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ABSTRACT

The presented work deals with the design and cdiocepf an electrical network from a fuel cell
stack and its associated storage device. The frankest this project is an aeronautical and transpor

application.

Air pressurized fuel cell stacks need some auxilidevices that permits a correct gas flow
through the fuel cell stack. Due to the auxiliagvides, the fuel cell dynamics performances may be
limited, and a power buffer is required to suppooiver peaks. Furthermore, hybridization has a
positive effect in the system size, and can leadethuce the global system weight and volume.

Ultracapacitors seem to be well adequate for thipgse.

Nevertheless, the introduction of a storage dewidbe electrical network opens a wide range of
possible architectures. Indeed, due to the impbsaltage variations of the supercapacitor bank and
the fuel cell stack, some power electronics int@famay be placed in order to assure the electrical
network requirements. Thus, the system behaviodesaccording to the position of the power
converters and the storage device in the electnielork. Therefore, the power converter conception
the retained electrical architecture charactesssind its associated control laws are studiedis th

work.

Due to the transport application, the system hyelnogpnsumption, volume, weight and cost are
essential parameters, and become the key to clooesef the retained architectures. Furthermore, the
system couplings and the important number of degigiables makes impossible to design the system
without the help of a software tool. Therefore, andorder to compare fairly all the proposed

architectures, a multiobjective optimization taobieveloped.

Keywords
= Fuel cell stack = System sizing
= Ultracapacitors = DC-DC converter

= Hybridization = Multiobjective optimization



RESUME

Le travail présenté dans ce mémoire porte surhaeqtion d’'un réseau électrique a base d’'une
pile a combustible et son organe de stockage a&ssbeicontexte de ce travail se place dans une

application aéronautique.

by

Les piles & combustible & air comprimé ont besaén cdrtains dispositifs auxiliaires qui
permettent la bonne diffusion des gaz a travesscBnaux du stack. A cause de ces dispositifs
auxiliaires, la dynamique globale du systéme esitde, et une hybridation avec une source de
puissance auxiliaire peut étre nécessaire. En ,okhgdoridation a un impact positif sur la tailleid
systéme, et peut mener a la réduction du poidsi etotime du systéme global. Les supercapacités

semblent bien adaptées pour cette mission.

L'introduction d’'un organe de stockage dans le a@sélectrique permet un vaste nombre
d’architectures possibles. En effet, les variatidagension de la pile et I'organe du stockage digrs
son fonctionnement, imposent l'usage d'une interfatélectronique de puissance, permettant
d’assurer le cahier des charges imposé par le uésleatrique. En conséquence, le comportement
global du systeme dépend a la fois du positionmémes convertisseurs et des organes de stockage
au sein du réseau électrique. La conception du estisseur, le comportement électrique des

architectures proposées et le contrdle du systéohalgsont étudiés dans ce travail.

Etant donné que notre systeme est dédié a uneajipi embarquée, le volume, le poids, le colt
ainsi que la consommation d’hydrogéne sont desnpatres clés pour le choix de l'une des
architectures proposées. Cependant, le couplaggstéme et le nombre important des variables de
conception rendent impossible un choix définitif®guste sur le savoir faire de l'ingénieur d’étude

Alors, un outil doptimisation multicritére, perntett de comparer les architectures, doit étre

implémenté.
Mots-clés
= Pile & combustible = Dimensionnement
= Supercapacités = Convertisseur DC-DC

= Hybridation = Optimisation
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General introduction

Fuel cells today are of special interest due tar thigh efficiency and low pollution features
Assuming the existence of a clean hydrogen prodogctfuel cells present a great number of
advantages compared to traditional energy soutdgh: efficiency, particularly in the case of co-
generation (heat and electricity), no noise, negteouse effect gas emissions... This explains why
the European Union has decided to invest an impbeaount of money in fuel cells and hydrogen

research projects.

The CELINA (fuel CELI application In a New configea Aircraft) project is a research project
mostly funded by the EU, Airbus and Dassault Awiatiwhose objective is to study (theoretically —
no experiment) the possibilities and advantagetueif cells in aeronautical applications. The main
application studied is the emergency electrical D&work which must operate when the main
electrical generation is lost (very critical sitioat). About twenty companies and university reshar

laboratories are involved in the CELINA projectritd on January 1, 2004.

This PhD is the heart of the work developed byUtA®LACE laboratory in the 2.4 task of the
CELINA project. This task consists in the conceptand design of the electrical architecture of the
studied emergency electrical DC network, includihg power electronic interface, that respects the

aircraft makers’ electrical networks requirements.

Most of the industrial demands (i.e. automotiveustdy) require that the energy source should be
able to respond to more or less fast load changeésecover reversible energy (i.e. braking energy).
Furthermore, hydrogen and pressured air fuel geltesns do not generally have the capacity to
respond immediately to fast load changes due toatlindliary device response time. Thus, the
hybridization of the energy source (fuel cell) witlpower source (batteries, ultracapacitors...) seems

mandatory in this kind of systems.

The system hybridization opens a wide range ofesystlesign possibilities in terms of
architectures and energy management. The fuelsystem designer will have to decide how to
connect both sources, the number and the pilotirsgegly of power converters that will adapt the
sources sources voltage to the electrical netwegkirements. The chosen strategy will have to be, o
course, respectful with the electrical network tegments, and furthermore, the system volume,
weight and cost will have to be minimized.

The aim of this PhD study is to analyze the opernathode of all the possible architectures and
evaluate them in terms of weight and efficiencyoider to do the correct choice and to design the
power converter interface that will adapt the foell stack supplied voltage to the electrical netwo
requirements. Furthermore, a system sizing metloggodnd the power converter control laws must

be established depending on the energy management.

-17 -
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This report is divided in 4 chapters.

In the first chapter, a brief state of art concegnithe hydrogen technology is developed.
Afterwards, the main EU hydrogen and fuel cellszagsh projects are described. Then begins the

description of the done work in our study.

As already explained previously, the proposed smiuis to hybridize a fuel cell and a storage
device. Batteries have not been considered inRhB work, because previous Airbus studies have
proved that ultracapacitors are better adaptedaaase of the Airbus emergency electrical network.
The “generic sizing methods” proposed to designuiticapacitor pack and the fuel cell stack are
here developed in details. They are called “gersziog methods” because these methods do not take
have to take into account, at this step, the systaupling, and they can be only applied if the seur
is directly connected to a load, and if there isimteraction with another source. Neverthelesssehe
methods are necessary to size each source. Théingpbetween both sources is developed in the

following chapter 2.

The second chapter analyzes all the possible ®aictronnection architectures for this hybrid
system. After careful reflections, it is possilderéject the most complicated architectures dubei
bad efficiencies and high weight. Neverthelessedharchitectures remain in competition after this

first selection step. These three architecturesheme developed along the chapter.

The three retained architectures do not presengatmee characteristics which are described here
in details. In some of them, it is not possibledntrol the DC bus voltage. Another architecturesch
to modify their control laws and add an energy ngamaent control loop in order to compensate
power converter and ultracapacitors internal lasesther cases, there is no need to implement an

energy strategy thanks to the original charactesisif the connection.

Nevertheless, the three architectures present amoonpoint. It is not possible to size the
electrical devices just by applying the generiecngjznethods presented in chapter 1. This is dukeo
system couplings that are not considered in theriesizing methods. In order to solve this prohlem

an iterative sizing method is proposed in this thap

Airbus requirements impose one +270 volts DC elegitmetwork and an unique fuel cell stack
to limit the fluidic complexity. Thus, an originpbwer electronics interface was proposed in order t
adapt the fuel cell supplied voltage to the eleatrnetwork requirements. It consists in assodigitin
series or in parallel (for the source side) booskar buck converter legs and in differential mefbe
the load mode). The more interesting combinatiadhesparallel one. The conception and design of the

proposed power converter solution is developedapter three.

The third chapter could be divided in two main paRue to the important power values, and in
order to reduce the final converter weight, intevilag techniques are applied to parallel elementary

converters branches. This makes difficult the povegverter control because the power converter can



Genera lintroduction -19 -

easily reach the non continuous operating mode evtier power converter transfer function becomes
non linear. In order to solve this problem, a “manswitching off” technique is proposed.

Furthermore, the power converter common mode veltagection capacity must be evaluated due to
the asymmetry of the proposed power converter isoluThe second part of this chapter deals with

the weight and efficiency estimations of the praabsonverters.

Finally, the fourth and last chapter explains tlevafioped global system optimization tool.
Indeed, due to the system complexity, it seems stinmapossible to evaluate and compare, in a
satisfactory way, the three proposed architecturbs. proposed optimization tool is able to find the
optimal configuration of each architecture. A multijective optimization was implemented in order
to evaluate and compare in terms of weight, volumfficiency and cost the three retained
architectures. This optimization tool is not jusdecision tool, it also permits to better underdttre
system behaviour and helps to fix, for future aggilons, some design variables such as the fulel cel
current density, fuel cell minimal voltage, ultrpeaitors maximal voltage...and even technological

choices such as ultracapacitors technology, nuwibgarallel interleaved branches...
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CELINA project framework and generic sizing

methods

owadays, human being energy consumption has fullyreased. Furthermore,

fossilized combustible reserves risk to be exhaustesome years, and the instable

political situation in some of the main petrol afodsilized combustible producing
countries leaded to a significant prize rise irt gsars. On the other hand, though the effort ofieso
governments to control the G@missions and the greenhouse effect, the redithat the earth
pollution is quickly increasing. Therefore, the rambeings have to find new environmental friendly
energy sources that can be obtained not only inesdetermined countries and easy to be stored,
transported and distributed. Furthermore, the neevgy source must be easy to adapt into the usual

energy consumption forms: electrical, mechanidatnucal...

Hydrogen seems to be well adapted to the previegsitements. Hydrogen can be cleanly
produced thanks to water electrolysis, furthermuoydrogen has already been transported for over
seventy years and in last years a new energy camisrbecoming popular: fuel cells. Indeed, fuel

cells can transform hydrogen into electricity wiro emission characteristics.

Hydrogen qualities have not gone unnoticed for Eueopean Union that in recent years has
multiplied by six the budget for hydrogen reseambjects.Janez Pot@&nik Commissioner for
Science and Research affirms[ElJ]: “ The European Commission believes that sustainatdegg
systems are fundamental to our objective for snatde development. Sustainable energy systems
require the right balance of appropriate policiedgtiwappropriate, well-targeted research and
technology development. This research must coverertional and innovative energy production and

conversion technologies, including obviously Hy@mognd Fuel Cells.”

The EU has established five research axes conggeruiel cells and hydrogen: hydrogen
production, hydrogen storage, fuel cells basic aede stationary and portable applications and
transport applications. In the next lines the faxes will be explained in further details, and eefor

state of art and EU objectives for each topic aetbpedEU].

-21 -
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|.1 European Union research objectives

The European Union had decided to focus his hydrogeearch objectives in five different axes:

[.1.1 Hydrogen production and distribution

The deployment of processes and facilities thdt lvélable to supply the required quantities of
hydrogen is a key issue in the successful tramsttioa more hydrogen based energy economy. The
way that hydrogen will be produced and distribugbduld contribute to the security of energy supply
and the protection of the environment, as wellgindeconomically competitive. Approximately 600
billion Nm? of hydrogen is produced every year through weltdished commercial processes for the
hydro-cracking of oil, the production of ammoniadamnydrogenation of edible fats, 95% of which is
captive (consumed on-site). Significant progresseisded for hydrogen to become a widely available
“consumer fuel” which meets the previously mentbemergetic, environmental and production cost
constraints. A key attraction of hydrogen as arrggneector is that it can be produced from a variet
of sources including renewable, nuclear and fassilrces. The production of hydrogen today is
mainly performed by steam reforming, partial oxidatof gaseous or liquid fuels or the gasification
of coal. Electrolysis is used when a small amodrguse hydrogen is required at a specific site. The
purification of hydrogen rich gases is an importatgp in improving the quality of hydrogen
produced, depending on eventual use. Certain fygést require very high purity hydrogen.
Distribution of hydrogen is done through pipelinespusing trucks carrying hydrogen in high pressure
gas cylinders or cryogenic tanks. The latter ingslan energy-intensive liquefaction step, though th
energy required just to compress gaseous hydragiseif significant. In the short- to-medium term,
the lack of readily available non-fossil sourcesangethat the bulk of hydrogen produced will come
from fossil fuels, firstly without carbon capturadasequestration (CCS), and then with CCS in the
medium term. The long term goal is to produce hgdrofrom indigenous carbon-free and carbon-
lean energy sources. Some of the long-term pathdfeaythe production of hydrogen that are being

currently investigated in the EU research project$lydrogen production are:

O Thermochemical processes that use high temperhtatfrom nuclear or concentrated

solar technologies to split water into hydrogen axyglgen

O Photo-electrolysis or photo-catalytic water spiigti which is a combination of

photovoltaic cells and in situ electrolysis

O New, advanced electrolysers (based on PEM or S@ERnhblogy) with expected higher

efficiency than the conventional alkaline electsidy

O Bio-photolysis and photo-fermentation processest thse sun light and biological

processes to produce hydrogen (upstream research)
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0O Dark fermentation biological processes that produyarogen in the absence of light

O Hydrogen from biomass by thermo-chemical routes syipgas generation. There is a
plethora of technical issues to be addressed t®ldevand optimize the hydrogen
production and distribution processes dependintherprimary source of energy, the scale

of each application and the planned use.

Figure 1. 1: Electrolyser prototype elaborated in he GENHYPEM project.

[.1.2 Hydrogen storage

Effective hydrogen storage is a key for the tramsito a more hydrogen-based energy economy.
The challenge is especially demanding for on-bggstage for road vehicles.

A number of novel storage techniques are beingsiiyated to complement the currently
available methods where hydrogen is stored in ges@ap to a pressure of 350 bars) or liquid form

(cryogenic temperatures).

O For the case afaseous storagecurrent technology is around five times less gyeiense
than gasoline or diesel fuels — that is to sayjrggchydrogen uses five times the space per
unit energy. So, there is a need for ever incrggsiassures, and the current aim is for 700
bars in fibre-reinforced composite tanks, which ldogive acceptable road vehicle
autonomy. High-strength fibres need to be develoged liners made impermeable to
hydrogen. Composite structures made in this waynatecheap, with complex, time-
intensive laminating processes — so there is a firatheaper methods, with an emphasis

on recyclable materials. Safety and certificatimsues are paramount. Lastly, it is
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important to standardise peripheral equipment saglsafety sensors, fuel station flow

meters, and 700 bar dispensers and nozzles fat refoielling.

Liquid storage, even if currently providing the highest energynsigy, has high energy
penalties associated with liquefying and storinglrbgen in liquid form (boil-off). The
efficiency of hydrogen liquefaction can be improvibdough magnetic refrigeration or
other processes and at the same time needs toalszl-stown for localised application.
New lightweight and low volume tanks need to be eligwed with novel insulating

material, while tanks should incorporate safe masgHor handling boil-off.

Hydrogen can also be stored througlid storage where the hydrogen is chemically
absorbed into in metal hydrides or chemical hydride physisorbed in porous materials
(e.g. carbon structures). This technique is swgtédt portable, stationary and potentially
transports applications. However, such technol@gyery much in the laboratory stage,
with much still to be learned about the basic smeaf the materials involved. Current
solid storage systems are based on AB2 or AB5 nigtdtides and low temperature
chemical hydrides (such as sodium alanate) butlisnieed to system energy densities
(weight of hydrogen relative to that of the tan&hging from 0.6% to 1.5%. To increase
the energy density, the cyclability (>1500 cyclaspl the operating temperature range, a
number of issues related to governing bond strengjtietics, absorption, desorption,
degradation and heat management need to be adtirdsse materials with low heat of
formation must be identified and new theoreticall @xperimental techniques must be
developed, supported by computational tools. Emiphasist be placed on safety and
certification issues, and on optimising filling pealures, which can generate a build-up of

heat in the tank.

Sodium borohydride is also used in experimental ¢ed systems as a means of storing
hydrogen. As a fuel it is less flammable and ledatile than gasoline but more corrosive.
It is relatively environmentally friendly becaugewill quickly degrade into inert salts

when released into the environment. The hydrogegeigrated for a fuel cell by catalytic

decomposition of the aqueous borohydride solution:
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Figure I. 2: Hydrogen storage tank designed for amutomotive application in the StorHy project.

I.1.3Fuel cell basic research

Fuel cells offer a significant advantage over tiadal combustion-based thermal energy
conversion, in that they provide efficiencies oéattical power supply in the range of 35 to 55%,
whilst causing very low levels of pollutant emigsid-uel cells can in principle be built in a wide
range of power ratings, from a few mW to several Maid can be used in a wide variety of
applications, from miniaturised portable power deffvely substituting the battery in portable
electronic devices) through transport (as a zerisgon propulsion system) to power generation in a
variety of sizes (from domestic combined heat amdqy systems, through to full size power stations
and quad- generation). They offer advantages ofiwasompared with batteries, and instantaneous

refuelling, similar to combustion engines.

Electrochemical energy conversion involves complexelopments of materials: due to the close
link between electricity flow and corrosion proagessmorphological changes, building of resistive
layers and exhaustion of catalytically active comgrds, material development for enhanced lifetimes
becomes the major challenge in fuel cell basicareteand development. In portable applications this
means a lifetime of a few thousand hours, in mobgglications of around 5 000 hours and in
stationary installations around 40 000 hours andemibhis implies allowable degradation rates from
steady-state operation of some percent per 1006 loduwperation down to 0.25% and less for power

generation.

At the same time, the topics of low-cost materald processing have to be additionally tackled
in order to achieve acceptable market costs. Témn@liation of high-performance materials with low

degradation and low-cost targets is an extremedjleging issue.

