k Ay (1)

n
where i, ,, C, , k and 4r are the battery current, the battery charge capacity, the
sampling instance and the time step, respectively (Table 1).

Table I: The parameters of the SoC calculation

Parameters | iz C, At

Value [0-100 A] 524.h  Ims

3.3.2  First step of the ESP. Adaptive Recursive Least Square Algorithm

In this section, the ARLS is the first step of the ESP to calculate the optimal points
[27]. A single-input single-output system defined by Equation (2) is considered since the

two models used in this article are of this type:
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Vi = ¢kTHk + & (2)

where y 1s the output vector, ¢ is the regressor vector, £ is the system parameter vector, & is
a stochastic noise variable with normal distribution and zero mean . Further in section 4, the
models used and the respective regressors are defined. The ARLS algorithm minimizes the

objective function J; defined by the prediction error € squared as shown in Equation (3):

k .
5= 3 Ak ()
=1

where /=07 (a value between [0; 1]) is the forgetting factor, which is necessary to track the
variation of the parameters (degradation drift) [28]. However, when ARLS algorithm is
implemented for tracking systems with time-varying parameters such as PEM-FC, the
algorithm loses its stability during the identification process. A practical solution to
maintain the stability of the algorithm is to adapt a forgetting factor 4 by using methods
such as Exponential Forgetting (EF) and Directional Forgetting (DF). EF is well suited for
persistently excited time-varying system. However, an estimation windup phenomena
appear when the system is not enough excited and the identification process becomes
unreliable and sensitive to noise. DF factor is implemented to improve the performance of
the ARLS to avoid the estimation windup phenomena. Moreover, the covariance matrix is
decomposed (Bierman decomposition) to ensure a positive semi-definite function and avoid
numerical instability [27]. The implementation of the ARLS algorithm is performed by

using the following equations:
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where K is the Kalman gain, P is the covariance matrix of the prediction error € and # are

the identified parameters.

3.3.3 Second step of the ESP: the Sequential Optimisation

This section describes the step two of the ESP in which the optimum PEM-FC power
and efficiency are tracked at the same time. The performance criteria are the efficiency 7y
and the power P.. Therefore, the role of the sequential optimisation is to determine the
optimal current i which corresponds to the maximum of the efficiency and the power of
the PEM-FC. So, two optimisation problems are formulated each with an objective function

(power and efficiency):



6l

Pelie)=Velie)ie 9)
Py (1) = Fypy (E g YHHY (10)
Pr(ip)-P
. fe\ fe aux
Nelipg)=————— 11
felfe Py (1 0) (11)

where Vi, Paux, Pr2, Fuo, HHV are the PEMFC voltage (V), the auxiliary power (¥)
(assumed as constant), the consumed hydrogen power (W) during the electricity
production, hydrogen molar flow (mol.s”) and the high heating value of hydrogen (286
kJ.mol ), respectively.

The optimisation is performed with the sequential quadratic programming (SQP)
algorithm which is a local optimisation algorithm for convex problems [29]. The local
optimisation is sufficient because the two objective functions are unimodal, smooth and

contain one maximum, as the experimental curves show, see Fig.1. So, to obtain the current

iy that yields the optimal power or efficiency, the problem is set:

LUSREAUY

Maximize iz : * . 12)
/ S.t. ’fc,min Slfc S’fc,max (
d maximize iz such as: * *
FNC TARIMIZS fe 50 J('fc):nﬁ(lff) (13)

. -* .
S.t. Ifc,min < IfC < Ifc,max



62

K . . . .
where /4 is the optimal current and i mi» and iz mq are the lower and upper bounds of the

PEM-FC currents. For each optimal problem the Lagrangian function is set to combine all

information in one function:

Lp= Pfc (ifC)_ll (ifc - ifc,min)_'_l2 (ifc - ifc,ma\) "

L, =77fc(ifc)—13 (ifc - ifc.min)+l4 (ifc - ifc,max) (15)

where Lp and L, are the Lagrangian of the power criteria and efficiency criteria
respectively. The parameters /;, /;, /3 and /; are the Lagrangian multipliers. The optimal
problem formulated in Equations (12) and (13) are solved using fmincon function in

Matlab® [30].
3.4 Experimental identification and estimation of the model

3.4.1 Experimental Identification of a Semi-Empirical Model

In this section the test are conducted with the healthy (approximately 20 hours of
operation) PEMFC H-500. The operating conditions for the experiments are: a PEM-FC
temperature controlled near 35°C and an ambient temperature of 22°C as well as a
hydrogen inlet pressure regulated at 0.05 MPa and a frequency purge of 0.1 Hz. The PEM-
FC model that is suitable for real-time application is selected, and the ARLS algorithm is
used to identify the model parameters. A semi-empirical model is considered because this

type of model describes the PEM-FC behaviour with a physical meaning (important for the



63

analysis of the relevance of the identification results). Squadrito et al. [31] defines a static

semi-empirical model of the PEM-FC on the basis of references [32, 33],(16):

. . . . 1
Veern, =Vor —by loglig, ) =rii g, +a,\,z?6k log(1- Bif., ) (16)

where ir, V,, b, r and f are the current, open circuit voltage, Tafel slope, ohmic resistance

and inverse of the limiting current, respectively. The parameters «, and ¢ are fitting
parameters. Furthermore, the expression @ log(1—/fiz, ) can be interpreted as an additional

resistance term due to mass transport phenomena. It is necessary that the model account for
the overvoltages to characterize the PEM-FC for its entire measurement range. The mass
transport phenomena are also important for highlighting the maximal power point of the
PEM-FC. This model has the ability to include the flooding phenomenon in the area of high
current density and structural variation [31]. This aspect is important for determining the
maximum power of the PEM-FC. Pisani et al. [34] provides a semi-empirical model on the
same basis as references [31, 33, 35] and relates the parameters ¢ with the water flooding
phenomena and « to the diffusion mechanism. For this model, literature provides the
values of ¢ (between 1 and 4) and S (0.99 4.cm™). This model is parametrized with the

online updated parameters @, under operating conditions changing with the minimization
of the square error prediction &, so that the unknown parameter vector 6, is defined at

each time step by (17):

6, =[Vo, b, r, ak]/ (17)
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The initial parameters are determined off-line for selecting an initial point close to reality

[27] (Table 2).

Table 2: Initialization of the parameters at time step k=0

Empirical parameters at k=0 | Vo, b, fy a,

Value k=0 33.06 -0.025 1 -26.03 | 024

The experimental test of the ARLS algorithm is performed with the previously
defined initial parameters with a dynamic PEM-FC current ir. The measured V. and
estimated V. egimareda PEM-FC voltages are compared in Fig.4.a. The semi-empirical model
used shows good agreement since the mean square error (MSE) between the measured and

the estimated voltage calculated for this test is 2.37 %.