Fuel cells today have to further evolve from lalboma prototypes into rugged, robust units that
can cope with mechanical as well as electrochemétedss’ and be operated at will with as little
restrictions as possible whilst offering value fooney and being a desirable product for the general
customer. No matter what fuel cell type is congdethe issue of ageing and ruggedness in everyday
operation is of major concern. If cost reductiome main driver in bringing fuel cells to the mark
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long lifetime and robust and reliable operation #re issues to be addressed to ensure quality and

suitability as consumer product.

The projects supported by the EU address long-tesoes within the whole range of fuel cell
types, with a focus on thieigh temperature technologies(mainly Solid Oxide,SOFC) and low
temperature technologies(mainly Polymer ElectrolytePEFC) types where Europe has significant
strength but there is need for such basic resetsshies of long-term reliability, low degradatiamda
ruggedness also apply to the small portable typdd@the Molten Carbonate (MCFC) -based devices

as well as to any other fuel cell type.

I.1.4Stationary and portable applications

This category of research covers a very wide rarideel cell sizes. At the smallest end of the
market, fuel cells have the potential to replaciela power for portable equipment, from laptops to
small electric wheelchairs; and to provide cleamggportable power in place of engine-powered

generator sets.

Portable fuel cell applications are expected tothe first to market, because some of these
applications will command a price premium for theaoliness, quietness or extended operating range

of the fuel cell.

Stationary fuel cell applications, for domesticcommercial power demands, have the potential
to offer increased efficiency compared to convergidechnology, as well as being compatible with
renewable fuels, such as fuel from biomass. Statiofuel cells are often used in Combined Heat and
Power (CHP) configuration, taking advantage ofrtimégh cooling need. Such uses can range from
domestic heating boilers which generate “free” teleity, to larger industrial plant, usually using

natural gas as a fuel.

The aim of research, into stationary and portablel ttell applications, is to deliver high
efficiency, low cost and high durability materidtsr the fuel cell stack and the balance of plant
components. EU research aims cover the main teahical challenges which need to be overcome to

ensure widespread use of portable and stationahcéll applications.

O Cost— Cost reduction is required to ensure fuel celht®logy becomes competitive with
conventional technologies via new materials devalemt, low-cost, high-volume
manufacture and (in the case of PEFC) minimisimguke of precious metals in the stack.
The cost of fuel processors is currently high duitst operating temperature requiring high

temperature precious metal materials.

O Durability and Reliability — Increased durability is required to ensure fifl bperation
for the demanding requirements of both portable stationary applications. Durability

requirements of fuel cell stacks must include tobee to impurities such as ¢Qulphur
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and ammonia, in addition to mechanical durabilijch is required to be > 40000 hours

for stationary applications and “maintenance fi@dife” for smaller portable units.

0O Packaging— Packaging and weight are critical especiallygortable applications for ease
of use. This includes both the fuel cell stack ahd balance of plant components.
Component miniaturisation for portable applicatiomti be required. This will include
miniaturisation of small scale fuel processing, nmicompressors, fuel storage and

distribution.

O Thermal, Air and Water Management — Thermal management process includes heating,
cooling and steam generation, which requires adsnt heat exchange systems. Water
management techniques to address humidificationinements and to maintain the water
balance are required, especially in miniature pdetaapplications where externalised

humidity is unacceptable.

[.1.5 Transport applications

Energy efficient, very low polluting and greenhogses-neutral transport are key objectives of
European transport and energy policies. Transpogytsion research is addressing this need at every
level, from advanced conventional technologies saagcblean and efficient internal combustion (piston
and turbine engines) and hybrid road vehiclesotilterm solutions compatible with a transition
away from fossil fuel dependence. Hydrogen is adia@d transport energy vector for the future, as it

can be produced by multiple means, and used iciefti fuel cells as well as in combustion engines.

Cost is a key challenge in the transport sectoterims of both purchase and operation. Both the
fuel cell and hydrogen storage could be more tleantimes more expensive than their conventional
counterparts if introduced today. But there areeptthallenges, including robustness of the prootuct
the hands of the public, training of maintenanahméians, and satisfying authorities and users tha

the technology is safe.

The aim of the current EU research program is t@ldg and validate the technology for market
conditions expected for 2020. Transport applicatiwill have to meet criteria on performance, cost
targets, safety and durability. The accompanyinglidgen) supply and refuelling infrastructure will

have to be in place.

Transportation projects focussing on Hydrogen aodl Eells within EU research programs
cover a variety of these topics, including key mimover technologies, peripheral systems, critical
components, training and education. Many of thesehrtologies are subsequently seen in

demonstration projects.

A large part of the UE objectives are dedicatedtramsport applications focuses on the

development of hydrogen-fuelled surface transpaitty the aim to validate performance under real
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world conditions, including hydrogen supply infrastures, in subsequent demonstration projects.
However, research for aircraft and shipping appbices is also emerging. The objective is that
Hydrogen and Fuel Cell road vehicles will meet Erading performance, durability, safety and cost

targets by 2015, anticipating mass-market rollaw2020.

Technical developments on critical components @ftién target road applications, whose market
requirements are the most technically and econdiniciaallenging; however, road applications are of
great long-term policy relevance for the EU andeiee the highest level of investment by the

respective industries.

It is expected that lead applications will spin-oéfnefits to other (transport) applications without
any important additional component developmentstedy integration activities and clearly defined
industrial targets (system performance targetsphpeime importance to make sure every application

fulfils its own needs; cost reduction will remaip@ame target in any future work.

It is in this research topic where the CELINA puatjes placed. In next paragraphs the CELINA

project will be explained in further details.
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|.2 The CELINA project

Aircraft maker estimations show that aircraft elieel power consumptions will highly increase
in next yeargLanglois2]. Therefore, new high efficiency and environmefriehdly electrical energy
sources must be investigated. Fuel cells seem tahe@idates for this purpose. Furthermore, othar no
European aircraft companies have already beenested in fuel cell possibilities in aeronautical

applicationgDagett], [Friend].

The abstract of the CELINA project description abriv[DOW] defines the objectives of the
project as follows: For the next aircraft generation the pneumatic amdraulic systems will be
replaced step-by-step by electrical systems. Théfgothe future is to find a highly efficient prary
electric power source. Fuel cell systems have themial to be a highly efficient system with a
significantly reduction of fuel consumption andsgoand gaseous emissions. As a drop in possibility
the fuel cell application as emergency power supyilly be investigated. A feasibility study will be
carried out to clarify in which operational scenasi like stand by, continuously running or power
storage the fuel cell system is able to work. Téwhrical focus of the project is therefore the
investigation of the technical capabilities of awisting fuel cell system under special aircraft
operation conditions and the identification of theeds for an airworthy design. Investigations & th
behaviour and limiting conditions of the fuel cgjistem in terms of different system parameters such
as performance output, thermal management, mags fooling and air supply will be carried out.
For these investigations dynamic simulation moadéla fuel cell stack and a kerosene reformer will
be used and verified by tests as far as possilile. stientific approach is the investigation of the
operational behaviour of the complete fuel celtsysincluding kerosene reformer, fuel cell stadgk, a
supply and all subsystems based on simulation moddlerms of aircraft environment operational
conditions, aircraft load conditions, thermal maeagent, mass flow, performance, air supply and
cooling. A study works out the differences betwidencurrent fuel cell systems and an airworthy
design and describes the technical steps, whicle lhavoe done to develop an airworthy fuel cell
power system. Another main focus is the developrokrdll relevant safety and certification
requirements for the fuel cell system. A prelimynsafety assessment for a fuel cell system on board
of an aircraft will be carried out. A further essmh task is the integration trade-off of the fugsll

system into the aircraft environment with invediiggof integration strategies and concepts.”

AIRBUS and DASSAULT requirements have forced to adwa Proton Exchange Membrane
(PEM) fuel cell technology, and due to space regstire number of fuel cell stacks is limited to .one
In other wordsall the required power will have to be supplied wih only one fuel cell stack.
AIRBUS and DASSAULT have chosen the total electripeneration failure as the most constraint

mission. Thus, this mission will be used as thigimission (Figure 1. 3).
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Load mission
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Figure 1. 3: Airbus emergency mission power profig.

This PhD study is basically focused in the desifithe aircraft electrical network. The three

main goals of the PhD could be defined as follows:

O Electrical architectures to connect a fuel cell sysm into an aircraft electrical

network.

The fuel cell system must be able to supply allltdael power, included peaks power, with high
electrical quality. Nevertheless, a fuel cell sgsteeeds auxiliary devices such as hydraulic pumps,
compressors...for a correct operation. Auxiliary desilimit the fuel cell system dynamics response,
and thus the hybridization of the fuel cell with external energy source, such as ultracapacitats an
batteries, seems mandatory. Furthermore, previasksahave proved that hybridization can lead to

system weighfLanglois] and/or fuel consumpticfMarkel] reduction

Hybridization introduces a variety of different hitectures that have to be analyzed, and that

means the global electrical system control anabststhe system efficiency and weight estimation.
The study of the electrical architectures will ln@lgized in chapter II.
O Design and simulation of Power Conversion (DC/DC cwerters).

Due to the fuel cell stack supplied voltage chamastics, a conditioning interface must be placed
between the fuel cell and the electrical netwdtlrthermore, the difficulty is increased because
the chosen electrical network is &270 volts and AIRBUS requirements limit to only onestack
as energy source (no modularity is possible with & stacks!).Obviously the maximum possible
efficiency is highly desired and in order to acleid¢hiese goals the modularity of the power converter

has to be considered.
The power converter design will fully detailed irclgapter IIl.
0O Global system optimization.

In transportable applications the system volume wandyjht acquire an extremely importance.

Therefore, fuel consumption (hydrogen in this case) global system cost must be minimized. Thus,
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all the proposed solutions must be evaluated imgesf weight, volume, cost (if possible) and fuel

consumption in order to make possible a final deciiire choice.
The global system optimization problem is treate§ chapter IV.

Figure |. 4 summarizes the objectives of this Phly Indeed, Figure I. 4 shows the most
general possible electrical architecture for thel ftell system. Up to three power converters can be
connected in order to adapt the fuel cell and tlezage devices to the DC electrical network
requirements. Nevertheless, it must be noticedth®atinal system must respect the electrical nekwo
requirements, and furthermore, it must be optimimettrms of weight, volume and cost. Not all the

possible architectures will lead to the same result

2 22—

Fuel Cell —

HHl |

I
inial
Storage

c?

Figure 1. 4: Challenge for the CELINA project systan design.

Furthermore, the global system must be sized.Harawords, the cell numbé\, the cell surface

Sand the capacitanc&of the storage device must be identified.
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|.3 Hybridization: power sharing

Transport application mission power profiles araally composed by permanent and transitory
loads. Permanent loads are the loads that conshensame amount of power during the whole
mission, independently from the pilot control an8o These kinds of load in an aeronautical
application are: aircraft pressure conditioningteyss, air-conditioning, electronics equipment power
supply... On the other hand, transitory loads areltla€els that are due to the pilot control actions.
Transitory power load duration will be only a feecends. Thus, the mission power profile will be

formed by a permanent load and a succession @felift transitory loads due to the pilot maneuvers.

In the Airbus mission example power profile in Figu. 5, 40 kW constant power must be
supplied (mean power). Therefore, a successiotrankitory loads increases the maximal power
consumption up to 70 kW that makes a differencB0okW between the maximal power consumption

and the mean power consumption.

Mission power profile

Peak value F 70 kW

Mean value = 40 kW

. . . Y . . . .
0 50 100 150 200 250 300 350
Time(s)

Figure 1. 5: Mission power profile. Source AirbusF.

Therefore, it seems that sizing a fuel cell stacrder to supply 70 kW only for a few seconds is

not the best strategy. If an OVerSizing R@¥SRis defined:

max(Power) - mearﬁPower) _ 70e3-40e3

OVSR=
max(Power) 70e3

=042 EILl

The OVSR gives an idea about the energy sourcesiaireg. An OVSR value close to zero
means that the power availability of the energyreeis well used. The energy source will supply its
nominal (and sized) power during the majority @ thission. In the other side, an OSVR value close
to one means that the nominal (and sized) fuel m@Ner is only used occasionally. Thus, in the
Airbus application example, it is possible to dagttthe energy source (the fuel cell) is far awaynf
an optimized use. Langlois has already proved hiyaridization can lead to system weight and

volume reductioriLanglois].
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However, this is not the only reason that proves ieed of hybridization. In the CELINA
project, the proposed energy source is an air-cessed fuel cell. Air-compressed fuel cells need
auxiliary devices like hydraulic pumps, compressotat will permit correct hydrogen air supplying.

Moreover, it was initially foreseen that hydrogemld be supplied through a kerosene reformer.

Air supplying auxiliary devices and kerosene refersnpresent more or less poor dynamics
response. That means that for an important povast steps, the air-pressurized fuel cell will not be
able to supply power, or the auxiliaries will ceeamportant power demands to response the load
power steps. In the first case, this is not toltdiecause the load power must always be guaranteed

and the second case presents poor system efficiency

Therefore, hybridization seems mandatory in the cdshe CELINA project.

[.3.1 Definition of hybridization notions

In the next lines some notions will be often uskterefore, we propose to define all of them.

O Source hybridization: for a given mission power profile and farsources, the source
hybridization proposes to share the load power &etwall the sources. The hybridization
can be done in parallel and/or in series, dependmthe sources connection. The power

sharing between sources can be obtained by applygnmethods proposed if.8.5

O Energy source:for a given mission, the sources that supply a npamer greater than
zero (mean (> 0) are called energy sources. In the CELINAgnh the fuel cell stack

is the energy source.

O Power source:for a given mission, the sources that supply ammwver equal to zero
(mean (B = 0) are called power sources. In the CELINA pobj the storage devices are

the energy sources.

O Direct hybridization: the hybridization is called direct hybridizatiohtiie sources are
connected directly (without any power electronidgiface). There are no freedom degrees
in this kind of hybridization. The power sharingabtained thank to the sources sizing.

Further details in §.3

O Indirect hybridization: the hybridization is called indirect hybridizatidrthe sources are

connected through a power electronics interface.

1.3.2 Ideal hybridization

In all cases, the sum of the energy and power ssuruist be equal to the load power. Thus:

PEsource+ PPsource: PLoad E |2
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Furthermore, the supplied power can be dividedwia tomponents: the mean value and the

alternative value.

P=(P)+P EIL3

Applying the definitions in §.3.1:

1 T
PEsourcenoy = ?j l:)Esourcedt
0

ElL4
1

<PPsource ?.[ P psourcedt =0
With T the mission duration.
Thus the load power can be written as:

<PEsource> + PEesourcet Ppsource = <PLoad> + PLoad EILS

Assuming a total filtering= Pesource=0. This leads to:

<PEsource> + Ppsource = P gaq E .6

According to expression E 1.6 the energy soufael (cell) supplies the load mean power and
the power source (storage device) supplies the #dtednative power (assuming a total load power

filtering and an ideal system).

[.3.3 Hybridization with system losses.

In the previous section no system losses wereidenesl. In this case the power source mean

value is not equal to zero.

T
1
<PPsource _.[ Ppsourcedt =losses E L7

0

_|

However, there is no sense to size a power sour¢wt should face the losses during the
whole mission. Therefore, an energy management stegy must be implemented in the system
control. The aim of the energy management loop is to foheeenergy source to compensate the
power source losses. Nevertheless, the losses osafpge action must be respectful with the energy

source dynamics. This will be further explaine@ih2.3
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The power distribution, in this case, is equal to:

<PEsource> + Ppsourcet losses= <PLoad> + PLoad EIS8
with:

<PEsouch = <PL0ad> + <PPsource> = <PL0ad> +losses
EI9

P psource = PLoad

[.3.4 Hybridization for the Airbus requirements.

Thus, in the Airbus case, a possible solution ibeoito avoid energy source oversizing is the
hybridization with a power source. The power sowvoeld be in charge, roughly speaking, to supply
the power peaks and the energy source would stipplgower mean value. Thus, the size, weight and
volume of the energy source will be reduced. Thalfiveight of a hybridized system (energy + power

source) will be lower than a system with a full mowized system.

Furthermore, power sharing must be respectful thighfuel cell system limitation dynamics. The
assigned fuel cell power cannot present faster iggvariations than the auxiliary devices and

reformer fastest dynamics. Faster dynamics wilehtavoe obligatorily supplied by the power source.

There are several storage devices that can bedzdesito be the power source: ultracapacitors,
lithium-ion batteries, nickel-cadmium batteriesAn internal study of Airbus France [Langlois]

has proved that ultracapacitors seem to be the beatlapted storage devices for the Airbus case.

[Burke],[Candusso] are successful examples of the hybridization dia cell with power

sources.

[.3.5 Power sharing methods

There are different possibilities to set out thevposharing between the energy source and the

power sources. Several different power sharing autltare proposed in the following lines:

1.3.5.1 Frequential power sharing [Chapoulie]

The frequency power sharing principle is explaiire#igure I. 6. The energy source will supply
an almost constant power (it will depend on theriaylation rate). During power peaks, the fuel cell
will supply mean power and the load requirementsb@ completed by the power source. In the case
that the load power is lower than the energy sopmeer, the fuel cell extra power will be used to

recharge the power source.
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Power source discharge

/ Load power
W e

Power source recharge

t

Figure 1. 6: Frequential power hybridization princi ple.

The proposed method to obtain a correct power rsfpas a load profile Fourier frequency
analysis (FFT). Thus, the power mission profilsubmitted to a frequency analysis and its harmonic
decomposition can be obtainékthen, a filtering frequency has to be chosen. Thigequency will
fix the frequency that will separate the frequencie given by the energy source and the power
source. Roughly speaking it can be said that the powercsowill supply the load high frequencies
and the energy source will supply the lower freqies In all cases, it must be verified that the
chosen filtering frequency is lower than the aaxiés and reformer fastest mode (f,5)f After this
operation, the signal reconstruction can be dome tlae fuel cell supplied and storage devices pswer

can be obtained. Figure I. 7 represents the polagirg) method.

p? Mission profile
P
FFT
>
- f
=t =
Filtering
N frequency
pSD choice
P
RINIVAATR AVAR', B g Filtering
! t freq\;ency
PFC
f

T > FC supplied SD supplied
power power

Figure I. 7: FFT analysis power sharing method.

In Figure I. 8 the frequential hybridization resulire presented applied to the Airbus power

profile. The filter frequency was 50 mHz.
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Power sharing w10* SD Energy

Power (kW)
Energy (1)

. . . . . . .
0 50 100 150 200 250 300 350 400 -1 - - - : = L .
Time(s) 0 &0 100 150 200 280 300 350 400
Tirne(s)

Figure I. 8: Obtained power sharing. Figure I. 9: Storage device energy evolution.

The main advantage of the frequency power shariatpod is that, independently of the chosen
filtering frequency, the mean power supplied by plwsver source is always equal to zero (perfect
hybridization).

Indeed, this can be easily proved thanks to thei€oseries definition.

Given a functiorf of real argument, f: R — C, wheref(t) is piecewise smooth and continuous,

periodic with periodrl, and square-integrable over the interval fitpo t, of lengthT, that is,
t, 2
[C1r) dt<es E 110
2]

WhereT =t, —t; is the period ant andt, are integration bounds.

The Fourier series expansionfas$:

f(t) =%a0 +Y[a, codayt) + by, sin(at)] El11
n=1

where, for any non-negative integerw, = n%l_—n is thenth harmonic (in radians) of the function

t ty
f, a, :éjl f (t)codw,t) are the even Fourier coefficients foind b, :%[ f (t)sin(w,t) are the odd

o] 5]

Fourier coefficients of.

Thus, if thef function is the load mission profile and assuntimat the power source supplies
the highest harmonics, the power source suppliedepavill be composed by a series of sine and
cosine waveforms. Therefore, the power source meahre is equal to zero because the mean value of

a sine or a cosine is zero.
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1.3.5.2 Band power sharing
Another strategy to share power between source® igse the power source as a power
complement to the energy source from a maximal pdwet P, In other words, the fuel cell will
supply all the mission power if the load power igler maximal power limiP,.o If the load power is
overPna the fuel cell will supply power up t,.xand the power source will assume the extra power.

This strategy is inspired in the works of Bufiichi].

Nevertheless, if there is a maximal power limig hower source cannot be recharged, because
there is no “negative” power flow. Thus, a mininga@wer limit Py, must be also defined. If the
mission power profile is under this value, the faell will supply a constar®,, power. The extra

power will be used to recharge the power sourggur€il. 10 presents this power sharing method.

Fower source discharge

Power source recharge

Figure 1. 10: Power complement power sharing.

Power sharing x 10° SD Energy
T T T T T
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. . . . . . . g . . . . I . .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
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Figure I. 11: Obtained power sharing. Figure I. 12: Storage device energy evolution.

Figure I. 11 shows the obtained power sharing wifh,., of 45 kW. It can be observed that the

power supplied by the fuel cell never exceedsahisunt of power.

This power sharing method seems to be well adagtgaire hydrogen and pure oxygen fuel
cells. Indeed, pure hydrogen pure oxygen fuel addisnot have (or at least they are less limited)
dynamics limitations due to auxiliaries, and thitigs possible to supply power with higher dynamics

In this case, the hybridization aim is just to reeluhe global system weight. Nevertheless, it also



CELINA project framework and generic sizing methods 93

could be possible to apply this method to an awspurized fuel cell in the case of smooth power

profiles.

Nevertheless, one of the main drawbacks of this p@w sharing method is to determine the
minimal power Py, that makes the power source mean value equal or abmst equal to zero
Indeed, the minimal powd?.,, is the degree of freedom that permits to obtastosage device whose
mean power is equal to zerdpparently, it seems that no literal law exists fbo this value
(nevertheless, the time dedicated to the studyisfdase was limited). Indeed, the minimal power
value depends on the studied power profile. Ia thiseP,,, was obtained after a numerical sweeping
of different values and the value that minimized gower source mean power was retained. In this
casePni, was fixed at 37.5 kW.

1.3.5.3 Slope power sharing
Some fuel cell makers use to express the fuelstatk dynamics limitations in terms of power
response slope. For positive load steps, fuel ogdlkers usually fix the maximal power slope that ca
be achieved. Nevertheless, there are no limitationsnegative load steps, and the fuel cell can
response instantaneously. This can be easily exquabecause the fuel cell stack has enough gas
supply in order to face negative load steps, wisalot the case with positive steps where the dakl

system must wait for the auxiliaries’ response.

In all cases, maximal fuel cell powBy,.x should be fixed in order to limit the maximal pawe

supplied by the fuel cell. The power sharing ccagddefined as in Figure I. JBang bang]:

b
1 P Srae
Load Power FC Power

|

_-—

) 4

SD Power

Figure 1. 13: Slope power sharing.

As it was the case with the band power sharihg,main drawback with this kind of power
sharing is once again to obtain a storage device wfe mean power is equal to zerdn this case,
only the positive slope limitation is imposed, ahds, the negative slope limit is the degree of
freedom that permits to obtain a storage device meapower equal or almost equal to zero
Nevertheless, it seems that there is no literal tawdentify the negative slope limit that leadsato
storage device mean power equal to zero. Similarlyhe band power sharing case, this value is
determined after a numerical sweeping. Figure Isli@ws the obtained power sharing for an 800 W/s

slope limitation. The negative slope limit was 58%s.



-40 - Chapter |

Power sharing x10* SD energy variation

Load

Power (kW)
Energy (J)
—

20 L

L L L L L L 15 L L L L L L L
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Time (s) Time (s)
Figure I. 14: Obtained power sharing. Figure I. 15: Storage device energy evolution.

Figure I. 9, Figure I. 11Figure I. 12 and Figurel® show the storage device energy evolution
through the time. It can be observed that the geodevice use is totally different according to the
chosen power sharing strategy.
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|.4 Generic sizing methods

As explained in previous paragraphs, the final gpsis composed by two different energy
sources: the fuel cell as main energy source, #nacapacitors as power sources. In the following
lines, the two devices and their associated gersizzing methods are presentéithey are called
“generic sizing methods” because they do not takato account the existent coupling in the final
system.In other words, the generic methods size the ésvindividually and in order to obtain a
device capable to supply power for a given powefilerif there are no other devices interacting in

the same system.
1.4.1 Fuel cell stack

1.4.1.1 Generalities [Raissi]
A fuel cell is an electrochemical energy convergi@wice. It produces electricity from external
supplies of fuel (on the anode side) and oxidanttie@ cathode side). These react in the preserme of
electrolyte. Generally, the reactants flow in amdction products flow out while the electrolyte

remains in the cell. Fuel cells can operate viyuebntinuously as long as the necessary flows are

maintained.

Many combinations of fuel and oxidant are possiBléaydrogen cell uses hydrogen as fuel and
oxygen as oxidant. Other fuels include hydrocarlmmtalcohols. Other oxidants include air, chlorine

and chlorine dioxide. According to the electrolytés possible to classify fuel cells as in Tablé

Comparison of Fuel Cell Technologies

Fuel Cell Common Operating System Efficiency Applications Advantages Disadvantages
Type Electrolyte Temperature | OQutput Electrical
Polymer Solid organic 50 - 100°C <1kW — 53-58% *Backup power | *Solid electrolyte reduces *Requires expensive catalysts
Electrolyte | polymer poly- 122 - 212°F 250kW (transportation) | Portable power | corrosion & electrolyte *High sensitivity to fuel impurities
Membrane | perfluorosulfonic *Small management problems *Low temperature waste heat
(PEM)* acid 25-35% distributed *Low temperature *Waste heat temperature not suitable for
(stationary) generation *Quick start-up combined heat and power (CHP)
*Transportation
Alkaline Aqueous solution | 90 - 100°C 10kW - 60% *Military +*Cathode reaction faster in *Expensive removal of CO_ from fuel and air
(AFC) of potassium 194 - 212°F 100kW *Space alkaline electrolyte, higher streams required (CO. degr-:ldes the
hydroxide soaked performance 2
in 2 matrix electrolyte)
Phosphonic | Liquid 150 - 200°C 50kW — 32-38% *Distributed *Higher overall efficiency with *Requires expenstve platmum catalysts
Acd phosphoric acid | 302 - 392°F 1MW generation CHP *Low current and power
(PAFC) soaked m a (250kW *Increased tolerance to *Large size/weight
matrix module mmpurities in hydrogen
typical)
Molten Liquid solution 600 - 700°C <1kW — 45-47% #Electric uhlity | *High efficiency *High temperature speeds corrosion and
Carbonate | of lithium, 1112 - 1MW ~Large *Fuel flexibility breakdown of cell components
(MCFC) sodium, and/or 1292°F (250kW distributed +Can use a variety of catalysts *Complex electrolyte management
potassium module generation *Suitable for CHP *Slow start-up
carbonates, typical)
soaked mn a
matrix
Solid Solid zircontum | 650 - 1000°C | SkW — 35-43% =Auxiliary *High efficiency *High temperature enhances corrosion and
Oxide oxide to whicha | 1202 - 3IMW power *Fuel flexibility breakdown of cell components
(SOFC) small amountof | 1832°F «Electric unlity | *Can use a variety of catalysts *Slow start-up
Ytinia 1s added *Large *Solid electrolyte reduces *Brittleness of ceramic electrolyte with
distributed electrolyte management thermal cycling
generation problems
*Suitable for CHP
+Hybnd/GT cycle

Table 1. 1: Different fuel cell technologies. Soure [EEERE].
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In the CELINA project the retained type of fuellaslthe Proton Exchange Membrane fuel cell
(PEM). In a PEM fuel cell, a proton-conducting por membrane (the electrolyte) separates the
anode and cathode sides. The PEM fuel cell opewtdsw temperatures (< 80 °C) that makes
possible a quick start-up. Furthermore, solid ebdygte reduces corrosion and electrolyte management
problems. In the other hand, PEM fuel cells useeagjve platinum catalysts and they are high
sensitive to fuel impurities. Low temperature fuwellls produce low heat energy and make co-
generation no suitable. Nevertheless, the raprdugtaharacteristics and the actual state of artE¥!

fuel cells have been the main cause to chooséitidsof technology.

In PEM fuel cells, on the anode side, hydrogenuddk to the anode catalyst layer where it is
later dissociated into protons and electrons. Tia¢ops are conducted through the membrane to the
cathode, but the electrons are forced to travedninexternal circuit (supplying power) because the
membrane is electrically insulating. On the cathodtalyst layer, oxygen molecules react with the
electrons (which have travelled through the exteni@uit) and protons to create water. In this

example, the waste products are water vapour ahqgibd water and heat.

Hydrngen fuel is channeled through field flow
plates to the ancde on one side of the fuel cell,
while oxygen from the air is channeled to the
cathode on the other side of the cell

Oxygen
Flow Field

At the anode, a
platinum catalyst
causes the
hydrogen to split
into positive
hydrogen ions
(protons) and
negatively charged
electrons.

&l

PEM

_P_/ At the cathode, the electrons
and positively charged

hydrogen icns combine with
oxygen to form water, which
flows out of the cell.

The Polymer Electrolyte
Membrane (PEM) allows
only the positively
charged ions to pass
through it to the cathode.
The negatively charged
electrons must travel
along an external circuit
to the cathode, creating
an electrical current.

Cathode

Figure I. 16: Proton Exchange Membrane fuel cell. &urce [EU]

The PEM fuel cell reactions are:

H, - 2H" +2e” (anode reaction)
%Oz +2H" +2e” - H,0 (cathodereaction)
H, + %02 - H,0 + electricity + heat (global reaction

Fuel cell can present higher efficiency ratios thi@ditional combustion energy sources (i. e.
combustion engines), as they are not limited byniagimal Carnot cycle efficiency, because they do
not operate with a thermal cycle. At times, thigrisrepresented when fuel cells are stated to be
exempt from the laws of thermodynamics. Insteaciiit be described that the "limitations imposed by

the second law of thermodynamics on the operatiofuel cells are much less severe than the
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limitations imposed on conventional energy conwerssystems”. Consequently, they can have very
high efficiencies in converting chemical energyetectrical energy, especially when they are opdrate

at low power density, and using pure hydrogen atygi@en as reactants.

However, in the CELINA case, an air pressured PEM €ell is studied. Losses due to the air
supply system must also be taken into account. fEfiess to the pressurization of the air and adding
moisture to it. This reduces the efficiency sigmafitly and brings it near to the efficiency of a
compression ignition engine. Furthermore fuel chlise lower efficiencies at higher loads. It isoals

important to take losses due to production, trartafion, and storage into account.

The efficiency of a fuel cell is very dependenttha current density through the fuel cell: as a

general rule, the more current drawn, the lowereffieiency.

Fuel cells can be sized differently to supply thme amount of power. Different combinations of
fuel cells surface and number of connected seelld avill lead to same power fuel cell stacks. This

will be farther analyzed in §4.1.3.

1.4.1.2 Electrical model of a fuel cell stack.
A single fuel cell is modelled according to the ratsdproposed by Kim and DicK&im],
[Dicks].

R | +i,S
Vce“:EO——I—AIn( —L J EI 12
S iy

« E%is a constant determined thanks to experimentalsurea (Attention: it is not the

theoretical voltage or the open circuit voltage).

R . . . .

. EI models the ohmic and the lineal term of the diffa losses. They depend lineally
on the current value. Other literature auth@i@ntes] models the diffusion losses with a
logarithmical term. Nevertheless, if the limit emt is much greater than the operation
current, it is possible to linearize this term.

[ I .
. Aln[l +_—”j models the activation voltage drop (“overvoltagis”the electrochemical
I

S

engineers). It translates in a simplified way thernical reaction kinetics laws for both

electrodes.

The voltage of a cell is typically inferior to 1It0n order to create an enough voltage level, the
cells are stacked and electrically associated fiesdo form a fuel cell stack. Assuming a perfect

voltage distribution between the stack cells, & ¢edl stack can be modelled as follows:
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R | +i.S
VSTACK:N(EO _EI _Aln(—i Sn D E .13
0

with N equal to the stack cell number.

Thus, a fuel cell is intrinsically modular. Two degs of freedom can be exploited: the cell
surfaceS which fixes the current of the fuel cell stack @ahd number of elementary cells stacked in
seriesN which fixes the voltage of the fuel cell stack.tivally there are limits for these two degrees
of freedom: to date, one speaks about 800 cmhéomaximum surface and about 400 cells stacked in
series at begBallard], [Hidrogenics]. So a fuel cell naturally delivers its electriongr in the shape

of a low voltage and a high current.

The current/density voltage and the current defmtyer plots of a 50 kW maximal power fuel
cell are presented in Figure |. 17 and Figure |. T8 stack is composed by 374 elemental stacked

cells and a cell surface of 272 tm

Voltage Vs current x10* Power Vs current
350 6 T T T

300

250

Voltage (V)

200

150 L L L L L L 0 L L L L L L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Current (A) Current (A)

Figure I. 17: Current density with voltage. Figure I. 18: Current density with power.

However some considerations have to be done. Téeéli maximal power is 50 kW, but
according to CELINA consortium referenctse fuel cell current densityJ should be limited to 0.8
Alcm?. That means that threal usable powerof the previous fuel cell is reduced to 40 kW

approximately.

1.4.1.3 Stack size. Cell surface and cell numberfiuence
Cell number and cell surface can be differently bmad to obtain the same maximal power
value for a fuel cell stack. Fuel cell stack withig' surface” needs lower cell number to obtain the
desired power. In the other side, fuel cell stadthwmall surface needs a bigger amount of cells to

reach the desired power.

This is proved in Figure I. 19 and Figure |. 20,end different combinations of cell surface and
cell number are considered for a 50 kW stack. H@wrethe response of these stacks in terms of

current and weight will not be identical for theveaload. Indeed, high cell surface sized stackks wil
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supply higher current and lower voltage values tttenlow surface sized fuel cell stack and vice
versa.
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Figure 1. 19: 50kW stacks current with voltage.  Figure 1. 20: 50 kW stacks Current with power.

Nevertheless same power sized fuel cell stacks tieveame current density/power plot, as it is
shown in Figure I. 21. This means that for the sévad power, all the fuel cell stacks supply power
with the same current density.
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~ 4
B
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Figure 1. 21: 50 kW stacks current density with pover.

The power of a fuel cell stack could be definedoiisws:

R e +i S
Pstack = lec N (EO _EIFC - Aln[%ﬁ El14
0

The fuel cell current valugc will depend on the cell number and the cell swgféeven if the
stacks supply the same power). Thus, it is alssiplesto write E 1.14 in function of the maximal

current density. This leads to:

R J.~-S+i S
Pstack = Jec SN [EO _gJFcS_ Aln(Fci—lnD E I.15
0

Simplifying, we obtain:
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Porck=Jec SNG with  G= (EO ~Rde - Aln(@B E 116
0

Thus, if two stacks are sized to supply the sameepo
Pstack = Jrc SN; G =Jec SN, G E 17

The G term is identical for both stacks, because, agi proved in Figure I. 21, same power

sized stacks operate with the same current develityes. Thus,

SN, =S, N, E .18

And assuming that both stacks are made with thee dapolar plate width, we can find between

the volumes of the fuel cell stacks:
Vol, =Vol, E .19

Thus, for a given power, the volume is unchangedtesrer cell number and cell surface.

Figure I. 22 presents the different cell number esltisurface couples that leads to the same fuel
cell stack sizing. Isopower bars are plotted in Efrthermore it is possible to confirm the paraboli

law shown in E 1.17.