Fig.4.b is a representation of the parity plot obtained from the experimental
identification with the ARLS algorithm. It shows the predicted performance of the PEM-FC
voltage based on the semi-empirical model versus the experimentally measured PEM-FC
voltage. As explained in Mann et al. [36], the accuracy of the model is shown by the
proximity of the data to a 45° line (red line) passing through the origin. The good results
(MSE=2.37 %) for the estimation are confirmed since the experimental points are in
majority near the red line. The results are a little more far from the line after 25 V. It
represents a voltage area close to the open circuit operation in which it is necessary to avoid

working in due to a fast degradation of the PEM-FC. So, this estimated PEM-FC voltage
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curve is very good in the operating area of a PEM-FC and it can be used for the maximum

power and maximum efficiency estimation.
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Figure. 9. Experimental curves of the 20 hours aged PEM-FC: (a) The voltage V. estimated and measured
versus time in case of dynamic current ig. is imposed; (b) Representation of the parity plot(with the + 5%
envelop in yellow dashed line) from the experimental data of the 20 hours aged PEM-FC voltage as a function

of the Squadrito et al. model

3.4.2 Experimental Identification of the Hydrogen Molar Flow

As defined in Bagotsky et al. [37], the operating efficiency of a PEM-FC is the ratio
between the electrical power produced and the chemical power of the hydrogen oxidation.
Typically, not all of the hydrogen molar flow of the reactant supplied to the PEM-FC is
used for current production, and it is difficult to predict. The reasons could be due to an
incomplete reactant oxidation or a diffusion of the reactant through the electrolyte. So, the
hydrogen molar flow should be estimated to predict the chemical power of the hydrogen
oxidation. Fy; esiimareq 1S the estimated hydrogen molar flow and is determined online using a

second ARLS algorithm. A linear expression is used to link the hydrogen molar flow
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Fu2 esiimaiea With the PEM-FC current iz as shown in Equation (16). Then the updated

parameters 6, used in the ARLS for hydrogen molar flow estimation are (19):
FHZ,estimated =i+ f2ifc (18)

6.<[1 £.] (19)

where f; and f; are the online parameters identified by the ARLS algorithm. The
dynamic PEM-FC current i is applied to highlight the behaviour of hydrogen molar flow
identification process. Fig.5.a shows that the linear expression provides a relative prediction
of the hydrogen molar flow since the MSE between the measured and the estimated
hydrogen molar flow for this test is 4.58 %. The experimental parity plot of the hydrogen
molar flow in Fig.5.b shows the accuracy of the estimation based on the proximity of the

experimental data points to a 45° line (red line) passing through the origin.
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Figure.10. Experimental curve of the 20 hours aged PEM-FC: (a) The hydrogen flow Fy, estimated and
measured versus time in case of dynamic current ig is imposed; (b) Representation of the parity plot (with the
+ 5% envelop in yellow dashed line ) from the experimental data of the 20 hours aged PEM-FC molar flow as

a function of Equation (18)

3.4.3  Flow Experimental Estimation of the PEM-FC Characteristics

Previous sections show that the ARLS steps converge to obtain the mathematical
models of the 20 hours aged PEM-FC voltage and molar flow. The model parameters are
used to plot the power and efficiency curves for the next step (sequential optimisation
algorithm). Fig.6 show that the semi-empirical model coupled with the ARLS algorithm
was able to predict the performance of the H-500 PEM-FC. The PEM-FC power and

efficiency are determined by using the following equations:

Ple estimated = Vie estimated > fe (20)

F fe.estimated ~ Paux

T fe estimated = (21)
’DH 2.estimated
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where P esimaea (W) 1s the estimation of the consumed hydrogen power during the
electricity production expressed as (23):

P2 estimed = FH2,estimated THV (22)
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Figure.l1. Experimental characteristic curves of the 20 hours aged PEM-FC compared with the estimated

characteristic curves; (a) the power versus current; (b) the efficiency versus the current.

The estimated power curve for the healthy PEM-FC in Fig.6.a provides a maximum power
near 30 4 and shows that it is near the maximum power of the measured PEM-FC
characteristic. Additionally, Fig.6.b shows that the estimated efficiency curve of the healthy
PEM-FC provides a maximum efficiency near 13 A. These results confirm that the extreme-

seeking algorithm can find the optimal set point of the PEM-FC.

3.5 Experimental study
The experimental study here aims to highlight two points by considering PEM-FCs

with different levels of degradation (Fig.1):
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» The HPSC can switch the operating point of the PEM-FC according to the level of
the SoC.

* Depending on the degree of degradation and with the same experimental protocol,
the ESP can track the MP and ME modes with the identified model of the PEM-FC.

The operating conditions for the experiments are: a PEM-FC temperature controlled
near 35 °C and an ambient temperature of 22 °C as well as a hydrogen inlet pressure
regulated at 0.05 MPa and a frequency purge of 0.01 Hz. The initial parameters of the
ARLS algorithm (8iiar), the SQP algorithm (X, Xmax and X)) and the initial SoC
estimation are set to the same value for every experiment. Furthermore, in the experiments,
the hybrid system (PEM-FCs and battery pack) is loaded with the same current profile. The
results of the HPSC based on the ESP are compared with an HPSC based on the PEM-FC

maps (efficiency and power) to show the relevance of the results.

3.5.1 Case study: EMS with the 20 hours aged PEM-FC

In this experiment, a healthy (approximately 20 hours of operation) PEM- FC H-500
is used on the test bench. The healthy power and efficiency curves are provided in the
previous section and correspond with the manufacturer data (Fig.l1). The power curve
shows that the MP Py, is approximately 510 W at a current iz of 30 4. The efficiency curve
provides a ME 7. of 52 % at 13.5 4. Fig.7 shows the results of the PEM-FC current, power

and efficiency during the test with the given load profile.
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Figure.12. Experimental results of the developed EMS with the 20 hours aged PEM-FC compared with the
classical strategy: yellow line, green line and red line refer to OFF mode, ME mode and MP mode

respectively

It is clear that with the two EMSs designed, the power split can switch the mode of
operation of the PEM-FC (ME, MP and On/Off modes) (Fig.7) depending on the SoC. The
maximum current ir given by the ESP is near the maximum value of the maximum power
given by the map (Fig.1) (approximately 550 W at 29.9 A). The best efficiency 7

(approximately 50 % at 13.2 4) is also provided by the ESP.

3.5.2 Case study: EMS with the 300 hours aged PEM-FC

In this experiment, a degraded (approximately 300 hours of operation) PEM-FC H-
500 is used on the test bench. The degraded PEM-FC power and efficiency curves are

provided in the previous section (Fig.1) and show the degradation of the PEM-FC. It can be
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seen that the degraded PEM-FC lost 37 % of the MP and 31 % of ME compared with a
healthy H-500 PEM-FC. The power curve shows that the MP Py, is approximately 320 ¥ at
a current iz of 20 4. The efficiency curve provides a ME # of 36 % at 13.2 4 and an
efficiency 7z of 32 % near the maximum current ig.

The results of the second test show that a HPSC based on the mapping of a healthy
PEM-FC (the same as the manufacturer) is not valid when the PEM-FC is degraded. The
HPSC switches well between the Off mode and ME mode, but the PEM-FC shuts down
(security of the controller) when the MP mode is activated because the PEM-FC operating
point is in the mass transport region and risk to degrade the PEM-FC. The requested current
to obtain the MP moves as the PEM-FC ages. However, the ESP EMS avoids the shut

down near the MP of the PEM-FC because it adequately seeks the optimum power (Fig.8§).
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Fig.13. Experimental results of the developed EMS with the 300 hours aged PEM-FC compared with
the classical strategy : yellow line, green line and red line refer to OFF mode, ME mode and MP

mode respectively

The same result occurs when tracking the ME (Fig.8). The ME of the degraded PEM-
FC given by the map (Fig.1.b) is determined by the ESP. Nevertheless, the ME current
point does not move and the classical map strategy works. The values of power and

efficiency found are the same as the values of the degraded H-500 PEM-FC maps (Fig.1).