]
% % BN Y
am gt
¥,
.
) % ‘o
700 P
- i
E-_ B & % g
] %
T 500
T -4
&
b o
300 .
L
200
20
100 2

&N 100 150 T ] B0 4m
Call numbar

Figure 1. 22: Isopower fuel cell stacks (in kW) wih cell number and cell surface (J=0.8A/cA).

1.4.1.4 Weight model of the fuel cell stack
Due to the transportation application of the CELIN®Wject, the fuel cell stack weight becomes a
crucial issue for the system design. We, thus,tbatkvelop a generic calculation in order to est@ma
the fuel cell stack mass. The difficulty of thisnkas that a mass estimation is ever strongly ltht@

the implemented technology. Two choices were ptessib
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To consider roughly the current and future 1kg/kw) in order to estimate very

simply the fuel cell stack mass.
To calculate the weight in details and in a modalaat generic way.

The second possibility was chosen, and we wereraotefd to the problem of the technology
knowledge. A lot of choices are possible for matesind architectures (fluidic, thermal, electrical...
to design a fuel cell stack. In order to avoid aowfidentiality difficulty in the CELINA consortium
we choose to start from a published study carrigdrothe UK by DaviegDavies] (even if some data
of this study are unfortunately confidential). Thi®rk was developed for the company Advances

Power Sources APS Ltd. The choice of this studjuis to the good performances obtained by Davies.

Davies succeeded in developing a compact and lggtw 14-cell air-pressurized PEM stack,
using carbon bipolar plates. An electrical powetpatiof 1.47 kW was achieved at 0.7 V/cell. The
obtained power density was 1.1 kW/kg and volumetiemsity was 1.7 kW/I. Both results were
achieved at high efficiency and high gas utilizatrates, which are function of the overall deseymd

in particular of the APS Ltd gas channel desigth@abipolar plate (unfortunately confidential!).

1 i)

Figure 1. 23: Fuel cell voltage. Source: [Davies]

From a previous study was deduced that a 1.1 muoidiplate could be used, however, and in
order to provide a safety margin and to ensure layas permeability, a slightly thicker plate of3..3

mm was adopted.

In order to implement the 14-cell fuel cell staakotal of 20 plates were required. This includes
all gas distribution plates as well as those neadgmtovide water cooling. Ideally, at a fixed ant,
the voltage of each individual cell within the $#tahould be the same. However, there are a number
of reasons why this is not the same. These indlgtEnsistencies in channel geometry, pressure and
temperature. To control the temperature acrosstinek, a number of cooling plates were included
every forth cell. This modular approach introdueesemperature profile over the four-cell repeat

module.
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The fuel cell stack weight model should be moduldrat means that this model can estimate the
fuel cell stack weight for any cell number and celiface. The total stack volume and weight will be

the sum of the bipolar platgp, end plateepand cooling platep weights and volumes.

WFCstack :Wbp +Wep +ch E .20
VFCstack :pr +Vep +ch El.21

Bipolar plates.

We assume that the bipolar plates are in carbdmayjtdensity and wittw width. Nevertheless,
the bipolar plates are curved with gas channelshvBupply the electrodes. 4, coefficient was
introduced to take into account the presence ofésechannels in the bipolar plates. Furthermbee, t
bipolar plate must be bigger than the active caffexe in order to give a physical support to gas
channels and stack structural devices. In ordetake into account real bipolar plate surface, an

increase surface coefficiefi, is introduced.

A cell numbem and cell surfac&fuel cell stack is modelled as follows:
Whp = (N+1) S Wop Bop Obp Lop E .22
And the bipolar plates volume is given by:
Vip = (N +1) Swiy, Bop E1.23

End plates.

We assume that the end plates containing the iapdtoutput ports for gases and water were
machined from stainless steel with, density. In this case, the end plates real surigagven by
multiplying the active surface by a coefficiefif, that in this case is bigger than in bipolar plates.
Furthermore the end plates width it is not constard depends on the stack length. The end plate
width law has been achieved to fit the Davies tesdlhus, the connecting plates weight and volume

expressions are given in E 1.24 and E 1.25.

W,

.o =25(0.0236N +0.070) pg, Bep E .24

Vep =2 S( 0.0236N +0.0709) S, E .25

p



CELINA project framework and generic sizing methods 94

Cooling plates

Cooling plates are added in order to equilibragmeintary cell temperature across the fuel cell
stack. One cooling cell will be placed for 4 eletaewn cells. Unfortunately, any specification is gjiv
about cooling cells in the article. Thus, in thegwmsed model, it has been assumed that cooling cell

have the same characteristics as bipolar plates.
Wep = Nep SWep Bep Oep Pep E 1.26
Vep = Nep SWep Bep E .27

The model parameters are:

S = variable - 1.86 gr/cni
= variable Oep= 2.7 gricni
Wpp= 1.1 mm Op- 1.86 gr/cni
Wep- 0.0236 N+0.0701 mm Op- 13
Wep= 1.1 mm Oep - 1
Bop- 1.1 Ap-
Bep = 11 Bep = 12

1.4.1.5 Gas consumption.
The fuel cell must be capable to supply the loaggyqorofile. Thus, a hydrogen flow has to be
supplied to the fuel cell anode in order to guagarthe power supply.

Assuming that all gases that arrive to the fuel asbde is consumed (that means a perfect faradic

efficiency and no over stoichiometry), the gas comgtion is given by:

_ Nt
n“z"EIo'FC dt E .28
_ Nt
”OZ"EIO'FC dt E 1.29
with:
Niyo: Hydrogen consumption (moles)
No2: Oxygen consumption (moles)
N: Elementary cells number
F: Faraday constant = 96485 (F/mol)

lec Fuel cell current (A)
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The gases consumption depends the on cell numbdr,irathe fuel cell supplied current.
Nevertheless, in expressions E 1.28 and E 1.29 ot easy to appreciate the cell surface and cel
number influence on the hydrogen consumption. Akag been already explained I(§.1.3), the
chosen surface and elementary cells number impestuel cell response type, and thus, the fuel cell

supplied current-c. Thanks to expression E I.15 it is possible titeanthe stack power as:

i
lo
Thus, the power supplied by the fuel cell stackgsal to:
P
| . = _STACK
FC NG E 131
Considering constant power consumption, E |.28dd¢ad
n,. =N Tec E1.32
2 F
Inserting E 1.31in E 1.32:
n — E F>STACK — F>STACK t
HZ_NZFG - J +i E .33
2F [EO ~RJc - Aln('zci”n '
0

Expression E 1.33 proves that hydrogen consumptiois independent of the cell number and
the cell surface. Indeed, the only parameter thanfluences on hydrogen consumption is the fuel
cell current density Jec (it should be noticed that the impact of the fugl auxiliary devices on the
gas consumption has not been considerBagrefore, that means that for equal power sinetidells
(fuel cell stacks that respect relation E .18 thiydrogen consumption is exactly the same.
Nevertheless, for different size stacks (in otherds, stacks that not respect E 1.18), hydrogen
consumption is not the same because these staaiat dapply the same power with the same current

densityJec. Same conclusions can be obtained with the oxygasumption.

E 1.33 proves the existent relation between thérdryen consumption and the fuel cell size.

Nevertheless, in next lines it will be confirmeéphically expression E 1.33.

Figure I. 24 and Figure |. 25 show the currentagét and the current/power curves for different
stack surface values, but for the same cell nunider 200). Looking in details Figure I. 25 it is
possible to observe that for the same load (50k\tfismexample), bigger surfaces supply power with

lower current, and thus with less hydrogen consign@ccording to expression E 1.28.
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Figure I. 24: Voltage vs current. Figure 1. 25: Power vs current.

In a similar way it is possible to analyze the edatary stacked cell number. Therefore, Figure I.
26 and Figure I. 27 show the three fuel cell stagith the same surface (S = 1003nbut different
cell numbers. In this case, bigger cell nhumber kstasupply power with lower current values.
Nevertheless, in this case this current value mmluccan be reduced because the hydrogen
consumption expression E 1.28 depends also oodlheumber.
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Figure I. 26: Voltage vs current. Figure I. 27: Power vs current.

1.4.1.6 Fuel cell stack sizing for a given missigpower profile
In previous lines it has been explained that mamssibilities exist to size a fuel cell stack that
can accomplish a given mission. Same power fuélstatks can be sized in order to obtain a given
voltage or current response of the fuel cell. Femtfore it is also possible to oversize the fudlicel

order to reduce the hydrogen consumption everndfpenalizing in terms of weight and volume.

Nevertheless fuel cells deliver output voltageshwitore or less high variations that in some
cases can be up to 50 per cent of the open ciroliéige. Therefore, in most cases the use of a powe

electronics interface seems mandatory. DC-DC pawesverters adapt the fuel cell voltage to the
desired DC bus voltage.
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Power converters are sized to handle power wittdoinand well defined operation conditions.
That means that they are made to operate on a afngjeen current and voltage. Power converter
semiconductors and inductor cores are chosen dngotde defined range of voltage and current.
Thus, if during the mission, fuel cell deliveredm&nt and/or voltage exceed the extreme valuekeof t
involved range, the power converter risks to béssty damaged or even broken down. Therefore, it
seems almost mandatory that fuel cell stack simethod will assure that extreme conditions will not

be exceeded during the whole mission.

In power converters case, extreme conditions tékeepat the mission maximal power point. At
this moment, the maximum expected power value fldwsugh the power converter and furthermore,
the fuel cell delivers its minimal voltage valuedaiis maximal current value. Thus, it can be
interesting that the proposed sizing method wilirgmtee a minimal voltage valdgc during the
whole mission.Therefore, the mission minimal voltage valué/rc is one of the chosen criteria in

order to size the fuel cell stackThis criterion is fixed by the system designer.

On the other hand, a recommended maximal curremgityevalue will ever exist for a fuel cell
stacks. For higher current densities than this makivalue, several problems can indeed occur:
flooding (too much water produced), thermal runatap much losses to evacuate), operation point
instability...The maximal fuel cell current densitglue depends on the implemented technology, the

supplied gasses (pure oxygen or ambient air), theen cooling and the operation conditions.

Furthermore, as it has been already explained.185, the current density value is one of the
parameters that fix the hydrogen consumption, aatviths the same, the parameter that fixes the fue
cell working point in the polarization curve. Lowurcent density values reduce the hydrogen
consumption and high values increase consumpti@veftheless, the aim is to develop a sizing
method that permits to design a fuel cell stacklfrand not in an imposed operation point, asulado
be the classical 0.7 volts per elementary ddils, the sizing method has to guarantee that durn
the whole mission the fuel cell current density wlilnever exceed a given valuégc maximposed by

the system designer

To summarize, the proposed fuel cell stack siziragg@dure will take into account two criteria
that must be respected during the mission. In ameespect the usual optimization vocabulary, the
sizing criteria will receive the name of design ightes in 8chapter IV. Due to the previously

explained reasons, the chosen criteria and/or desigables are:

O The fuel cell stack must respect a pre-determingdinmal voltage valué/rc min during the

whole mission. The fuel cell voltage must nevermpduader this value.

O The fuel cell stack must always operate under avknmaximal current density valulec

max during the whole mission. The fuel cell current slghmust never exceed this value.
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Once the two sizing criteria are known and/or ingahst is possible to size the fuel cell stack as

follows.
Sizing procedure
From the fuel cell mission power profile, and witle desired fuel cell stack minimal voltage, it

is possible to determine the maximal fuel cell eatvalue.

_ max{missionpower)
I FCmax — vV E1.34
FC min

The fuel cell stack must operate always under alptermined density current vallg ma. This
will always arrive at the mission maximal powerngair, in other words, the maximal fuel cell cutren

lecmax The maximal fuel cell current leads us to calcuth&ecell surface.

E 1.35

The cells number can be calculated thanks to tle¢ dall stack voltage expression E 1.13
evaluated with the fuel cell maximal currdgt max At this point, the fuel cell supplies the minimal

authorized voltag®ec mi» Thus, it is possible to calculate the cell number

VFC min

R l'ec max +1nS E .36
E°- "1 - Aln| — " 7
( S FC max ( iOS ]J

N =

At this step, the fuel cell is already sized. THoutyvo different operation points for the fuel cell
are possible. Indeed, it is possible that the thasen sizing criteriaVec min aNdJec may l€ad us to an
operation point too close to the fuel cell maximpalver (point number 1 in Figure 1. 28). This would
not be a valid solution. Indeed, the blue areaigute |. 28 defines a not Valid Operation Area
(VOA). Usually fuel cell makers advise not to ogeralose to the fuel cell maximal power point. On
the other hand, if the sizing criteria lead to al fcell operation point in the VOA (point numbein2

Figure . 28), the fuel cell stack size can be @ered correct.
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Figure 1. 28: Possible operation point.

The stack cell number or the stack cell surface ¢or even both of them) will have to be
increased if the previous sizing has leaded ustoperation point like in case number 1 in Figure |

28. Therefore, expression E 1.14 can be used.

Finally, the proposed method could be schematicallyesented as follows:
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Figure 1. 29: Proposed fuel cell stack sizing mettth

)

Sizing criteria
modification?

NO

The VOA should be defined according the fuel cedker advice. In the CELINA project, all the

fuel cells that operate with current densities bigthan 0.8 A/crhare considered not valid solutions.

In order to validate the proposed method an exaispteoposed. The mission power profile is

presented in Figure 1. 30. The fixed criteria are:
O Fuel cell stack minimal voltage valMgc min= 100 V

O Fuel cell stack maximal current density valp@nax= 0.8 Alcnd
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Figure 1. 30: FC mission power profile (Exemple). Figure I. 31: Sized Fuel cell. Operation pointgijre

In Figure I. 31 and in Figure |. 32 is observed ti@ sizing criteria are respected. The current

density maximal value never exceeds 0.8 A/amd the minimal voltage value is never below 100
Volts.
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Figure 1. 32: Fuel cell voltage. Figure 1. 33: Fuel cell current.
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Figure I. 34: Hydrogen consumption. Figure I. 35: FC stack weight.

Though, the choice of the optimized sizing critésanot an easy task. Figure |. 34 shows the
hydrogen consumption for a 40 kW DC load and 4 $ionission versus the cells number and the cell
surface. It is possible to observe that “big” statdads to lower hydrogen consumptions. This can be

easily explained because “big” fuel cells suppky thission power at lower current density. However,
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“big” fuel cells are obviously heavier, as it isogin in Figure I. 35. Thus, consumption and weight
criteria are conflicting objectives. Therefore, thesign of the fuel cell system and the choicehef t

optimized design variables become a complex isBue.will be further explained in next chapters.
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1.4.2 Ultracapacitors

An ultracapacitor, also known as a double-layeracépr, polarizes an electrolytic solution to
store energy electrostatically. Though it is ancetehemical device, no chemical reactions are
involved in its energy storage mechanism. This raaigm is highly reversible, and allows the

ultracapacitor to be charged and discharged huadrethousands of times.

Ultracapacitor Individual
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+ - h 4 HS5C
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Figure 1. 36: Ultracapacitor cell.

An ultracapacitor can be viewed as two non reactiveous plates, or collectors, suspended
within an electrolyte, with a voltage potential ipg across the collectors. A separator between the
two electrodes prevents the charge from moving betwthe two electrodes. Contrarily to standard

capacitors, there is no dielectrical layer in theziolyte.

The amount of energy stored is very large comparedstandard capacitor because of the double
layer phenomenon due to the absence of the dieldalyer in the electrolyte. Furthermore, the
enormous surface area created by the porous catbotrodes and the small charge separation (10
angstroms) created by the separator increasesmeenthe ultracapacitors capacitance. However, it
stores a much smaller amount of energy than ddestary. Since the rates of charge and discharge
are only determined by its physical properties,uleacapacitor can release energy much fasteh (wit

more power) than a battery that relies on slow cb@imeactions.

Efficiency

Charge Acceptanc Self Discharge Ultracaps
S : —8—Pb-AGM
Temperature Rangegy’ | - Availability NiMH
Al ' —&—Lilon

Environment¢s_ Cycle Stability

Safety®- NP Al _®power Density
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Figure I. 37: UC and batteries comparison. SourceMaxwell.
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1.4.2.1 Ultracapacitors sizing
There are two conditions that must be considered inrder to determine the size of a storage
device: the energy sizing and the power sizindndeed, the power ultracapacitor must be able to
store the needed energy to face the mission, arad bauable to supply this energy within the load
power requirements.

As it was the case with fuel cells, ultracapacitois be sized from a load power profile (Figure

I. 38) and some pre-established sizing criteria.
Energy sizing

The ultracapacitor mission power profile determitiestime evolution of the power that must be
supplied by the ultracapacitofRoasto]. This power can be positive (supplied power) ogative
(recovered power). A power profile involves an @yetime evolution that must be stored in the

ultracapacitor pack. The energy variation (Figur89) can be easily calculated with expression E
1.37

Eyc = j R,cdt E 137

x 10" SC Power X 10" SC Energie \ariation

Energie (J)

. . . . 1 . . . 1 15 . . . . . . . . .
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Figure I. 38: Random generated UC mission power Figure 1. 39: UC energy variation.

profile.

Energy variation leads to calculate the necessaygy that has to be stored in the ultracapacitor
pack. The energy variation will present a maximadl aninimal value point. These two points are
going to define the total energy variatide. This value represents the total energy that bdset
stored in the storage device.

AE = maxE) - min(E) E1.38

The Ultracapacitor voltage valdéis an image of the stored energy and/or the S&t€harge

(SOC) of the ultracapacitor pack. The energy stimea@C capacitance of one ultracapacitor pack is
equal to:
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E :%CVZ E 1.39

The Ultracapacitor voltage cannot vary without déimyt. An ultracapacitor cell can withstand a
maximal cell voltage value betwe&fyc .1 max2.5 Or 2.7 V depending on the technological choice
Thus, the maximal voltage value that can be withdtby an ultracapacitor padk,c max IS the
maximal cell voltageVic cen max Multiplied by the number of series stacked ultpacétor cells

Ns.(Mucmax =Vuceemax-Ns )- Furthermore, the maximal cell voltage must ndserexceeded; otherwise

there is a high risk to cause irreversible damdgethe ultracapacitors that could even lead to the
ultracapacitors explosionTherefore, the sizing method must guarantee that ahosen maximal

ultracapacitors pack voltageVc maxWill never be exceeded during the whole mission.

However, not all the stored energy in the ultracapa pack can be used. The ultracapacitor
discharge under 50 % of the ultracapacitor maxin@tage presents bad efficien¢Barrade].
Indeed, due to ultracapacitor internal losses, ximml discharge ratio can be achieved if the
discharge efficiency must be greater than a givféoiency [Barrade]. Furthermore, if an eventual
power converter interface is implemented in ordeadapt the ultracapacitor supplied power to the
load requirementghe ultracapacitor discharge ratio must be limitedin order to guarantee a
minimal voltage for the correct operation of the pever converter. Thus, the ultracapacitor
maximal discharge ratid.,, or in other words, the minimal voltage must lmitéd. Therefore, the
discharge ratio can be considered as an ultracapdor sizing criterion. The discharge ratidax

can be defined as follows:

100 E 1.40

Thus the sizing criteria for the ultracapacitcaskwill be:

O The ultracapacitor discharge ratla.. The ultracapacitor discharge must not be undsr th

value during the whole mission.

O The maximal ultracapacitor pack voltade: max The ultracapacitor pack voltage must not

exceed this value during the whole mission.
Both sizing criteria are fixed by the system design

AE can be written as:

8 = max(E) - min(E) =2 M fomax ~ d2aMioma) £ 1.41
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If the ultracapacitor mission initial state of cha¥, is taken into account, the previous expression
can be written as:

1 1
Emax = E CVO2 + AEmax = E CVUZC max

1 1 E 1.42
Emin = E CVO2 + AEmin = E Cdr%]axVUZC max
Thus, the total capacitance value and the irstete of charge are:
C=2 Emax + Emin E 143
d r%axVUZC max + VU2C max .
Vo = \/ (Emax ~ Enmin )(Emaxdr%axvuzc max "~ EminVLJZC max) E .44

4(Emax - Emin)

In order to illustrate the sizing method, an amglin example is given with the mission profile
in Figure |. 38.

Sizing criteria Sizing results
VUC max (V) dmax (%) C (F) \6 (V)
80 50 9.32 62.17

Table I. 2: Application example. Sizing criteria ard sizing results of an UC pack.
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Figure 1. 40: UC voltage variation. Figure I. 41: UC current variation.

The simulation results are presented in Figureédladd in Figure |. 41. The sizing criteria are
always respected during the whole mission proféeitacan be confirmed in Figure 1. 40. The
ultracapacitor pack voltage evolution never excabdsmaximal authorized valigc maxand the pack
discharge is never higher than 50 % of the maxiawthorized ultracapacitor charge. The voltage
evolution must stay between the two red lines (Fedu40). Nevertheless, this method does not take

into account the ultracapacitor internal lossese Way to treat ultracapacitor internal losses dned t
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influence of losses on the pack sizing will dependthe chosen architecture. Further details will be

given in next chapter (8.2.4) and in §4.2.2.

Once the ultracapacitor pack capacitance is deteuhithe number of elementary ultracapacitors

that must be stacked in series can be easily astain

An ultracapacitors cell can withstand a given matinoltageVyc cei max This value is usually
between 2.5 or 2.7 V. Thus, in order to withstalmel taximal ultracapacitor pack desired maximal
voltage Vuc max Several elementary ultracapacitors must be adadein series. The number of

elementary stacked celtgis given by:

_ Muc max
IV E 1.45

s =
VUC cell max

The series association nf elementary ultracapacitors leads to an ultracéqapack with lower

capacitance than a single ultracapadii@y. Thus, the capacitance of the serial connected =l

s E 1.46

The series connected cell capacita@¢bas to be bigger than the calculated capacit@ndfethe

capacitance is lower, the number of parallel brasakill have to be increased. This number is given

by

C
n,=— E 1.47
Cs
Thus, the total number of an elementary ultracapecis:
n, =n, g E 1.48

Power sizing

In the previous paragraph, an ultracapacitor pack been sized according to the energy needs
for the mission. However, the power needs and thergy availability were not considered.

Ultracapacitor discharge capability is proportioteathe load current demands.

Usually the ultracapacitor makers fix a maximalreat lyc i max This value must not be
exceeded. Thus, it must be verified that the previsized ultracapacitor pack respect the maximal

current during the whole mission.
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Therefore, if the maximal mission currdpt maxiS bigger than the recommended currgpt.e
max Multiplied by the number of parallel branchgs(we assume an homogenous current sharing

between the ultracapacitor branches), the nunfjesrallel branches, must be modified.

The newn', will be equal to:

_ I UC max

If IUCmax > IUC cell maxnp = np E 1.49

l UC cell max

Obviously, if the number of parallel branches had¢ modified, the total ultracapacitor pack
capacitance is modified. Nevertheless, the capa@tanodification does not cause any problems
because the global pack capacitance is increagktharsizing criteria will always be respected.sThi

oversizing is imposed by technological limits.

The maximal currenlyc cen maxthat is usually defined in the datasheets is hloetcircuit current.
It is impossible to obtain a higher current. Maxiroarrent corresponds to an internal dissipation of
the initially stocked energy in the ultracapacifohus, if the ultracapacitor manages to dissiplaite t
energy, the short circuit test will not be destiwectand the ultracapacitor will recover its initial
properties. However, if this maximal current isaleed periodically and the ultracapacitor pack is no
well cooled, there will exist an ultracapacitor degption process. This is due to alterations in the
electrolyte (decomposition phenomena, electrolgsid gas emissions). The ultracapacitor becomes

less capacitive and more resistive. Thus, this shbe importance of a good cooling.
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Figure I. 42: Ultracapacitor heating with current and duty cycle SC. Source: Maxwell.
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Therefore, the main constraint about the chargedscharge process is a thermal constraint.
This constraint must be respected in order to astha recommended cycle number and the life time
of the ultracapacitor. In order to analyze thisrgiraenon, ultracapacitor makers use to provide surve
like the ones presented in Figure I. 42. Theseezudefine in function of the discharge current galu
and the duty cycle the ultracapacitor heating. dimgy cycle is defined as the existent time betwaeen
charge phase and two consecutive discharge phEsesnain problem of these curves is that data are
given for a full ultracapacitor discharge, whiclvaeoccurs. However, these curves permit to have an

idea about the thermal constraints admissible byttracapacitofBarrade2].

1.4.2.2 Ultracapacitor internal losses
Generally, ultracapacitor terminals are connectedhe electrical circuit trough a couple of
current collectors. Collectors are usually madealafminium. The quality of the connection between
the collector and the electrode defines the maxispacific power of the ultracapacitor (specific

power refers to the ability of an ultracapacitogtockly deliver power).

Furthermore, a separator is needed in order tditédei the electrolyte ions path. The separator
must guarantee electronic insulation between the électrodes which are impregnated with the
electrolyte. Usually, the separator is a poroualai;yg membrane, and generally is made of
polyethylene and polypropylene.

Collector

Electrode impregnated
with electrolyte

Separator

Co”ector—»‘ ................... T

Figure 1. 43: Ultracapacitors cell.

Thus, it is possible to say that the current cttieand the separator are the devices that define
the ultracapacitor losses. Indeed, an elementargcalpacitor can be modelled as a capacitor with a
series resistor (this assumes that other phenoswiaas self-discharge, relaxation...are neglected).
The series resistor models losses in the currdlgctor and the separator. The model is presemted i
Figure 1. 44. The resistance is given in ultracitpadatasheets and its value varies between @4 m

and 4 n® depending on the chosen technology and power range

_ \ UC Cell
\ C Cell v R Cell
CCell RCell

Figure I. 44: Real ultracapacitor cell model.
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Loss effect modifies the previously calculated adapacitors voltage response. Indeed, the
recovered energy will be lower than the initialkpected. On the other hand, the supplied enerdy wil
be higher than initially expected because intelosdes must also be supplied. The dissipated energy

due to the internal losses is equal to:
n t
VVIosses:_sJ- RceIIISCdt E 1.50
np 0

The previously proposed ultracapacitor pack sizimethod does not take into account internal
losses. Expression E .50 shows that dissipatedgg depends on the current supplied or absorbed
by the ultracapacitor pack, the resistance andnission duration. The mission duration can be yeall
long (several hours) and the dissipated energybsmome huge. Thus, it is senseless to size an
ultracapacitor pack that is going to face the maérosses (the ultracapacitors capacitance would
become huge!).Therefore, it is the main energy @\fthe fuel cell) that should compensate this
energy. Thus, an energy management loop must béernmepted in the global system control.
Nevertheless, energy management loop affects tinecapacitor final sizing, but this will be fully

explained in 81.2.3

Limitations in the ultracapacitor discharge ratio [Barrade].

Ultracapacitor internal losses limit the ultracapmcdischarge ratio. The equation that modgls

series stacked ultracapacitors voltage is:
Vuc = NsVecen ~NsReen Huc E 151
Assuming a constant power dischaRyeit is possible to write:
NsReen 0dc ~NeVe el ye + PL =0 E 1.52

with P_ the load power anld,c the current supplied by the ultracapacitor pack.

The solution to equation E .52 is given by:

1 1 . 2 Reeil P
lue ===V 2=——VA  with  A=VZ, -4-—<lL E 1.53
ve 2Rcel coe 2Rcell ce Ng

The two possible solutions fagc are real if4 is positive. This is the case with:

P
Ve cen 2 2,/—R°§" s E 154
S
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That leads to:

P
\4: cell min:2 |%;5”L E 1.55

The variation range of the voltayfg across one single ultracapacitor has to be limiteatder to
satisfy the equation E 1.55. This is a new liniitaton the minimum voltage that can be obtained
during the discharge of the component. This carsdxn considering again the definition of the

voltage discharge ratiath,, Thus the maximal discharge ratio will be:

RCeII l:)L
V, ; s n E 1.56
d.. =_uyccelmin 155_oggt 'S

max —
UC cell max UC cell max

As a consequence, the useable en&tgyf an ultracapacitor pack is then only a parthef total

stored energy. The useable energy is limited ts/dbndition:

1 R
E,=ns— CVUZC cellmax 1= 4 Rge" t E 1.57
2 nsVUC cell max

Thanks to equation E 1.57, it is possible to ma¥folate the power sizing requirements presented
in the previous lines. The maximal power suppligdlyiven ultracapacitor is:
nSVLJZC cell min
P

1
<—— E 1.58
e 4 I:eCeII

Thus, the maximal resistance of an elementaryaapracitor should be:

2
1 nSVUC min
RCeII max =~ E 1.59
4 Pmax
According to previous expressions, the discharge cannot be arbitrarily determined due to the

discharge ratio limitations shown in E 1.56. Téfere, this constraint must be respected.

1.4.2.3 Ragone plots [Christen]
As it has been explained in the previous sectidimaaapacitors cannot be fully discharged.
Internal losses will limit the power-energy opemgtpoints. Thus, not all possible combinationshia t

power-energy plane (Ragone plot) are permitted.

The Ragone plot is a graphical tool that permityedfy the sizing of an ultracapacitor pack.

Ragone plot is a graphical representation of thegpenergy operation points in the power-energy
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plane. The Ragone plot establishes a Valid Opegrafirea (VOA). If the ultracapacitor mission
power-energy evolution exceeds the VOA, the ulpac#or pack sizing is not possible. On the other
hand, if the VOA is much greater than the missiowgr-energy evolution, that means that, the

ultracapacitor pack is oversized.

Equation E 1.60 describes an ultracapacitork gaehaviour according to the elementary

ultracapacitor model presented in Figure I. 36.

Ve =Ve — Ryc Oue E 1.60
with:
np
C = Ccell — E |.61
nS
—_ nS
Ruc = Reet — E .62
Np
Ve = NVuc cell E 1.63

The limit energy-power plane (Ragone plot) trades tltracapacitors real stored eneklyy

versus the ultracapacitors supplied power.

The ultracapacitor real stored eneklfy will be:
* 1 2
W, = 5 [C V¢ E 1.64

The ultracapacitor pack voltage and the power éaiare:

Vsc =Ve = Rse Uge
E 1.65
Ric =Vuc Huce

From the last three expressions, it is possibleite the ultracapacitors real stored energy in
function of the supplied current and power. In oreobtain coherent results, the real stored gnerg

should be higher that the value obtained in &.1.6

* 1 C 1
We >[E GIZ_J R +(Ric [€)Ryc “‘(E [Ric [T Dﬁcj E 1.66
uc
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The plot of the ultracapacitor pack real storedrgyen function of the supplied power and
current is a parabola (violet curve in Figure 1) #hose minimal point is tangent to the power axes
for a power ofRsc I%sc That means that for a fully discharged ultracépapack, the supplied power
must be higher than this value to begin the ulpacdor charge. This is phenomena is due to the

ultracapacitor internal losses.

we =(LBEE gy + e )i +(LiE Wi |

2 VUZCmax
4
A . 1 ) V\i W *
V\/C Ve _E Q: K/UC max ¢ ¢
l 100 % VUC max
(@]
i_1 3
We = 5 Q: &/L?C min N | ... 7 5_% .........
o
19}
/ 50 % Vuc max/ 2
we N 256 |+ e o Yo -
f .
e > ]
0 0 0
2
- Rucq uc Puc socC \&

Figure I. 45: SC Ragone plot area. Source: Langlois

Nevertheless, relation E 1.66 is not the onlytiefathat must be respected in the power-energy
plane. As it has been already explained, the wpacitor pack cannot exceed a sizing maximal
voltage value V¥max The ultracapacitor discharge ratio is also lichitdhus, these limits can be

expressed in a mathematical way by the followingressions:

« 1
WC <EECWUZCmax
E .67

« 1 1
WC >E|]:m |]/UZCmax:E[‘[:m/Uszin

These two limit conditions are represented in Fegud5 by the red and green lines respectively.

However there will be another voltage limitationridg the ultracapacitor pack charge. During
ultracapacitors charge phase, the voltage dropdrseries resistor is positive and can lead toeskce
the maximal ultracapacitors voltage valMgcmax This phenomenon is more important with high

current and power values.
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It is also possible to express mathematically #ygetidence of the real stored energy in function
of the maximal tolerated voltage and power. Thisditoon is represented in yellow in Figure |. 45
The mathematical expression of the limit conditgin

2 VUCmax

« (1 R%-.[C 1
We <[—EP"2C—J R+ (Roc BD)EPUC{EBDW&MJ E 1.68

In conclusion it can be said that the set of akthlimit conditions must be respected during the
whole mission. The ultracapacitor mission powerrgpevolution must be restricted to the permitted
area. If the evolution leaves the permitted afeasizing will be erroneous.

One of the utilities of the Ragone plots is thaytermit to verify the ultracapacitor pack sizing.

For example, the mission power profile presenteigure |. 38 is treated with a ultracapacitors
pack with the following characteristics.

Sizing criteria SC characteristics
Vsc max(V) d (%) C(F) ¥ (V)
80 50 9.32 62.17

Table 1. 3: SC sizing criteria and sizing results.

As it can be observed in Figure |. 46, the ultracipr voltage evolution respects the sizing
criteria. Furthermore, the voltage evolution fitsrfiectly the voltage limits. In other words, alleth
permitted voltage variation area is used.

SC Voltage variation x10° Ragone plot
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Figure I. 46: UC voltage variation. (Correct sizing Figure I. 47: Ragone plot. (Correct sizing).

The ultracapacitor VOA is reflected in the ultraaeipor Ragone plot in Figure I. 47. The limit
area is plotted in blue and the ultracapacitor peavergy evolution in red. It can be observed that
power-energy uses all the permitted area. The ledip tangent to the limit area in the maxima
energy value, minimal energy value and in the makiourrent value (lateral). That means that this

would be the minimal size for the ultracapacitockparhe ultracapacitors cannot be smaller for the
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proposed mission. A smaller ultracapacitor pack ldazause that the ultracapacitor power-energy

evolution would leave the permitted area.

The same power profile has been simulated with \aersized ultracapacitor pack. Table I. 4

shows the pack characteristics.

Sizing criteria SC characteristics
Vsc max(V) d (%) C(F) ¥(V)

80 50 20 61

Table 1. 4: Oversized sizing.

In this case, it can be observed that the voltagéugon respects the sizing criteria (Figure |.
48). However, the voltage variation is not perfefitted to the maximal and minimal voltage values.

The Ragone plot shows that it has not been madeeteuse of the permitted operation area.

SC \oltage variation x10" Ragone plot
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Figure . 48:UC voltage variation. (Over sizing). Figure I. 49: Ragone plot. (Over sizing).

Notice that in both Ragone plots the vyellow line tive parabola corresponding to

2
W' <(% [.CJZC_[C] R2% +(Ryc [C)R,c +(%[C m/lmeaX] is horizontal. This is due because a non
UCmax

significant resistor value has been considered)( In 811.2.2 the influence of the internal losses will

be fully explained.

|.5 Chapter conclusion

In this chapter, the CELINA project was introducd&the CELINA project aim is to design a
power generation unit based on a fuel cell systBevertheless, due to the fuel cell dynamics
limitations and in order to obtain a lightweightsssm, hybridization between the fuel cell and an
ultracapacitor pack is proposed. Here, the fuel ilconsidered as an energy source and the

ultracapacitor pack is considered as a power source
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Afterwards, the generic sizing methods for bothrees were presented. In both cases, the
generic sizing methods are conceived in order 8peet some sizing criteria: minimal fuel cell
voltage, maximal fuel cell current density, maximdiracapacitor discharge ratio and/or maximal

ultracapacitor voltage.