3.6 Conclusion
An EMS based on an ESP was proposed in this paper for FC-HEV. The EMS is
tested on a hybrid system test bench. The algorithms were implemented on the test bench
with a NI compactR1O. The three-step method proposed shows that it is possible to match

the variation of the operating condition of a PEM-FC (such as degradation) with semi-
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empirical models coupled with an ARLS algorithm. It was demonstrated that the HPSC
based on maps are not valid when the operating parameters change because of the operating
point drift. This paper addresses to the degradation effects but similar results could be
obtained with an important variation of the operating conditions, such as extreme
temperature or faulty operation.

The MSE is relatively small but a misestimation can give wrong value of the PEM-
FC MP or ME during a few milliseconds (the sampling time of the algorithm is 5 kHz). In
our case, this weakness is avoided because the PEM-FC is coupled with a battery pack and
then slow current dynamics are applied on the PEM-FC.

For future studies, two approaches are possible with this work. The first approach is
that the proposed adaptive EMS is expected to be useful for more elaborate online EMSs
based on the map and optimal power split to reduce hydrogen consumption. Because the
extremum values are known in a real-time EMS, decision making can be developed. The
second approach is the design of a multivariate model that provides more operating
parameters, such as current, temperature, and pressure. This approach is not possible with
conventional algorithms, which are limited to searching one parameter at a time. The

current method could address this issue.
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Chapitre 4 - Article 3 : Stratégie de controle optimal adaptatif

L’article du chapitre 3 proposait une SGE hystérésis simple axée sur les modes de
fonctionnement de maximum de puissance ou de rendement. Cette SGE simple montre sa
limite puisque les modes de fonctionnement sont activés par le niveau de charge des
batteries. En effet, la SGE hystérésis bascule entre le maximum de rendement ou le
maximum de puissance, des régions ou la consommation d’hydrogene est optimale et ou la
pile PEM se dégrade le moins. La littérature a montré & maintes reprises qu’une telle
gestion reste sous-optimale [33]. Dans ce cas, ce troisiéme article s’appuie sur les articles
précédents en proposant une SGE optimale adaptative en temps réel. La problématique
traitée est que dans le cadre d’'une SGE optimale, comme les conditions opératoires de la
pile & combustible varient alors la SGE développée sur la base de modele mathématique
fixe n’est plus valide.. Dans cette these, lors de la formulation du probléme d’optimisation
des bornes sont définies pour le maximum et le minimum de puissance de la pile PEM. Ces
bornes de puissances correspondent aux maximums de rendement (borne minimale) et de
puissance (borne maximale) de la pile PEM issus de la méthode développée dans ce travail
de thése. En outr, les algorithmes de recherche des maximums de puissance et de
rendement sont placés dans une SGE optimale basée sur le principe de minimum de
Pontriaguine. Dans I’article suivant, la SGE optimale couplée a la recherche des maximums
est décrite et des simulations sont menées afin de démontrer ’avantage de la SGE
développée sur la SGE classique optimale (sans la recherche de maximums). L’article
démontre que lorsque les performances de la pile PEM changent (c.-a-d., vieillissement),
I’algorithme est en mesure de suivre ces variations de performances, mais également de les

intégrer dans une SGE globale alors que la SGE classique est mise a défaut.
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Optimization-based energy management strategy for a fuel cell/battery
hybrid power system

Ettihir, K., Boulon, L., & Agbossou, K. (2016). Optimization-based energy management
strategy for a fuel cell/battery hybrid power system. Applied Energy, 163, 142-153. doi:
http://dx.doi.org/10.1016/j.apenergy.2015.10.176

4.1 Introduction

A promising solution to produce zero local emission electricity in an embedded (as
hybrid vehicles) or stationary system is the fuel cell system (FCS). The most practical FCS
tor embedded applications is the proton exchange membrane fuel cell (PEM-FC) because
of its low operating temperature and pressure, tolerance to carbon dioxide and solid
membrane [1]. Furthermore, the consumed hydrogen can be produced with renewable
energies through electrolysis and biomass processes to produce near zero global emission
electricity [2, 3]. In practice, a good durability is ensured for the PEM-FC when slow load
dynamics are applied [4]. Consequently, an energetic buffer (battery, supercapacitor,
flywheel) must be used between the PEM-FC and the load to satisfy the fast dynamic load
for the traction power on a vehicle DC bus [5, 6]. As the energy is distributed between two

sources, energy management strategy (EMS) is required.

In the literature, two classes define the EMS of the FC-HEV: the rule-based and the
optimization-based controls. The rule-based controls use expert knowledge, appear in
deterministic (for example, thermostatic EMS), adaptive or predictive forms and are easily
adaptable in real-time systems. The second approach is based on optimization of a cost
function, which frequently defines the criterion of the fuel consumption, system efficiency,

or system power [7].
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Feroldi et al. [8] develop heuristic and optimal strategies based on the static efficiency
map and validate them in real time. Their results show that the power split is enhanced by
reducing hydrogen consumption. Bernard et al. [9] design an EMS based on Pontryagin’s
minimum principle (PMP) to reduce the hydrogen consumption and perform experimental
validation. Farouk et al. [10] propose the study of two strategies: one strategy based on
fuzzy logic and the other strategy based on the PMP. Their experimental study shows that

PMP can outperform the fuzzy logic power split.

In most cases, the drawback of these strategies is that they depend on static models
which are validated in a given operating range [11, 12]. Indeed, the PEM-FC is a multi-
physics system [13], and its energetic performances depend on operating conditions (e.g.,
temperature, gas relative humidity, gas stoichiometry, pressure and ageing) [14]. It is
therefore necessary to take into account these changes in operating conditions in a global

EMS of the hybrid system.

There are two ways to identify the performance of a FCS, in real time. The first is the
use of extremum seeking strategies, such as the maximum power point tracking (MPPT).
Literature provides results on the topic regarding PEM-FCs. Zhong et al. [15] designed a
MPPT algorithm based on an enhanced perturb and observe algorithm. Bizon [16] defined
an additional MPPT algorithm to improve the tracking speed and display it in a numerical
simulation. Guo-Rong et al. [17] designed a MPPT algorithm based on resistance matching
and implement it on a hybrid energy system. The second method is to use an online
identification of parameters coupled to an optimization algorithm. However, this method
requires a PEM-FC model. Once again, two solutions are possible. (i) A direct solution is to

consider the multi-physics behaviour of the PEM-FC in complex models. However, their
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design (and validation) can be difficult and time-consuming processes [18]. (ii) Another
solution is to use online parameters adaptation on black-box models. The parameters are
estimated regardless of the multi-physics fluctuations. Meiler et al. [19] achieve a state of
the art of the possible models for online identification of the behavior of a FCS and
conclude that the best results are given by the Ursyon model. Yang et al. [20] use a model

to emulate the behavior of the FCS and validated the control on test bench.