Nevertheless, the proposed sizing methods do ketitéio account the system imperfections (UC
internal losses, converter power losses...) andykem couplings (energy management loop, direct
couplings...). Therefore, these methods cannot kextliirapplied in order to size the global system
because the sizing criteria will not be respectedit will be shown in the next chapter (that isywh

these methods are called generic).

Thus, in the next chapter, a global sizing methdtlve proposed. Furthermore, we will try to

analyze the main objective of this work: the systdectrical architecture study.



Chapter Il
Electrical Architecture Study

n this chapter, the possible architectures forfthere DC bus emergency electrical network
are analyzed. The system should be lightweight,lshaot take up a big volume and should

be reliable. Furthermore, good efficiency is higtésired.

As it was explained in the previous chapter, dugh®opoor dynamic performances of the fuel
cell system, a power buffer is required in ordesupport power peaks and important load variations.
This power buffer can be based on a battery packnoultracapacitor pack. However, in this work
only ultracapacitors will be considered. Thus, ¢neergency electrical network will be composed of a
fuel cell stack, an ultracapacitor pack and seveoaler converters that assure the DC bus electrical

requirements and handle the power flowing throlnghslystem.

Many architectures are possible offering differdagrees of freedom for energy management.
Several methods were proposed to connect an yaaitar pack with a fuel cells stack [Brolia] ,
[Santi] and[Neergard]. In the case of the CELINA project, the proposethiéectures are developed

in the following lines.

-71 -
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II.1 Preliminary analysis of electrical architectures

[1.1.1 Architecture with three power converters

Figure 1. 1 shows the most general and completgiguaration of the system. The fuel cell and
the storage devices are connected through sevewaérpconverters to an internal DC bus. An
intermediate converter between the internal DCdngthet270V DC bus is placed in order to adapt

the voltage levels.

+H27pV 270V
DC BUS
 ——
= internal DC BUS
= | D
[ —
Fuel Cell — -
DCIDC FC
converter =
=
DCIDC bus
= converter
Storage DCIDC STO
converter
et 1 s
i 3 e
ok o s b o
Auxiliaries DCIDC AUX

converter
Figure 1. 1: Architecture with three power converters. Internal DC bus. Solution A

This architecture permits a rich energy managenerihe system. In this case, the voltage
booster function is achieved in two different segbat will facilitate the power converter desemd
an intermediate booster transformer may be savexlemheless, the presence of three power
converters generates extra losses and reducesnsysiiability because the power is handled twice.
The intermediate power converter (“the DC bus caev® handles the whole power. Roughly
speaking, it is possible to say that the fuel celverter handles the mean power and the storage
converter handles the transient power. In all cabesstorage converter must be bidirectional. Thus
the whole power is handled once by the intermediateer converter and once again by the fuel cell
converter (mean) and the storage device convetr@msient). Furthermore, the use of three power
converters will highly increase the weight of tlystem. These are the main reasons why the number

of power converters should be reduced.

[1.1.2 Architecture with two power converters

It is possible to obtain a structure with only twower converters achieving the electrical
network requirements. Three cases can be distingdisaccording to the position of the power

converters.
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The fuel cell converter is removed

As shown in Figure 1l. 2, a structure with two centers is obtained if the fuel cell converter is
removed. The system variables can be perfectlyralbed. The DC bus converter will guarantee the
DC bus voltage requirements. The bidirectionalagerconverter is used to obtain the desired power
sharing.

+27pV 271V
DC BUS

Auxiliaries DCIDC bus
2 Sllelo converter

converter

Fuel Cell |
DCIDC STO
converter =

IHH

Storage

Figure Il. 2: Architecture with two power converters. System without the FC converter. Solution B

This architecture is a priori more reliable thaa #rchitecture with three converters. Losses are
also decreased. Nevertheless, load power is hamabed than once. The DC bus power converter
handles the whole power. Furthermore, the trangpemter is handled once again by the storage

converter.
The storage converter is removed

Similar characteristics are obtained if the stordgeice converter is retired as shown in Figure
II. 3. Reliability and system losses are improviddvertheless, the load power is handled more than
one time too. As in the previous case, the DC lmwgep converter handles the whole load power. And

in this case, the fuel cell converter handles agzen all the mean power.

fapr— +270V 27QV
e .’f DC BUS

Auxiliaries DCIDC AUX

converter

i

Fuel Cell DCIDC bus

DCIDC FC
converter

converter
Storage

Figure 1l. 3: Architecture with two power converters. System without the storage converter.
Solution C
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The DC bus converter is removed.

This solution (Figure 1. 4) keeps the advantagésprevious solutions compared to the
architecture with three converters. The main acdhgats that the whole load power is only handled

once. The mean power will be handled by the FC edav and the transient power will pass through

the bidirectional storage device converter.

+270 V =270 V
<=
s DC BUS
P T W £ o
ey Vo S
Auxiliaries r DCIDC FC
converter
H  ———
— i =
P —
J — —
Fuel Cell |
DCIDC STO
converter —
Storage

Figure II. 4: System without the DC bus converterSolution D

Therefore this solution seems more advantageous compared teetother architectures with

two converters. Thus, it will studied in further details in §11.2.

[1.1.3 Architecture with one power converter

In this case, there is no need to have any bidlmeat power converter. According to the storage

device position, it is possible to distinguish the following architectures.

Storage device directly connected to the DC bus.

- 270V 270V
DC BUS
ST o
S f,r"f
L e i
Auxiliaries AT
PR convrer
R — -
— —
Fuel Cell

Storage

Figure 1. 5: Architecture with one power converter. Storage device directly connected to the DC

bus. Solution E



Electrical Architecture Study - 75 -

Figure 1. 5 presents a very classical architectuttgere the storage device is directly connected
to the DC bus. This architecture increases sysedability. Only the mean power is handled by the

power converter. Therefore, in this case, the base minimized.

Nevertheless, in this case, the storage devices ftke DC bus voltage. Indeed, the power
converter does not control the DC bus voltage antlist be piloted in current. Therefore, the DC bus

voltage varies with the state of charge of theagjerdevice.

In the ultracapacitor case, the DC bus voltage @sermand less fluctuant depending on the

ultracapacitor size. Then, small variations meahdi cost for a given stored energy.

Anyway, ultracapacitors are low voltage energy éxdf Thus, in order to reach high DC bus
voltage values, a big number of elementary cellstrbe stacked in series. Therefore, storage device
can become huge depending on the application, léotrieal network requirements and the DC bus

voltage. This architecture is fully developed it.§.

Storage device directly connected to the fuel cell

In this case, the energy buffer is on the low \gdtaside (fuel cell side) (Figure Il. 6). This
architecture presents a direct coupling betweenfubkcell and the storage device. Their dynamic
responses are coupled making the global systemgs&zidifficult issue. Furthermore, in this solution
the power converter has to handle the whole loagepdgmean and transient power) and this leads to a
heavier power converter than in the previous c@ike. DC bus is perfectly controlled thanks to the

power converter control. This architecture is fulgveloped in &.3.

1270V 270V
< De BUS
- :
u'l"-.‘..-
....... o ousisbsiin
A ]
Augxiliaries DCIDC bus
DCIDC AUX { converter
converter
J
= =
Fuel Cell

Storage

Figure 1. 6: Architecture with one converter. Direct coupling of both electrical sources. Solution F
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11.1.4 Assessment of electrical architectures

The previous analysis has rejected the architeetitrethree power converters for the CELINA
project. This architecture (solution A) is indeeéahier and less reliable than the other proposed

architectures.

For the architectures with two converters, solgi@and C present the same advantages than
solution D. But, for B and C, the power is handiedre than once and therefore system losses are

higher. Thus, solutions B and C can be rejecteat #it preliminary study achieved in these lines.

Solution D presents two power converters. Its wiesglems to be higher than for a solution with
one converter. However, solution D leads to theé bes of the storage device; therefore, the storage
device weight can be minimized in this architect@elution E handles only the mean power and thus
the power converter is lower than in solution Fv&l¢heless, solution F presents the storage davice

the low voltage side of system.

To summarize, at this level of the study, thisifiallt to choose between architectures D, E and
F. Therefore, in the following of this chapter, skahree architectures will be deeply studied &ed t

global system sizing will be further developed.

All the architectures will have to face the Airbmsssion power profile presented in Figure II. 7.
The aim of this chapter is to analyze the electriddbehavior of each architecture. In the chapter
IV, an optimization study is developed in order tocompare objectively in terms of weight and

efficiency the three proposed architectures (solubths D, E and F).
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Figure 1. 7: Airbus sizing mission power profile. Figure 1. 8: Desired power sharing.

In order to illustrate the electrical architectures, the following assumptions are done:

As explained in the chapter I, the sizing methaidtie fuel cell and the storage devices
need sizing power profiles. Therefore, the misgiomwer profile must be submitted to
one of the power sharing methods proposed li8.8. Thus, an arbitrary power sharing

between the fuel cell and the storage device hadetodefined according to the
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“tendencies” that are the most often imposed by fine cell system (dynamics
limitation, advices from the fuel cell maker...). énder to comparebjectively all the
architectures, the chosen power sharing for allattohitectures is based on a frequency
power sharing tuned to 0.05 Hz. Therefore, therddgpower sharing should be similar

to the one shown in Figure II. 8.

However, the system is not perfect. The power cdaavend the storage devices add
losses to the load consumptions. For the followanchitecture analysis, the fuel cell
stack and the ultracapacitor pack are modeled &§ lid.1.2 and in §.4.2.2. The
considered converter for this first architecturalgsis is one classical Boost converter as
the one presented in Figure Il. 9. The chosen ¢wipltage is 540V (it should be noticed
that this converter do not achieve Airbus DC bupiirements, but it will be valid for a
first approach in order to study the proposed &chires). The power converter model

is fully explained in 8l1.4

L
RN

Yo

|
E ;L
T

Figure Il. 9: Boost converter scheme.

The power converter losses depend on the voltagaied by th fuel cell and the power
flowing through the power converter. Thus, surfatkat cartography the power

converter efficiency in function of these two paeders can be plotted as the one shown

in Figure 1. 10. These efficiency cartographytplare fully explained in Bl.4

Corwerter Efficiency
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Efficiency (%)
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Figure 1l. 10: Power converter efficiency accordingo the input voltage and the load power.

Finally, theauxiliaries’ consumption will be modeled with a consumption 20% of

the total fuel cell supplied power.
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I1.2 Architectures with two power converters:
parallel connection

The main advantages of this solution are that theep is only handled once, the good use of
ultracapacitor discharge capacity and the totaltrobrof the DC bus voltage. Furthermore, and
roughly speaking, the mean power is handled byfubkecell converter and the transient power flows

through the storage device converter. This architeds presented in Figure II. 11.

+270 V =270 vV
R e —|
DC BUS
._-"‘;"'u_. . _’,.‘-"
T N—
Auxiliaries | i DCIDC FC
converter
H  ——
p— i =
J —
J — —
Fuel Cell ‘
DCIDC STO
converter —
Storage

Figure Il. 11: Parallel connection architecture.

This architecture and the desired power sharingoeaeasily implemented with one low-pass or

high-pass filter. Nevertheless, different powenaaters piloting strategies can be adopted.

Assuming that the power converter controls are dasea cascade of two imbricated control
loops (actually, it is the chosen option in chapthr and according to the fundamental association
rules in power electronics, it can be said thay @me converter can impose the bus voltage and the
rest of power converters (even if more power comverare associated to the same DC bus) must

impose the current.
Therefore, two different control strategies carirbglemented:

O In Figure 1. 12, the fuel cell power converter pfoted in voltage (= this converter
imposes the DC bus voltage) and the storage dewvioeerter is piloted in current (= this
converter imposes the current). The fuel cell poeaverter presents two control loops:
the internal loop controls the current through Hu®st inductor, and the external loop
controls the DC bus voltage. On the other hand, sioeage device converter is just
controlled by on current loop that controls therent supplied by the storage devices.
Power sharing is done thanks to a high-pass fitigr will create the reference current for

the storage device power converter.
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Figure Il. 12: Control strategy with the DC voltageimposed by the fuel cell converter.

O In Figure Il. 13, the roles of the power convertare permutated. The storage device
converter is piloted in voltage (= this convert@poses the DC bus voltage) and the fuel
cell converter is piloted in current (= this coneerimposes the current). In this case, a

low-pass filter is needed.

1load

-

Fuel Cell

CURRENT PILOTED VOLTAGE PILOTED

IHH|

Storage

Figure Il. 13: Control strategy with the DC voltageimposed by the storage device.

The two proposed system control strategies canatgerrrectly. Nevertheless, it seems that
piloting the DC bus with the fuel cell converteitii® most logical solution. Indeed, the fuel celthe
main energy source, and therefore, the fuel ceith isharge to supply, roughly speaking, the mean
power. Thus, if a default occurs in the storageageliranch and the system control is configured lik
in Figure 11. 12, the fuel cell can still assure fAC bus voltage at a reduced power. On the otnadl,h
if the system is controlled like in Figure Il. 1Be DC bus voltage is not assured in case of storag
device branch default. If these commentaries cambersed if a default occurs in the fuel cell lolan

the operation in degraded conditions will be pdsdilut very limited for its duration.

[1.2.1 First sizing of this architecture. “Perfect system”

Assuming a “perfect system” (no losses within tbaver converters and the storage device), the

system sizing can be done applying the generiogimiethods explained in1§.1.6 and 8.4.2.1.
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Global sizing criteria must be defined in ordeiafzply generic methods. Some sizing criteria (design
variables) were chosen arbitrarily in order tosthate one application example:

FC minimal voltage (V) =100
UC maximal voltage (V) =80
UC maximal discharge (%)= 50
Cut-off frequency (Hz) = 0.05
Fuel cell max current density (A/én = 0.5
Switching frequency (Hz) = 20.000

Number of parallel converter branches =4

The results of the “perfect system” are shown ibl&dl. 1.

FC Surface (cnf) FC cell number C( Vo (V)

627.7 154 9.83 61.16

Table 1I. 1: "Perfect system" sizing results.

It must be considered that these sizing criteria (@ all the other sizing criteria in this

chapter) were arbitrarily chosen, and thus, they ae not optimized.

In Figure Il. 14 and in Figure Il. 15, the simutats of the "perfect system" are shown. It can be
noticed that the sizing criteria are respected. fliee cell voltage never falls below 100V. On the
other hand, the ultracapacitor voltage varies betvwtbe tolerated margins.
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Figure 1l. 14; UC voltage time evolution. Figure Il. 15: FC voltage time evolution.

[1.2.2 Effect of the losses

The above simulation does not take into accounstbrage device internal losses and the power
converter losses.

If the system is piloted just like in Figure 1l. 1the ultracapacitor internal losses and the power

converter losses will cause the total dischargh@ftorage device as illustrated in Figure |l.BEgen
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if the ultracapacitor pack is pre-charged up tonisximal tolerated voltage value, the pack will be
totally discharged. Indeed, the ultracapacitor paek sized for supplying the desired power sharing,
but the sizing did not take into account the uliygacitor internal losses and the storage deviceepow

converter losses.

SC Voltage ewvolution considering SC internal losses
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Figure Il. 16: Ultracapacitor total discharge due  their internal losses.

Obviously the ultracapacitor pack cannot be sizmdafssuming all the mission losses. If the
mission would be infinite, an infinite ultracapacibank would be needed to supply the desired power
sharing and its associated losses. Thus, the &lielvdl have to supply the energy to compensate th
losses and recharge the storage devicé3(8). However, the fuel cell cannot supply theskes
instantaneously, because important power peaks dmithen created in the fuel cell. Therefore, an
energy management respecting the fuel cell dynamgst be implemented in the global system
control. In other words, the energy managemenbaatiust take into account the tolerated fuel cell

dynamics.

This last affirmation is quite interesting, becaitseonfirms that losses will not be compensated
immediately. Consequently the storage device mysplg the losses and the transient load power for
a given period of time, before being re-chargedrlathus, the ultracapacitor pack must be lightly
oversized, compared to the results in Table llinlorder to face losses for the given period (the
compensation action of losses is not instantangolisis means that the power profiles of the fual ¢
and storage devices will be modified by the enengynagement action as it will be shown in the next

paragraphs.

[1.2.3 Methods to compensate for the system losses

Two different methods are proposed in this devekpmThe first one is based on the storage
device voltage. Indeed, this voltage rightly représ the state of charge of some particular storage
devices (ultracapacitors, Lithium-ion batteries.This property can be used in order to create an

energy management loop in the global system control
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Nevertheless, this property is not common to afidkof storage devices, and therefore this
method cannot be applied in all cases. Thus, anset@thod based on the estimation of system losses
is proposed. On the other hand, this method negd®@ knowledge, and especially a good modeling

of the storage device which is not always easyeto g

[1.2.3.1 Storage device voltage reference method

The storage device voltage is an image of the @yarftenergy stored in the storage device.l In
other words, an image of the state of charge obtbege device (UC, Lithium ion batterie}. This
property can be used to create a compensationdeoiging the total discharge of the storage device.
This compensation loop consists in comparing thasueed storage device voltage and a storage
device reference voltage. The error between these vialues will pass through a proportional
corrector and will modify the reference currentlod power converter as shown in Figure Il. 17. The
measured voltage is filtered by a low-pass fillére energy management loop was already proposed
[Saisset], [Raél] Other authorsljanglois] proposed a similar energy management loop, reygabtie
filter and the proportional corrector by a Pl cetoe as drawn in Figure Il. 18. Both energy
management loops are similar because both of tleaa fo a quite similar second order transfer

function in closed loop.

= Tl vow e || LI

FuelCell

IAHI

Storage

Figure 1l. 17: Compensation loop of system lossesbed on the ultracapacitor voltage.