In our study, a two-step method is used. An identification algorithm is applied to a
semi-empirical model of a PEM-FC. Then the identified model is used to optimize the
performances (power and efficiency) of the PEM-FC. A semi-empirical model is used
because it offers a trade-off between the physical meaning and the calculation cost [21].
The two-step method is chosen to enable, in future works, the identification versus several
input parameters (temperature, pressure, and stoichiometry). In this study, only one

parameter is optimized (the current of the PEM-FC ifc).

Various studies propose contributions on the topic of online identification coupled with
optimization of FCSs in order to find the best performance. Methekar et al. [22] develop an
adaptive control of the FCS with a Wiener model and proposed a numerical validation.
Dazi et al. [23] simulate a predictive control to determine the maximum power operation of
the FCS. Ramos ¢t al. [24] design a MPPT control, which was validated using hardwage in
the loop. Gene et al. [25] conduct an experiment to validate real-time optimization of a
solid oxide FCS. Kelouwani et al. [26] present an experiment on the pursuit of maximum
efficiency of the PEM-FC. The study of Kelouwani et al. is based on a polynomial model
of the efficiency of the PEM-FC and seeks the best efficiency by tuning the control

variables (current, stoichiometry, temperature).
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In summary, there are methods to split the power between two sources in a hybrid
system (such as battery and PEM-FC for example) and research methods to determine the
best performances of the PEM-FCs. However, it should be noted that there are few EMSs
that link the power splitting in a hybrid system and extremum seeking method on PEM-FC.
This work is based on a previous experimental study [21] where it has been shown that an
identification algorithm which determines the performance (better efficiency and power) of
a semi-empirical model of a PEM-FC is adaptable in real time. In another study, an
adaptive EMS based on a hysteretic behaviour is implemented [27]. Now, the objective of
this paper is to present an Adaptive EMS based on Pontryagin’s Minimum Principle (A-
PMP). The aim of the A-PMP strategy is to reach an optimal power split between the two
sources (PEM-FC and battery pack). Furthermore this strategy will take into account the
change in maximum power and efficiency of the FCS, according to the degradation of the
PEM-FCs. A specific emphasis is placed on the operating parameter drift by using two
PEM-FCs with different levels of degradation. Through this test bench, the maps of two
PEM-FCs were obtained in experimentation. One PEM-FC is healthy with approximately
20 hours of operation while the second is degraded with approximately 300 hours of
operation as shown in Fig.1 and Fig.2. In the following chapters, these maps are employed

to validate the developed algorithms.
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The rest of the paper is organized as follows. Section Erreur! Source du renvoi
introuvable. presents the architecture of the hybrid system, whereas the three steps EMS is
described in Sections Erreur ! Source du renvoi introuvable.. The experimental results of
optimal seeking are presented in Section Erreur ! Source du renvoi introuvable.. The
validation study is performed in Section Erreur! Source du renvoi introuvable.. The
conclusion and perspectives are discussed in Section Erreur! Source du renvoi

introuvable..

4.2  Architecture of the hybrid system

4.2.1 The PEM-FC low speed vehicle némo

The system used in this paper is based on the Némo FC-HEV (Fig.Erreur ! Source du
renvoi introuvable.). The DC bus is built around a 335 4h battery pack and a 2.5 kW
Axane PEM-FC is used as a range extender [28]. The powertrain is based on a 5 kW

induction machine [29].
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Figure 3: (a) The FC-HEV of the Hydrogen Research Institute (HRI); (b) Architecture of the FC-
HEV of the HRI

4.2.2  Global view of the designed EMS

For the purpose of this work, a reduced-scale experimental test bench is designed
(Fig.4). The experiments are performed with a 36 cell air-breathing Horizon PEM-FC (0.5
kW). The oxygen supply, relative humidity and temperature are managed by the fans. The
hydrogen side operates in dead-end mode with a regulated pressure (0.05 MPa). The
electric connection between the PEM-FC and the DC bus is realized by using a Zahn

Electronics DC/DC converter to control the PEM-FC current l/c An electronic load

(Dynaload Series WCL 488 Water Cooled) and a controllable source (Sorensen SGI 100)
are used to emulate the power profile recorded on the real vehicle. The designed A-PMP-
EMS is based on three layers. Fig.4 provides a global view of the designed A-PMP-EMS

with:
» The power split based on the PMP that gives the optimal PEM-FC current ifc'
* The online identification parameters of the PEM-FC based on the RLS algorithm

» The sequential optimization step that seeks the optimal operating point based on the

power and efficiency estimation
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Figure 4: Global view of the applied A-PMP-EMS on the test bench

4.3 Real time optimization process

4.3.1 Optimal strategy based on the PMP: Formulation

This step allows a power distribution between the battery and the PEM-FC. The
optimization of hybrid system aims to determine an optimal trajectory of the control

variable (ifc) in order to minimize a criterion under constraints [30, 31]. In the vehicle
context, the objective of the optimization must meet these conditions:
* Minimize the hydrogen consumption throughout the cycle

* Maintain a state of charge (soc) of the battery pack within the limits set by the

constraints

» Provide an optimal fuel cell power trajectory which is within the bounds set
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* Meet the power demand of the driver along the speed cycle

Note that in the formulation of the optimization problem, the power of the battery pack
is considered as the control variable. However, as shown in the architecture of the system,
the actual control variable is the current of the PEM-FC. In summary, the optimal battery
power is obtained by recombination as explained below in Section Erreur! Source du
renvoi introuvable.. In this case, the optimization based on PMP is well suited to this
optimization problem [32]. First to define the optimization problem the consumption of

hydrogen is described in Fig.5 by the following equation:
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Figure 5: Experimental curve of the hydrogen flow (mol.s-1) of the 20 hour aged PEM-FC



87

where fl f2 are fitting parameters and i, is the PEM-FC current. Based on the

architecture of the system, the distribution of power between the two sources, PEM-FC and

battery pack is governed by the energy conservation equation system:
PloaJl):Pbal(t)ﬂ]dc—chfc(t) (2)

where Pload is the power required by the driver during the trip, Pbaz’ Pfc and N de the

power supplied by the battery pack, the PEM-FC and the DC/DC converter efficiency,
respectively. It is thus possible to express the equation of the hydrogen consumption to

highlight the Pbaz variable and define the performance criteria:

I)I()ad (t) B Pbu/ (l)
ﬂdc—dc V/L- (l)

th(t)=f|( Jﬁ“fz:Q(Pbm(l)J) )

Then to obtain to optimal Pbaz’ the performance criteria can be defined as:

min J(Pb(,,):min{J— J£Q(Pba,(l),t)dt} (4)

This system is subject to constraints of the PEM-FC power level, of the PEM-FC power

change rate, and of the battery pack soc. The inequality constraints of the system are

defined as:
1?/&',min ([)gpfc (t)gpfama\ (t) (5)
dp, (1)
S decrease™ ) < Af)jc Jnerease (6)

socmin<soc(t)<s0cmaX (7)
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where P,

Jfo,min

(1) and P,

¢ max (1) @re the minimum and the maximum power of the PEM-
FC estimated by the algorithm developed in section Erreur! Source du renvoi

introuvable.. The soc is limited between soc - and S0C o The AP and

ax [fe.decrease

AP

Jencrease

are the dynamic limitations of the PEM-FC power change rate. The state of the

system is represented by the soc of the battery pack and is calculated by:

1 !
soc(t) = soc, — C—J.]hm (H)dt (8)

n 0

where C’7 and soc, are the battery charge capacity and the initial soc, respectively. In

0
this study, it is assumed to know the initial value of the soc (for example in the vehicle, the
information would come from the battery management system). The soc time derivative
can be expressed using the battery pack power and by modeling the battery with an
equivalent model [33]. An internal resistance battery model is used in order to focus on the

EMS and to simplify the simulation [10]. It is composed of an internal resistance Rbaz and

an open circuit voltage VOC. This gives the following derivative:

dsoc(ty 1
dt 2R _C

hat ~n

V=V =4R,BL O | = 1 (s0e, B, (00 ©)

An attention must be paid to the power range of the FCS. In this paper, the PEM-FC
power range is bounded by the maximum efficiency and the maximum power currents. This
choice is motivated by the higher degradation rate of the cells at low (under the maximum

efficiency) or high (over the maximum power) currents [8, 34] (Fig.6).
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Figure 6: Experimental curve of the hydrogen flow (mol.s-1.W-1) of the 20 hour aged PEM-FC
According to the PMP, the Hamiltonian of the system is expressed as follows:
H(Pbat,soc, A,t) = Q(Pbat(t),1)+ A f (soc(1),F, (1)) (10)

where / is the co-state. According to the PMP, the necessary conditions for optimality

are set out as follows:

dsoc(t) _ SH(Pbat(t),soc(l), A1),1) _

7 ) S (soc(t), B, (1),1) (1)
dA(1) SH (Pbat(1),soc(t), A(1),1) S f(soc(t), P, ,(1),1)
=- =-4 (12)
at dsoc dsoc
H(E,, (t),s0c(t)" ,A(t)",1) S H (P, (1), s0c(t) , A(t)",1) (13)
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where the superscript * denotes optimal trajectories. The final condition of the state soc

is bounded on the driving cycle and is defined by:
soc(to)Zsoc(t]) (14)

4.3.2  Constant co-state definition

The co-state defined in Equation (12) acts as a weighting factor for the derivative of the
soc. In addition, the second term of Equation (12) which includes the co-state can be seen
as a factor of equivalent fuel consumption. It is used to maintain the soc level and its value
must be set to satisfy the condition described in Equation (14). Equation (9), represent the
derivative of the soc shows a dependence on the soc levels. As the range of variation of the
soc is low (the battery pack operates between 75% and 85% for a sustaining mode), it is
assumed that the influence of the soc level is negligible on the OCV and the internal

resistance Rbal of the battery [30]. This allows rewriting the expression for the variation of
the soc in the following manner:

) (15)

At this state the soc level depends only on battery power P bat then the co-state Equation

(12) is expressed as follows:

dM) __, 8/ (B (0.0) _

0 — A’ (¢) = constant 16
dat dsoc ® (16)

The result is a constant co-state in this optimization problem. Furthermore, this
hypothesis has two advantages. The first is that the computation time is reduced since the

Equation (12) is no longer calculated. The second is that as the co-state A is constant
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throughout the speed cycle then the optimal solution of the PMP, if it exists, is globally
optimal.
4.3.3  Reformulation for optimality

The purpose of this section is to reformulate the problem of constrained optimization in
an unconstrained problem. For this, the penalty function method is used [35, 36]. The

constraints defined above in Equations (5) and (7), are rewritten as follows:

Fad )= 5 @) _

gl (t) = I)fc‘min (t) 20 (1 7)
ndc—dc
£0=P, . <t)—[P’“a"")"’”"' "’]zo (18
ndc'—d('
g,(t) =soc(t)—-soc,,, =0 (19)
g,(t)=soc,, —soc(t)=0 (20)
1) —
g5 (t) — i ( I)Iaad( ) I)hm (1)] _ Af’ﬁ-‘(luu‘uasu 2 0 (2 1)
al M e-ac
g() (t) = AP/L' increase i [ 1)/”17‘/ (t) — I)h(” (I)J '>‘ 0 (22)
o dt 771/(;—(/(

Using this penalty functions, the optimization problem is reconsidered in the following

manner:

6 'r
min J' =min J + % > [ & (B, (0).50c().0)h(g,)dt (23)

=g,

The term s defines the penalty factor and should be set at a higher value to be close to

the optimal solution (s=100). The term A(x) is the Heaviside function defined in Equation
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(24). Note that the Heaviside function is discontinuous. So when the Hamiltonian is derived
to determine the optimal battery power the solution tends to infinity. To solve this problem
the Heaviside function is regularized to be continuous [37]. Thus, in the optimization

problem, the Heaviside A(x) is represented by Equation (25):

JLifx2g
h(x) _{O,ifx<g (24)

h(x) :%(1+%arctan[§n (25)

where ¢ = 2 in this case. The augmented Hamiltonian is therefore rewritten as follows to

take into account the constraints:
6

H(Pbat,soc, A,t) = Q(Pbat(t),t) + A f (soc(t), b, (1)) + % > g,(B,, (1),s0c(t),nNh(g)  (26)
i=1

Finally, using the Hamiltonian, the optimal control means determining the optimal

battery power P, as:

P, (1) =argmin H(P,,,s0c,,1) 27)

af 2

The Hamiltonian in Equation () is shown in the Fig.7 for different load power B, and

a constant co-state 4. Clearly note that for different load power F,_, the Hamiltonian is

sad

convex. This means that for each power load during the cycle, there is a unique optimal

battery power F, respecting the bounds set.
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Figure 7: Three representations of the Hamiltonien with constant co-state A for different ), ,

4.3.4  Real-time implementation of the optimization

In this work, the role of the co-state A is to balance the change in soc level to satisfy the
Equation (14) in a given cycle. This means that for each cycle there is an optimal value for
the constant co-state [38, 39]. To find the co-state on a given speed cycle, a method of
iterative search over the entire speed cycle is employed. A method that works well is the
iterative search [39]. This determines the constant value of the co-state A knowing the speed
cycle. The problem with this method is that it requires knowing the driving cycle in
advance, making it difficult for real-time implementation. Kessels et al. [38] proposes using
a state feedback control by determining the real-time co-state to approach the optimum, see
Fig.8. A proportional integral controller is used to set the co-state A to maintain the soc

level around the real-time reference value and satisfy the final condition on the soc:
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A0 =4, +KPe(t)+K,je(v) dv (28)

0
where ;°0 is an initial co-state , KP and KI the proportional and integral gains of the

correction, respectively.

soc 2 .
re e p L4 EMS:

equation27

Soc Pload

Figure 8: Feedback control for estimating A

4.4 Online extremum seeking process

In this part, the experimental results of the real-time identification of the PEM-FC
characteristic curves are shown. These experiments are carried out on the test bench with a
healthy PEM-FC. This step is a key to the A-PMP algorithm because it identifies online
variation of maximum power and maximum efficiency over time. The adaptive recursive
least square (ARLS) algorithm is used to identify the parameters of the PEM-FC model that
are suitable for real-time applications, and it is based on the successive update of the model

parameters [21].