The operating principle of the compensation loopasy: if the storage device voltage is under
the reference voltage, the storage device poweraete is decreased and extra power is demanded to
the fuel cell in order to recharge the storage @evirhe operating principle is the opposite if the

storage device voltage is over the reference veltadue.

Vmes I ref

; > Pl
él Vref +

V STO

_—

HH|

Storage

Figure 1. 18: Compensation loop of system lossestw Pl controller.
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The main difficulty of this method is the deterntina of the values of the proportional corrector
and of the reference voltage. The next simulatesults illustrate the influence of these parameters
The simulations are made with the previous UC gifithe first sizing that does not consider the
storage device internal losses and the power ctervirsses). Figure Il. 19 presents the simulation
results for the ultracapacitor pack responsesfterdnt reference voltages and different propoglon
correctors. Thanks to the compensation loop ofesydbsses, the ultracapacitor tank is no longer
discharged in some cases.
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Figure 1l. 19: UC voltage time evolution. Simulatios with the compensation loop of system losses.

(Proportional corrector + filter).

These simulation results prove the importance ef ¢hoice of the values for the reference
voltage and the corrector gain. In the two firgufies (voltage reference = 60V), the voltage refeze
seems to be too small, and the storage devicegeoftdls to OV (full discharge). In the other figsr
(voltage reference = 70V), the voltage refereneesystem seems to be better, but the limits (ip red

used for the storage device sizing are not resgect

The sizing voltage criteria are not respected heause the compensation action modifies the
initial ultracapacitor power profile, while the rdtapacitor sizing methods are based on the power

profile. Thus, the sizing method must take into account theompensation action.
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11.2.3.2 Estimator method
In order to avoid the main drawbacks of the presimethod based on the storage device voltage
reference, the “estimator method” is proposed. €htmator method is based on the spirit of a
“counter of losses”. The “counter” will count theskes in the storage device branch. Afterwards, it
the fuel cell that compensates for these lossesemieless, the losses cannot be compensated
instantaneously because important power peaks tautblen created in the fuel cell and/or the energy

management loop would not be respectful with tlet ¢ell system dynamics.
Thus the following strategy is proposed:

A period of time is arbitrarily chosen. The losses estimated in real time during this period of
time. The mean value of the losses can be alsma&stdl for the given period. Afterwards, and during
the next period, the fuel cell restores the mednevaf the losses. To resume, the strategy consists
restoring the losses, produced in one period, énniéixt period as summarized in Figure Il. 20. The

step between the different periods is limited Isjogoe limiter.

Loss mean value
calculation Power converter and storage

device loss estimation
o /
estimation /\ rv
‘V o

Restored

Power /7]
/ \ t
Last period loss restoration

Choice of the sample frequency

Figure Il. 20: Estimator method strategy.

Once the losses are estimated, a new current neferior the fuel cell power converter is
calculated. This modifies the original power shgrémd will compensate for the losses. The dynamics
of the compensation loop is limited thanks to gpsléimiter. The compensation loop is drawn in
Figure Il. 21.
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Figure Il. 21: Estimator method compensation loop.
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Loss estimation

First of all, the losses in the storage device tinamust be estimated. Concerning the storage
device power converter, they can be calculated timearetical way (see chapter Ill) or in real time,
just by subtraction of the output power to the inpower of the power converter (though, this cao al

become a complicated issue and difficult to implethe

The internal losses of the storage device are mumte complicated to calculate. In this study,
only the ultracapacitor case is considered. Neetss, the principle of the method can be appbed t
all storage devices just by adapting the storagedaenodel. The ultracapacitor internal losseslman

estimated as proposed in Figure 1. 22.

Real energy variation

d/dt +—— Estimated
Losses

Ideal energy variation

Figure 1. 22: Estimator of the ultracapacitor losses.

The principle of the ultracapacitor loss estimatsides in a comparison between the real energy
supplied by the storage device and the ideal en&agyation (calculated assuming no losses)
throughout the mission. The difference between lsathulated energies gives the losses in terms of

energy. Then, the derivative gives the lossesringef lost power.

VUC

Ve Vi
C R

Figure 1. 23: Ultracapacitor pack model.

According to the ultracapacitor pack model defiredrigure Il. 23, the real energy supplied by
the storage device or the “real energy variatiani be easily calculated because energy is theraiteg

of the power supplied by the ultracapacitor pack:
Ereal =qucdt =IVuc|ucdt= Ell1

The ideal energy variation is an image of the ide#thgeVc (R=0) given by
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1
Ve :Ej'lucdt Ell.2

Then,

2
Eigeal =I%CV<:2dt=J-%C[éJ' |ucdtj dt EI3

So the derivative of the difference between these énergies will enable us to calculate the
ultracapacitor internal losses by:

d

interna_oss__ real ideal '
W I_I _dt(E 1~ B |) Ell.4

The simulation results in Figure Il. 24 and in Figul. 25 validate the operation principle of the
loss estimator. The losses are well estimated witbmall delay as usually with estimators and

observers (It is not possible to predict somethinag it has not happened yet!).

UC Losses estimation

UC Losses estimation

Losses estimation — Real losses
5000 1

Losses estimation

Losses (W)

Losses (W)
g

] /. . I . I |
61.72 61.74 61.76 61.78 61.8 61.82 61.84
Time (s)

Figure Il. 24: UC Real losses and estimated Figure 1. 25: Real and estimated losses.

losses. (zoom).

One of the limitations of this method is that the ract capacitance must be knowin order to
calculate the ideal energy variation. This is apontant drawback because the capacitance is never
exactly well known and can evolve (heating, ageingwith the time. Indeed, the ultracapacitor

capacitance depends on the temperature, and thesaélct capacitance must be also estimated.

Capacitance estimation
There is no need to estimate the ultracapacitpaatance in real time because the capacitance
does not vary instantaneously. Therefore, the adfracitor capacitance value can be checked

periodically. With this purpose, it is enough tongmare the ultracapacitor voltage and current
evolution between two different periods of timeeaplained in Figure 11. 26.
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Figure Il. 26: UC voltage time evolution. Capacitaie estimation.

The equations that model the ultracapacitor patlaer and based on the model presented in

Figure Il. 25 are:

EI.5
The ultracapacitor pack internal voltage valuei/
1t
AV, =—j Iy dt
G- ¢l v
E 1.6
AV =L j e dt
C T ¢ 4 uc,
Comparing both periods of time:
== 4 = EI7

Expression E 1.7 permits to calculate the ultpemtor capacitance just by comparing the

ultracapacitor pack current and voltage variatioetsveen two different periods of time.
In order to validate this approach, two differentidations were made.

In Figure Il. 27, the global system is simulatedkegping constant (=10.65F) the ultracapacitor

pack capacitance. The committed error for the degame estimation is not significant.
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Figure 1l. 27: Capacitance estimation. (The Figure Il. 28: Capacitance estimation. (A time
capacitance is kept constant during the variation is imposed to the capacitance during

simulation). the simulation).

In Figure II. 28, the ultracapacitor pack capawwas artificially changed during time. The
imposed capacitance evolution is shown in blackl, thie estimated capacitances are the blue points.
The simulated capacitance variation is a 5% ewwtudf the rated capacitance (10.65F) in 180
seconds. The maximal error is 0.09923F, which $s khan 1% of the total estimated capacitance.

Thus, the estimation method is able to follow saime variations of the capacitance.

However, the estimatation method precision is action of the sample time in the real
implemented system or the simulation step siz&ensimulation results. Small sample times logically

lead to better capacitance estimations.

One important drawback is the practical implemeaotadbf this method. Indeed, the neglected
phenomena in the ultracapacitor (self-dischargigxation...) can become more important than
initially expected. Therefore, more complicated misdshould be usd@elhachemin], [Zubieta]. In
all cases, a large number of calculations musintfigemented in the system calculator. Due to this

drawbackan experimental validation seems necessary for fute works.

Nevertheless, as it is the case of the voltageerte method (Figure II. 19), this method does
not operate correctly if the sizing in Table llisldirectly used. Therefore, global system sizing that
takes into account the energy management must be emented This will be detailed in the next

section.

This method was applied to the ultracapacitor cakeugh, it can be applied to other storage
devices. The main drawback is to obtain a good mofiehe storage devicdDo] and [Colson]
propose models of the state of charge and modahpeter identification techniques of other storage

devices such as Lithium-ion batteries.
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[1.2.4 Global sizing of a hybridized system

In the previous lines, two different loss compeimsamethods were proposed. Both methods can
be efficient, but simulation results showed that sizing criteria were not fully respected or emen
respected at all, if the system sizing proposeddhle Il. 1. was directly used. Indeed, the energy

management loop modifies the initially desired popmfiles.

In order to obtain a sizing method that respects th sizing criteria and considers the energy

management loop, an iterative method is proposed.

We assume that the initial arbitrary power disttitou and the sizing criteria (ultracapacitor
voltage limits, minimal fuel cell voltage, cut-dfiequency...) were chosen. This permits a first globa
sizing as summarized in Table II. 1. The storagecdeand the fuel cell being sized, the global esyst
can be now simulated with the energy managememt. I8s explained, the maximal and minimal
voltages desired for the storage device will nophebably respected. Thus, this initial sizing @ n

correct.

Nevertheless, it is possible to recover, from ¢hkst simulation results, new power profiles
supplied by the fuel cell and the storage devidees& new power profiles are closer to the correct
power profiles because they take into accountdks tompensation loop. These new storage device
and fuel cell power profiles will permit a new syt global sizing. This process can be repeatedl unti
the sizing criteria are respected. Finally, themodtwill converge into a solution that respects the
sizing criteria. Figure Il. 29 describes the pragab#terative sizing method. It should be noticeat th

the iterative proposed method is applied indepeitylehthe chosen loss compensation strategy.

Mission power profile

FFT Analysis

UC and FC power profiles

UC and FC
sizing

Global system@

Sizing Criteria Fulfilled ??

Sizing ]
criteria

New UC and FC
power profiles

NO

Figure Il. 29: Proposed iterative sizing method.
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In the next lines, the global sizing method is @plto the two proposed energy management
strategies.

11.2.4.1 Sizing results with the storage device vialge reference method
The previous new sizing method provides the follmyviresults for the voltage reference and

corrector values proposed arbitrarily ih.2.3.1:

V reference Gain C((F) Vo (V)
60 5 17.3 80
60 1.5 45 80
72 5 22.11 40.7
72 15 18.1 46.4

Table Il. 2: Proposed iterative sizing method resus.

Table Il. 2 proves the big influence of the enemgnagement method. An inappropriate

compensation action can carry a really importargtesy oversizing (up to 50% bigger storage
devices!!).

In Figure Il. 30 are shown the simulation resulidthe new sizing values:
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Figure 1. 30: UC voltage time evolution.
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The new sizing respects the storage device sizitgyia (voltage limits) as seen in Figure 1. 30.

It also shows the big influence of the compensdbop in a graphical way.

In the cases a and b of Figure II. 30, the reglosecto 80V is only used during the first seconds
of the mission. In the cases ¢ and d of Figur&0Ql. the region close to 40V is only used during the
first seconds. The fact that all the ultracapaatgpacity is not used all along the mission willgaan

oversizing of the storage device.

Remarks:

In some other cases, the iterative sizing methadficel ultracapacitor voltage time evolution
like the one presented in Figure 1. 31.
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Figure Il. 31: Not valid sized solution.

In this case, even if the sizing criteria are resps, it is quite easy to imagine that the
ultracapacitor pack would be discharged if the mrsgprofile was longer (red arrow). Thus, these

kinds of solutions found by the iterative sizingthwe are automatically rejected.

These simulation results demonstrate the diffictittychoose the right values for the voltage
reference and the corrector gain. Therefardy an optimization will enable to choose the two
values for the voltage reference and the correctogain that will minimize the ultracapacitor

pack size.Table Il. 3 gives an example when the compensétiom is well optimized.

V reference C((F) Vo (V)

68 3 12.1 47.5

Table Il. 3: Sizing results after compensation looptimization.

The sizing results of Table Il. 3 lead to the uapacitor voltage time evolution drawn in Figure
. 32.
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SC Voltage variation
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Figure Il. 32: UC voltage time evolution after comgnsation loop optimization.

These results prove the big influence of the patarsef the loss compensation loop, and how
they can contribute to reduce (or to increase dhpa@hosen!) the size of the storage device. The
simulation results in Figure Il. 32 illustrate thais possible to obtain a good use of ultracapaci
storage capacity (all the ultracapacitor storageaciy is used over the mission) with an optimized
compensation loop. Figure Il. 33 presents the arfe of the voltage reference and the corrector

sizing on the ultracapacitor pack capacitance gizin

However the aim of the project is to minimize thkole system mass, and not only the storage

device. Therefore, a global system optimizatiomgtonust be achieved. This study is fully detailed i
the chapter IV.

Ultracapacitor bank sizing

Figure II. 33: Influence of the compensation loop o the sized capacitance.

The finally obtained power sharing for the optindzmompensation loop (Gain = 3,.M= 68V),
including the compensation loop action, the losséthin the power converter and the ultracapacitor
pack, and considering an auxiliaries’ consumptib2@®% of the total power supplied by the fuel cell
is presented in Figure 1l. 34. The mean power seggly the fuel cell is finally around 50kW because
of losses and auxiliaries’ consumption. Howevee, tlarmonic content of the fuel cell power seems
also to have increased compared to the initial ¢ée#lpower in Figure Il. 8.
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Figure 1. 34: Final obtained power sharing (storag device voltage reference method).

In order to compare the desired and the finalhaivled fuel cell powers, both curves are plotted
in Figure Il. 35. Nevertheless, as these curvesndb present the same mean value (auxiliaries
consumption is not taken into account in Figuré)).they were plotted subtracting the mean vafue o

each curve. This explains why the mean value dof phatted curve is equal to zero.
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Figure II. 35: Comparison of the desired and finaly obtained fuel cell powers.

This plot confirms that the harmonic content of fimally obtained fuel cell power increased.
This is due to the system losses and the compendlatbp action. The extra power due to the loss
compensation action is plotted in Figure Il. 36.
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Figure Il. 36: Extra power due to the loss compeng#n action.
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11.2.4.2 Sizing results with the estimator method

Next results present the iterative sizing methogliap to an energy management method
implementing a loss estimator.

SC Voltage \ariation SC Voltage variation
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Figure 1l. 37: UC voltage evolution. Figure 11. 38: UC voltage evolution.

Sample time = 5 sec Sample time = 20 sec

The simulation results of the estimator methodpsesented in Figure 1. 37 and in Figure 1l. 38.
Two different sample time (= time during the losaes estimated) were chosen. The good use of the
ultracapacitor charge-discharge capability is cieaboth cases. This can be explained because the
fuel cell just restores losses and does not mosiifipificantly the storage device mission power
profile.

Different sizing results of this estimator method presented in Table Il. 4.

Sample time (s) C(F) Vo (V)
5 11.7 66.1
10 12.5 70
15 13.5 72.8
20 14.3 73.9

Table Il. 4: Estimator method sizing results accorthg several sample times.

As expected, the longer the sample time is, theerttog capacitance is big (the storage device
will remain a longer time without receiving enetgycompensate the lossel)the capacitance size
is compared to the one obtained in the storage ded voltage reference method, it is possible to
conclude that both methods lead to similar valuesNevertheless, it seems that the estimator
method leads automatically to a good use of the wudcapacitor discharge capacity,
independently of the chosen sample time.

The final power sharing for a sample time of 5 selsas given in Figure II. 39.
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Figure 1I. 39: Finally obtained power sharing with the estimator method.

And similarly to the storage device voltage refeemethod, the comparison between the final
and the desired powers can be observed in Figu@.l|

FC reference power and obtained power

— Reference power
Obtained power |]

Power (W)
o

4000 . . . I . . I
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Figure 1. 40: Comparison of the desired and finaly obtained fuel cell powers.

In this case, the harmonic content of the fuel sefiplied power also increased compared to the
initially desired. Nevertheless, the fuel cell poveeems to have a smaller content of non desired

harmonics. The extra power due to the loss compensaction is plotted in Figure Il. 41.

FC compensation power
1200

1000

800

600

Power (W)

400

200

[1}

. . 1 L L L L 5
1} &0 100 150 200 280 300 380 400
Time (s)

Figure 1. 41: Extra power due to the loss compeng#n action.
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11.2.5 Assessment of the proposed energy managemsnt

The main advantage of the storage device voltaigeerece method is its simplicity. Indeed, the
compensation loop can be easily implemented bydgastparing the storage device voltage with a
reference value. There is no important computatost and this method was already tested and

validated with simple power profilgRaél].

Nevertheless, the main drawback of this methobasdetermination of the voltage reference and

the corrector gain.

On the other hand, the estimator method is basedroadel of the storage device more and less
complicated. Thus, the implementation of the lostin@tor can become difficult in terms of
computation cost. Furthermore this technique hageméeen validated experimentally and the

concrete implementation can become extremely comple

Nevertheless, the main advantage of the estimagtinad is that it can be applied to any type of
storage devices (even if the storage device volimgmt an image of the state of charge). The only

need is a good model of the storage device.
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11.3 Architecture with one power converter. storage
device directly connected to the fuel cell.

[1.3.1 Operation of a direct hybridization

In this case, the system energy source is basdtheonirect coupling of the fuel cell with a
storage device. In this original association, tird tell and the storage device share the samagelt
(Figure 11. 42).In transient state, the storage device imposes thltage to the fuel cell stack. In
response, the fuel cell imposes current. But it alays the fuel cell that imposes the operating

point in steady state according to the load poweramand.

In transient state, if the load power demand i©idighan the power supplied by the fuel cell, the
storage device delivers the additional power nescgds satisfy the load power demand. On the other

hand, if the power supplied by the fuel cell isHggthan the load power deland, the storage déwvice
recharged.

m

Figure Il. 42: Direct connection.