4.4.1 Adaptive recursive least square algorithm

In this section, the ARLS step is described [21]. As shown in Fig.9, a single-input

single-output system defined by Equation (29) is considered:

[y =[¢®][6%)] +[E0)] 29)
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where ¢ is the regressor vector, @ is the system parameter vector, ¢ is a stochastic noise
variable with normal distribution and zero mean and k is the time step. The ARLS

algorithm minimizes the objective function Jk defined by the prediction error & squared as

shown in Equation (30):
k

J(ky=Y y' e (30)
i=1

where  (a value between [0; 1]) is the forgetting factor, which is necessary to track the
variation of the parameters over time (ageing drift). The implementation of the ARLS

algorithm is performed by using the following equations:

K(k+1)= T.P(k)¢(k”) 31)
1+ ¢ (k+1)P(k)p(k +1)
_ r k
P(k+1)= P(k) - (P(k)l K(:HW (k+DPK) (32)
(1) +¢" (k+1)PUOP(k +1))
ek+1)= y(k+1)—¢7‘(k+1)6’(k) (33)
Ok +1) = 8(k) + K (k +e(k +1) (34)

where K is the Kalman gain, P is the covariance matrix of the prediction error ¢ and 8

are the identified parameters.
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Figure 9: Flowchart of the PEM-FC voltage identification with the ARLS algorithm

4.4.2  FExperimental identification of the hydrogen molar flow

As defined in Bagotsky et al.[40], the operating efficiency of a PEM-FC is the ratio
between the electrical power produced and the chemical power of the hydrogen oxidation.
Typically, not all of the molar flow of the reactant supplied to the PEM-FC is used for
current production, and it is difficult to predict. The reasons could be due to an incomplete
reactant oxidation or a diffusion of the reactant through the electrolyte. So, the hydrogen

molar flow has been estimated to predict the chemical power of the hydrogen oxidation.

f

2,est

is the estimated hydrogen molar flow and it is determined online using an ARLS

algorithm. The linear expression described in Equation (1) 1s used in the ARLS algorithm

and f

2.est

to estimate f

1 est

as shown in Equation (35). The fitting curve is compared with the

experimental data (Fig.10).

F;'IZ st (t) = ./;,u\‘liﬁ‘ (t) + ./;.,e.vl (35)
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Figure 10: Experimental flow curve of the 20 hour aged PEM-FC compared with the estimated flow
curve

4.4.3  Experimental estimation of the FC characteristics

This part describes how to estimate the polarization curve V' of the PEM-FC, by

_/i'.c.\‘l
updating a model using the algorithm by measuring the voltage ¥, and the current i, of

the PEM-FC. A semi-empirical model is considered because it describes the PEM-FC
voltage with a physical meaning (important for the analysis of the relevance of the
identification results). Furthermore, it is necessary that the model take into account the
overvoltages in order to characterize the PEM-FC for its entire measurement range. In a
previous study, it was demonstrated that the Squadrito et al. model [41] is well suited for
on-line identification [21]. Squadrito et al. defines a static semi-empirical model of the

PEM-FC on the basis of reference [42] (Erreur ! Source du renvoi introuvable.):
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Vfc‘. =Vo, -, log(i_/c-‘_ ) —nl, * aki_;(_ log(1 _,Bi_/q_ ) (36)

where VO, b, r and f are the open circuit voltage, the Tafel slope, the ohmic resistance

and the inverse of the limiting current, respectively (see Table 1). Pisani et al. [43] provides
a semi-empirical model on the same basis [41] and relates the parameters ¢ with the water

flooding phenomena and a to the diffusion mechanism. For this model, literature provides

the values of ¢ (between 1 and 4) and (O.99A‘cm_2). The model parameters were used to
plot the power and efficiency curves for the next step (extremum-seeking algorithm based
on sequential optimization). Fig.11 and Fig.12 show that the semi-empirical model coupled
with the ARLS algorithm was able to track the performance of the healthy H-500 PEM-FC.

The PEM-FC power and efficiency are determined by using the following Equations:

P = Viwlr (37)

Jeest

feost R/ur
Me= —F (38)

where P, (W) is the auxiliary power (assumed as constant) and P, . (W) is the
estimation of the consumed hydrogen power during the electricity production expressed as

(39):

PH 2,es1 = PHQ,C‘A’I}IHV (39)

where HHYV is the high heating value of hydrogen (286 kJ.mol_l). The estimated power
curve for the healthy PEM-FC (Fig.11) provides a maximum power for a current close to
30 4 and a good fitting with the measured PEM-FC characteristics. Additionally, Fig.12

shows that the estimated efficiency curve of the new PEM-FC provides a maximum
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efficiency for a current near 13 A. These results confirm that the extreme-seeking algorithm

can find the optimal set point of the PEM-FC.

Table 1: Initialization of the parameters

Empirical parameters Vo b R a
Value 33.0694 -0.02594 -26.0395 0.2492
T T T T T T T T T ' T
Estimated
500 _y_ Measured / g
400 -
S
o 300f |
3
(o}
o
O - i
5 200
100 - -
0 L | L | L | L | i | L | s
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Figure 11: Experimental power curve of the 20 hour aged PEM-FC compared with the estimated
power curve
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Figure [2: Experimental efficiency curve of the 20 hour aged PEM-FC compared with the estimated
efficiency curve

4.4.4  Sequential optimization

The extremum-seeking control is the step in which the optimum PEM-FC power and
efficiency are estimated from the characteristic curves obtained using the ARLS in Section
Erreur ! Source du renvoi introuvable.. So, two optimization problems are formulated
each with an objective function (power and efficiency). The sequential quadratic
programming (SQP) algorithm is one of the most popular methods for solving optimization
problems (especially the convex problems). The local optimization is sufficient because the
two objective functions are unimodal and smooth and contain one maximum. To obtain the

current ifc that yields the optimal power or efficiency, the problem is set ()-():
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J(x) = Pﬂ' (x) qo = xmingxgxmax (40)
J(x)=1,(%) @ x,,<x<x,,, (41)

where x is the optimal current and x, .. andx, . are the lower and upper bounds of the

PEM-FC currents.

4.5 Energy management results

The validation is performed using a model of the FC-HEV developed in a previous
work [21]. This model was used to plot the powers of load from a standard Artemis cycle
[44]. The results of the identification based adaptive PMP developed in this paper will be
compared to a classical online PMP EMS given in the literature [10]. In a first part, the
online PMP is based on a model closed to the real PEM-FC (the healthy model parameters
are used on the healthy PEM-FC). These results are considered as optimal and the aim is to
show the good performances of the developed A-PMP. In a second part, the online PMP is
based on a model far from the real PEM-FC (the healthy model parameters are used on the
degraded PEM-FC). This case highlights the using of a non-adaptive EMS on the drifting

performances of a real PEM-FC. Then, A-PMP performances are shown.

4.5.1 A-PMP versus PMP: validation with healthy FC

The aim of this part is to highlight that the EMS allows the soc level to be sustained

around the reference (socre f=80%). Moreover, it will be shown that the A-PMP strategy

gives results closed to the online PMP EMS based on maps (classical PMP). On a standard

Artemis cycle online PMP and A-PMP EMSs are simulated with healthy PEM-FC. Fig.13
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show the results of the online PMP algorithm based on the mapping of the healthy PEM-
FC. The objectives are achieved since the soc level is sustained and the power of the PEM-

FC is maintained between the maximum efficiency and power (Pmax =497 W and Pm’_l1 =
308 W) during the cycle as shown in Fig.13. Furthermore, the PEM-FC dynamics is

respected since it is under 50 w.s~! as described by Thounthong et al.[45]. Therefore the

constraints on the PEM-FC power are also satisfied.
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Figure 13: Trajectory of the power splitting obtained by the online PMP based strategy on the 20
hour aged PEM-FC

The A-PMP EMS is now simulated and the results show that the constraints on the soc

level (sustained at 80%) and on the power of the PEM-FC are satisfied (Fig.14). The
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obtained results show that the online PMP and A-PMP EMS developed in this work, gives

similar results. Indeed, when comparing the hydrogen consumption for this case, the online
PMP EMS gives a hydrogen consumption of 0.797 g.km_l and the A-PMP EMS give a

consumption of 0.805 g. km~!. For this study case, the online PMP uses the real map of the
FC while the A-PMP uses estimations of the maximum efficiency and power points
(provided by the adaptive layer). The online estimated efficiency is slightly below the map

value (2.3%) and the estimated power is slightly above (2%).
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Figure 14: Trajectory of the power splitting obtained by the A-PMP based strategy on the 20 hour aged PEM-
FC
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4.5.2 Validation of online EMSs with degradation effect

In this section, we highlight the shortcomings of conventional mapping strategy when
the maps are poorly calibrated. There are two objectives in these simulations. The first is to
show that when degradation of the PEM-FC occurs, the A-PMP EMS allows taking into
account this variation. The second objective is to highlight the classical online PMP lead to
a mismanagement of energy. On a standardized Artemis cycle, the system is simulated for
the two EMSs under the condition where the PEM-FC is degraded. But, the online PMP is
still based on the healthy map. For reasons related to the safety of the PEM-FC, a cut-off is
used (Fig.15). It avoids staying a long time beyond mass transport area if too much power
is requested for the PEM-FC. In the case of the degraded PEM-FC cut-off is observed
around 16.3 V. The protocol used to manage the cut-off is defined as indicated by the

manufacturer, see Fig.16.
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Figure 16: Chart of the cut-off management of the PEM-FC H-500

PMP strategy is realized with a degraded PEM-FC given the data of the healthy PEM-

FC (Pmax= 497 W and Pml_n =308 W, Fig.17). In a first step, the first 500 seconds the PEM-

FC operates at 308 W, which corresponds to the maximum efficiency from the data of the
healthy PEM-FC. However, after 500 seconds, the power load request increases and the
battery soc falls. The EMS based on PMP responds by requesting more power to the PEM-
FC. The required power is based on the healthy PEM-FC map and it is greater than the
degraded PEM-FC power limit (330 W¥): the cut-off is engaged. The soc level continues to
fall and as the power required to sustain the soc level is still beyond the limit power, the

PEM-FC oscillates between On and Off mode (Fig.17).
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4 PMP EMS with degraded PEM-FC and healthy MAP-Artemis
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Figure 17: Trajectory of the power splitting obtained by the PMP based EMS with the 300 hour aged
PEM-FC

The EMS based on A-PMP is applied (Fig.18) and the identification stage tracks the
boundary powers (a maximum efficiency of 35% corresponding to the power of 275 W and
a maximum power of 330 W, as indicated in Fig.1 and Fig.2). The A-PMP EMS allows
fulfilling the objectives that are to maintain the soc level and to respect the constraints of
power of the PEM-FC. The identification algorithm section coupled with the search for
maximum, developed allows both to identify online maximum efficiency and power of the
degraded PEM-FC. Indeed, we note that the power of the maximum efficiency is close to

275 W and maximum power is close to 330 . So A-PMP EMS meets the capability to
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track the variation of the operating conditions. Furthermore, the A-PMP EMS converges
fast due to the speed of convergence of the ARLS algorithm. In a previous article, it has

been shown that this algorithm coupled with the Squadrito et al. model converged after 300

milliseconds when activated [21].

4 A-PMP EMS with degraded PEM-FC-Artemis
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Figure 18: The trajectory of the PEM-FC power with the A-PMP based EMS with the 300 hour aged
PEM-FC

4.5.3 Adaptation behavior of strategy with degradation
We propose to study in this part the adaptation of the power sharing with the A-PMP
EMS according to the degree of degradation of the PEM-FC. The factors that cause

degradation are many and difficult to predict. They are generated by the different operating
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modes of the PEM-FC. So, for the purpose of this work, it is assumed that for a constant
power PEM-FC degrades exponentially with time [46]. Even if a variable power level is
used this assumption allows us to determine the intermediate values of power and
efficiency of the PEM-FC. It is considered that the healthy PEM-FC represents the case
where the PEM-FC is new and the degraded PEM-FC (300 hours) is the PEM-FC at the
end of life. The Equation (42) and (43) represent the behavior of the efficiency according to

this law of evolution.

n,.(ky=m,e " (42)
o] ln{P;;"d] (43)
P T '
(., \ Py

Where 77;_ and D, represent the initial efficiency given by the healthy PEM-FC map

e

Fig.1 and the efficiency decay rate, respectively. A7 and 77;’,’" are the sampling time and the

efficiency at end of life represented by the efficiency of the degraded PEM-FC (300 hours)

in Fig.1. The parameter lfc represent the PEM-FC lifetime corresponding to 300 hours. The

same equations are used for the power degradation as shown in the equation (44) and (45):

P (k)= Ple " (44)
D, =—1n i 45
Pl T tﬁ. Pz ( )

where P/0 , Pendfc and D represent the initial power given by the healthy PEM-FC

Pfc
map Fig.2, the power at end of life and the power decay rate, respectively. Simulations are

carried out on four levels of degradation (Fig.19). The used hydrogen energy is evaluated as
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a function of the battery energy variation between the beginning and the end of the Artemis
cycle. The data are collected for different initial soc between 76% and 83% (8 simulations)
for each level of degradation. Fig.19 highlights the hydrogen overconsumption related to
the PEM-FC degradation. Indeed, for a given battery energy threshold (-25 &J), 100 hours
PEM-FC consumes 12% more energy than a healthy PEM-FC to support the batteries.
Nevertheless, the main objective is filled since the A-PMP EMS adjusts the power of the

PEM-FC in order to maintain the soc and according to the degradation of the PEM-FC.
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Figure |9: Hydrogen energy used versus the battery energy available for different level of
degradation of the PEM-FC



110

4.6 Conclusion

The optimal adaptive power splitting problem is divided within two separate parts. (1)
The global EMS to split power between two sources in a hybrid system. The drawback is
that it is often based on a map or a model valid in a given operating range. (ii) In this work,
maximum tracking techniques are introduced to determine the best performance of the
PEM-FC when the operating conditions change. The aim was to show how to track the best
performances of the PEM-FC regarding operating conditions and putting the tracked
performances in a global EMS for hybrid sources. An online optimization problem based
on the Pontryagin’s Minimum Principle was developed to minimize the hydrogen
consumption. An online identification layer is added to the global EMS to track the best
performances of the PEM-FC. The online identification algorithm is based on an adaptive
recursive least square algorithm and is applied to a semi-empirical model of a PEM-FC.
Then the identitied model is used to seek the optimal performances (power and efficiency)
of the PEM-FC. The operating point is set between the maximum efficiency (to avoid an
operation closes to the open circuit voltage) and the maximum power (to avoid the high
concentration loss zone). It has been shown that the classical power splitting based only on
the Pontryagin’s Minimum Principle can led to mismanagement because of the variation of
performances due to ageing. The developed adaptive management A-PMP can provide the
power demand (1.e. sustain the soc) while adapting to changes in operating conditions (e.g.
ageing effect). The A-PMP is able to track real behavior of the PEM-FC and to request a
relevant power. Future works will be focused on an extension of the method in order to

control several operating parameters as as temperature, stoichiometry, and pressure. This
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extension is not realized by conventional MPPT or MEPT algorithms, which are limited to

the tracking of one parameter.
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Conclusion générale et perspectives

Ce travail consistait a I’élaboration d’une SGE globale et locale dans un VHPAC. Deux

axes d’études se sont dégagés dans ce travail pour:

a) Développer une méthode de recherche des maximums de puissance et de rendement
basée sur I’identification en ligne nécessaire a la prise en compte des performances
variables de la pile PEM en temps réel

b) Réaliser une SGE optimale en temps réel sur la base de modeéles semi-empiriques
physiques adaptatifs afin de minimiser la consommation d’hydrogéne et donc, d’augmenter

I’autonomie du VHPAC

La littérature traite en général ces deux axes de maniéres indépendantes. En effet, les
méthodes de recherche des maximums de rendement ou de puissance destinées a la pile a
combustible et la SGE pour la répartition énergétique entre les sources sont traitées de
maniere isolée. De plus, les SGE optimales pour les sources hybrides se basent sur des
modeles fixes pour la plupart. Les deux axes développés ont permis de faire le lien entre la
gestion globale de I’énergie et les méthodes de recherche de maximums au niveau du

systeme.

La réflexion de cette thése se scinde en trois étapes valorisées par la présentation de
trois articles de revues [34-36] et soutenue par des articles de conférence [32, 37]. Un
premier article [35] a permis d’identifier les modeles candidats a la satisfaction des
exigences liées aux besoins d’identification des performances de la pile PEM en temps réel.

Cet article a validé I’hypothése qu’un modéle semi-empirique pouvait aboutir a
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I’identification des performances de la pile a combustible en fonction des conditions
opératoires. Dans le cas de cette premiere étude, une étude expérimentale selon différentes
températures de fonctionnement a permis de mettre en lumiére que [’algorithme
d’identification couplé au modele semi-empirique adapte bien les parametres du modele

face a la variation des performances vis-a-vis des conditions opératoires de la pile.

Dans un deuxiéme article [36], une réflexion est posée sur le fonctionnement de la
méthode d’identification des performances de la pile PEM en ligne dans une SGE simple.
La réflexion se positionne dans une problématique VHPAC. En outres, I’objectif est de
prouver par une étude expérimentale que la méthode développée identifie bien les
maximums de puissance et de rendement en temps réel en fonction des conditions
opératoires de la pile. La SGE développée dans cet article permet simplement de basculer
entre les modes de fonctionnement de maximum de puissance ou de maximum de
rendement selon le niveau de charge des batteries sur un parcours routier adapté. Une étude
expérimentale et comparative a été réalisée avec la SGE couplée a la méthode
d’identification développée et la SGE sans la méthode. Les résultats démontrent que la SGE
sans la méthode développée n’est plus valide quand la pile PEM est dégradée, la pile a
combustible s’arréte et se met en défaut de fonctionnement. Alors qu’avec la méthode
d’identification couplée a I’optimisation de la pile a combustible continue de fonctionner en

mode dégradé.

Finalement, un troisiéme article [34] apporte une solution concrete a la problématique
générale de ce travail de thése. Une SGE optimale en temps réel est développée et integre la
méthode d’identification développée. Cet article démontre que la méthode développée peut

s'inscrire dans une SGE optimale en temps réel qui prend en compte la variation des
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conditions opératoires de la pile. De la méme maniére que I’article précédent, le troisiéme
article permet de démontrer que I’utilisation de cartographie de la pile PEM est obsoléte
quand les conditions opératoires changent. Dans une SGE optimale classique la répartition
est traduite par ’utilisation de systemes modélisés par des relations mathématiques avec
des paramétres constants. Ces parametres des modeles du systéme constant affectent le
critére d'optimisation, en particulier les bornes de fonctionnement en termes de puissances
ou de courants. Les parametres du modéle définissant le critére optimale sont valides dans
une plage de conditions opératoires spécifique. Lorsque la pile a combustible se dégrade le

critére d’optimisation n’est plus valide et la trajectoire n’est plus optimale.

Ce travail a poursuivi les travaux initiés par Kelouwani et al. [29] au sein de |’Institut
de Recherche sur I’Hydrogéne sur I’optimisation multiparamétrique d’une pile PEM. Ce
travail ouvre des perspectives pour des travaux futurs et doit maintenant converger vers
cette optique multiparamétrique. En effet, les travaux de cette thése traitent d’un unique
parametre : le courant de la pile a combustible. Une étape suivante est |’optimisation
multiparamétrique. Pour cela, des modeles incluant les phénomeénes physiques tels que la
température, pression et humidité par exemple doivent étre explorés. Cependant, une
emphase doit étre mise sur des modéles qui découplent I’interaction des parameétres sur les
performances de la pile PEM. Dans ce cas, utiliser plusieurs modeles pour chaque
parametre a optimiser peut étre une solution. Cependant, la technique des moindres carrés
employée dans ce travail requiert un temps de calcul supplémentaire & mesure que le
nombre de parametres augmente. Une solution est d’utiliser le filtrage de Kalman pour

I’estimation paramétrique et coupler plusieurs modéles simples de la pile. Par exemple,
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dans le cas ou I'on optimise la pile PEM en température et en courant, le modeéle

sélectionné dans ce travail peut étre couplé a un modeéle thermique de la pile a combustible.

Une deuxieme perspective est 1" utilisation de ce travail sur le projet multistack de I'IRH
et développé par Marx et al. [38]. Le syst¢éme multistack est redondant, en conséquence,
Putilisation de ce travail de thése est trés utile pour anticiper 1’utilisation d’une pile a
combustible en fonction des conditions opératoires de ’ensemble du systeme. Des SGE
permettraient d’estimer la puissance disponible au niveau des piles et donc d’optimiser
leurs mises en marche et leurs modes de fonctionnement afin de réduire la consommation et

préserver leur durée de vie.

Une troisieme perspective est de faire converger les travaux développés dans cette thése
avec les travaux de Martel et al. [39] sur la gestion du vieillissement des batteries. Un
travail complet peut étre mené pour étudier la possibilité d’une SGE qui tient compte des
conditions opératoires des batteries et de la pile a combustible dans le cadre du VHPAC.
Les algorithmes appliqués a la pile PEM sont transposables & la batterie puisque les
équations caractéristiques sont similaires. LLe modele de Martel et al. développé & I'IRH
s’intégrerait au processus d’identification en ligne des paramétres non modélisable afin de
s’adapter aux variations des performances de la batterie. Ainsi, localement, les
performances de la batterie seraient identifiées en ligne pour étre remontées dans une SGE

globale et optimale.
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