The equation that models a direct connection is:

lec +luc = ioad E I8

This leads to:
daVv|
IFC+CUC%:|Load EIl9
Thus, in steady stateérc =1, ,,q becausd] )., =(CUC d\gicj =0 E 1110
SS

In transient state, the dynamic behavior of eachcgoin direct connection is given in Figure II.
43[Garcia2].
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FC @ UCC) @Load

Figure Il. 43: Dynamic behavior in transient statein a direct connection

As already explained, the ultracapacitors seent twell adapted to Airbus requirements. Thus,
in this manuscript, only the ultracapacitor cas# e analyzed. Nevertheless, similar works were
achieved in the laboratory Laplace [Eyigasti] considering a lithium-ion battery and a fuel cell.

From Figure Il. 44 to Figure Il. 47, the systempmsses to a 4 kW load power step are

presented. In the first column, the ultracapagitack value is fixed to 52 F and, in the secondroolu

to 26 F[Garcia].
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Figure Il. 44: Fuel cell operating points. (C=52 F Figure Il. 45: Fuel cell operating points. (C= 26 F
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Figure Il. 47: FC and UC responses to a 4kW load

Figure Il. 46: FC and UC responses to a 4kW
step. (C=26F).

load step. (C=52F).

Before the load step, as the voltage is stabilitezlifuel cell supplies a constant power. In steady

state, the ultracapacitors supply no power.
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When a positive load step occurs, the ultracapacitmmediately supply the power peak
protecting the fuel cell against the power stepisTi® due to the fact that the ultracapacitors roffe
naturally a behavior of a “voltage source” (= thedltage cannot vary instantaneously). As long as
there is no variation of the ultracapacitor voltatpere is no variation of the fuel cell power. Bloé
ultracapacitor pack is not a perfect “voltage seurthus the ultracapacitors discharge more or less
during the power peak generating a variation ofrtheltage. Thus, if the ultracapacitor voltage
decreases, the power supplied by the fuel celleas®s. The voltage variation will stop, in this

example, once the fuel will supply the whole loadvpr (= the steady state is reached).

For a negative load step, the commentaries on yisters behavior are similar. The only
difference is that, in this case, the ultracapasitill absorb a part of the current supplied by thel

cell in transient state.

As it can be appreciated in the previous figurke,time necessary for the fuel cell to reach the
steady state depends on the ultracapacitor pac#citapce. Smaller ultracapacitor packs lead to
smaller response times. This is an important ptgpef the system:ithe ultracapacitor pack
capacitance will fix the capability of the systemad filter the load power and to avoid too rapid

variations of the fuel cell power.
The main advantages of this architecture are:
* There is only one power converter that treats ahae power.

» There is no need to implement an energy manageocoatitol loop contrarily to all the
other proposed topologies. Indeed, the proposddtecture is able to “self-manage” the
energy flowing through the system. Especially, thtrage device losses are

compensated naturally.

On the other hand, this architecture seems to feaal worse use of the ultracapacitors, and

consequently to bigger storage devices.

[1.3.2 Direct connection experimental results

Simulation results show thata priori, the direct connection between a fuel cell and
ultracapacitors should present no drawback. Neghk$l, it is difficult to find any reference in the
literature that validates this original approachefefore, a small power scale experimental setap w

developedGailly] .

The aim of this experimental validation is to refwoe and to validate the results previously
obtained by simulation, and to detect if therenig phenomenon that is not taken into account vhigh t

proposed model.
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The experimental set-up is made of:

O A PAXITECH fuel cell delivering typically under 1¥nd a maximal current to 5A. This
fuel cell is used in “dead mode” on the hydrogetegr no circulation of hydrogen). This
means that the provided hydrogen is fully consumedhe reaction sites. The fuel cell
directly “breathes” oxygen from the ambient airr€athing PEM fuel cell”); therefore, the
operation pressure is limited the atmospheric pressThe hydrogen supplying comes
from a 2 bars and 250ml hydrogen tank. The tamoimected to the fuel cell through two
valves and a pressure reducer that regulates tth@dgn pressure to 1 bar. The pressure
variation between both electrodes has to be venitdd in order not to damage the fuel
cell membrane. The thermal management and the reaveayg of water produced by the

chemical reaction are assured by the fuel celfit§bere is no water exhaust pipe.

O The tested ultracapacitor is a 2.5V, 10F (PANASONIC

O The experimental set-up is completed with two staddsoltage sources and an “active
load” (Figure 1. 50).

R

Figure Il. 48: Tested air-breathing PEM fuel cell Figure II. 49: Tested 10F ultracapacitor
(PAXITECH) (PANASONIC)

The experimental set-up is a little more compleantlexpected, but this does not disturb the
operation principle of the association fuel cellfracapacitor. The aim of the active load is to
impose/simulate a given load current. In order $suge a correct operation of this active load (a
minimal voltage at its terminals is required far lood operation), a voltage soukgds connected in
series with the ultracapacitor and fuel cell asstomn. A second voltage sourEg is used in order to
adapt the values of the ultracapacitor voltage #ral fuel cell voltage in order to exploit the
ultracapacitor in conditions close to its nominatfprmances (2.5V). Indeed, the voltage supplied by

the fuel cell varies from 0.5V to a maximum valdd y.

Of course, in real applications, both added volwsmgrces will be removed.
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Figure Il. 50: Experimental set-up.

The experimental results for several load stepplatéed in Figure Il. 51

.
= Z
——ipac w
—=—Isc & 15
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i consigne @ {. \

-6.00E+01 -4.00E+01 -2.00E+01

Figure Il. 51: Experimental results for several loa steps.

The system operates correctly. The light blue cis\he load current. It can be observed that the
ultracapacitor absorbs the power peak at the bagjrof any positive the load step. After any pasiti
load step, the ultracapacitor is discharging awedftiel cell current rises up to the load currentthis
moment, the fuel cell reaches the steady statesapplies all the load power. The system behavior is
similar for negative load steps. The only differens that, in this case, the ultracapacitor absarbs

part of the current supplied by the fuel cell mnsient state.

[1.3.3 System sizing procedure for a direct hybridzation

Similar to the case of the architecture with twoatlel power converters, a power sharing
strategy must be chosen. In order to compare abgdgtall the architectures, the same arbitrarily
chosen power sharing is maintained and presenteBligare 1. 52 (0.05Hz cut-off frequency).

Remark: the desired power sharing does not take iotaccount the auxiliaries consumption.
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Power distribution
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Figure 1l. 52: Desired power sharing.

In the architecture with two parallel power coneest a total independence between both energy
sources (fuel cell stack and ultracapacitor pack$ted. All the desired power distributions were
achieved, with a small harmonic re-injection duethhe energy management control loop action
(8ll.2.4.1 and §.2.4.2).

On the other hand, in the case of the direct cdiore@ direct coupling between the fuel cell and
the ultracapacitor pack does not permit to obtaig desired power sharing. The generic sizing
method, explained in the chapter |, can be direapplied to the fuel cell sizing. But some new

considerations must be taken into account conogithie ultracapacitor pack sizing.
In order to size the system, the fuel cell staclstnine sized before sizing the ultracapacitor pack.

The maximal voltage to be withstood by the ultradior pack is the same as the fuel cell
maximal voltage (= the open circuit voltage). Thteacapacitor maximal voltage permits to determine
the number of ultracapacitor cells that must benected in series. Figure Il. 53 summarizes the

different sizing parameters.

A A

P Vv
FC max /\
power /' UC max voltage Vicmax

_ Maximal
FC min g tolerated
power H : UC variation

: : voltage o
UC mission max
‘L VOItage VUC maxmission
UC min voltageVycmin
%(_/ g I
FC nominal

operating area

Figure 1l. 53: FC and UC sizing parameters. Graphi@l representation.
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Thus, the number of series ultracapacitor celggven by:

— VUC max

n E .11

° VUCceIImax

Once in steady-state (after the start-up sequetioe)fuel cell voltage varies in a determined
range depending on the initial and arbitrary podistribution (pink zone in Figure Il. 53). This zon
represents all the steady state operation poinggrede for the fuel cell during the mission. The
maximal and the minimal voltages of the fuel ceifidg the mission can be determined thanks to the
required maximal and minimal powers. Thus, durimg phase, the ultracapacitor voltage should only
vary between these two values. In this case, thithis voltage variation that will determine the
capacitance and not the variation between the naxand the minimal tolerated values by the
ultracapacitor as in the generic case present8d.4h2.1. This leads to:

. 1 1
AE = maX(E) - mm(E) :EC U2Cmax _VUZCmin ):EC(VUZCmaxmision _VUZCmin) Ell.12

1

max — o
2

1 1
Emin = E CV02 + AEmin = E CVUZC min

1

E CV02 + AEmax = E CVUZC max mission

E 11.13

Nevertheless, and as it was the case for the arabiture with two parallel power converters,
an iterative sizing method must be implemented inrder to respect the sizing criteria(§ 11.2.4).
Indeed, in this case, even if there is no energnpagament loop that modifies the chosen power
sharing,the desired power sharing may not be achieved becsal the system presents a direct
coupling. Therefore, the obtained results will not respéet $izing criteria and the global system
sizing method must be necessarily iterative. Thallff obtained power sharing will be analyzed ia th
next paragraphs. The iterative method is fully toet to the proposed method in the previous part
(Figure 11. 29).

[1.3.4 Sizing and analysis of a ‘perfect’ direct hyridization

In the previous paragraph, it was said that thil lof architecture does not need to implement a
special energy management loop. However, and ierai@ better understand the behavior of this
architecture, a first simulation considering a fpet' system (no losses within the storage deviuw a
the power converters) will be analyzedowever, be careful because the fuel cell is never

considered as perfect in our work
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The arbitrarily chosen criteria are:

FC minimal voltage (V) =100
UC maximal voltage (V) =80
Cut-off frequency (Hz) = 0.05
Fuel cell max current density (A/én = 0.5
Switching frequency (Hz) = 20.000
Number of parallel converter branches =4

The sizing results for the previous sizing critexad for the previous profile are show in Table Il.

FC Surface (cnf) FC Cell number C( Vo (V)

1224.5 154 55.6 103

Table II. 5: ‘Perfect’ direct hybridization sizing results.

The simulation results for the just previously diZperfect system” are presented in Figure Il. 54
and Figure II. 55. The sizing criterion concernihg fuel cell minimal voltage is respected all othex
mission. It can also be observed that the ultradpapack absorbs the high frequency harmonics of

the load current as expected. In the other haral fukl cell, roughly speaking, supplies the low
frequency harmonics of the load current.

SC and FC voltage evolution

SCand FC current evolution

104 1 500 1
1035 b
400 1
103 1
_. 1025 _
b <
o pt
§ we :
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> 1015 ©
101 ‘
1005
100 FC current
SC current
995 . . . . . . . 200 . . . . . T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Time () Time (s)

Figure 1l. 54: FC and UC voltage time evolution Figure Il. 55: FC and UC current time evolution.
(both voltages are equal).

However, looking at Figure Il. 56, it is obviousaththe initially desired power sharing is not

achieved. As already explained, this is due to dlrect coupling between the fuel cell and the
ultracapacitor pack.
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Figure Il. 56: Final obtained sharing for the “perfect system”.

In order to evaluate the final obtained power sigarithe desired and the obtained fuel cell
powers are plotted in Figure Il. 57. It shouldrm#iced that the mean fuel cell power is close@o 5
kW. This is due to the auxiliaries consumption. §heurves are compared to the one obtained by
filtering the load power through a first order Ipass filter. This filter was tuned to the initially

desired filtering frequency (0.05Hz). Let us untherlthat the mean powers were subtracted in these
curves to better visualize the filtering effect.

Power comparison

— FFT power
— 1st order filter
Obtained FC power t

I . . I I . . I .
100 120 140 160 180 200 220 240 260
Time (s)

Figure 1. 57: Comparison between the desired (pedct FFT), obtained and first order filter power

delivered by the fuel cell.

The fuel cell power finally obtained is very closethe one obtained after a filtering by a first
order low-pass. This can be explained as follathe: equivalent capacitor of the ultracapacitor
pack and the fuel cell membrane resistor constitutea first order filter (RC circuit) when
connected in parallel(Let us recall that the ultracapacitor internasies have not been considered
yet).

In conclusion, even a ‘perfect’ direct hybridization does not permit to obtain all the desired
power sharing. Actually, the final sharing can onlytend towards this desired sharingin fact, the
best power filtering effect that this ‘perfect’ eat hybridization can propose is like a ‘1st order’
response. Moreover and unfortunately, the systkermifig capacity can even be diminished due to the

system losses (ultracapacitor pack and power cteryexs it will be analyzed in the following lines.
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11.3.5 Loss effect on the behavior of a direct hyldeation

The introduced system losses are losses withipdieer converter and the ultracapacitor pack.

Both losses are modeled like in the previous cases.

Nevertheless, both losses affect differently trateay.

11.3.5.1 Effect of the power converter losses
The power converter losses do not have a spededtein the system. They just modify the load

power profile and they must be considered as ana ¢éoad.

FC power comparison

Without converter losses
— With converter losses

4
Converter losses x 10
T T T T T

5 . I . . . I . .
0 20 40 60 80 100 120 140 160 180
Time (s).

. . . . . . .
0 50 100 150 200 250 300 350 400
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Figure Il. 58: Power converter losses. Figure 1l. 59: Time evolution of the power supplied
by the fuel cell (with and without considering the

power converter losses).

The power converter losses do practically not modyf the filtering effect of the direct
hybridization as illustrated in Figure 1l. 59. The ultracapaciparck continues to supply, roughly
speaking, the fluctuant power (including the flatt power due to the power converter losses) and
the fuel cell continues to supply the mean powecl@gding the mean power due to the power

converter losses). No new power harmonics seera taltded to the fuel cell power.
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Figure 1. 60: UC and FC voltage time Evolution. Figure Il. 61: UC and FC voltage time evolution.

(Previous sizing - Table Il. 5). (After a fuel cell re-sizing — Table II. 6).

Nevertheless, the fuel cell minimal voltage will ineder the desired value as shown in Figure II.
60 if the previous sizing (Table Il. 5) is kept. élheason is the power converters losses were not
considered as an extra load and were not adddeetmission load profile. If necessary, the fuel cel
can be re-sized increasing the cell number antfstack surface, and the fuel cell mission minimal
voltage value will be respected (Figure II. 61).

The sizing results after considering the power eot@r losses are:

FC Surface (cnf)  FC Cell number C (F) Vo (V)

1301 154 55.6 103

Table 1l. 6: Direct hybridization sizing results considering the power converter losses.

In this case, the only parameter that was matliethe fuel cell surface. A bigger surface will
reduce the fuel cell internal losses and will periincrease the fuel cell voltage response. is th
case the fuel cell surface was increased of al#@st.

11.3.5.2 Effect of the ultracapacitor internal losses

The ultracapacitor internal losses have a diffeediaict from the power converter losses.

In this case, the fuel cell mean poweripriori not modified. And there is no need to do an
eventual fuel cell re-sizing.

However the system power filtering capacity is detated. Voltage peaks, and consequently
power peaks, appear at the terminals of the fukl deéigure Il. 62 and Figure Il. 63 compare the

system response considering and not consideringlttaapacitor internal losses.
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Figure 1. 62: Voltage time evolution. Ultracapacit Figure 1. 63: FC power time evolution.
internal loss effect. Ultracapacitor internal loss effect.

The ultracapacitor internal resistor can be seea asurce of perturbations for the fuel cell.
Indeed, at each load step, this ultracapacitornateresistor generate more or less important gelta
peak at the terminals of the parallel associatidmoth components (fuel cell and ultracapacitoripac

And the fuel cell internal resistance “translatés8se voltage peaks into more or less current peaks
within the fuel cell.

In others wordsthe ultracapacitor pack branch resistance increasedy considering its
internal losses. The filtering offered by this brarh is thus worse when a load step occurs. The

fuel cell is then less protected against power peskvhen a load step occurs.

REMARKS : Role of the fuel cell double layer capacitor whem load step occurs

Figure II. 64 shows the equivalent circuit of thelfcell and the ultracapacitor pack when a load

step occurs. Assuming they are too slow, the didfuphenomena are here neglected.

%Rmem § Ruc
1 ——cu«
act _E

Figure Il. 64: Equivalent circuit of the direct hybridization when a load step occurs.

(Diffusion phenomena neglected).

Due to the double layer capacitor within the fuell,cthe load current will be divided

instantaneouslpetween the fuel cell and the ultra capacitor ékaurrent divider:
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Ruc |
Rmem* Ruc

(I FC )t:step = Load

Ell.14

Rmem

Rmem* Ruc

(I uc )t:step = I Load

That means that the fuel cell is rapid enough txtrevhen a load step occurs because of its
double layer capacitor. At this instant, the fuell dynamics is not limited by the fluidics (air
compressor...): the double layer capacitor, whichais electrostatic phenomenon, can deliver

instantaneously the required current (the oxidatemuction reaction does not intervene at this

instant!). Naturally, its capacitance is limiteddatine current peak should be afterwards assumed by

the oxidation-reduction reaction.

Thus,in a direct hybridization, it is not possible to completely protect the fuel el from
quick current variations when load steps occur beazse of the double layer phenomenon
Anyway, this effect could be limited if Ryc<<Rpem This statement should be considered in the

system sizing.

First solution to limit the power peak when a loadstep occurs: the modification of

the ultracapacitor pack realization

The ultracapacitor internal loss effect can be minéd if the ultracapacitor resistance is
decreased and/or if the storage device is divideseveral parallel branches to decrease the current

seen by each branch. Both strategies lead to afribe ultracapacitor pack weight.

E I1.15

Ruc = Reen rr:—s

p

This leads to a rise of the global capacitance wiktincrease the filtering effect of the direct
connection (the global pack capacitance valuedeeased) and will reduce the perturbations caused
by the ultracapacitor pack resistor. This fact barappreciated in the simulation results in Figure

65. Nevertheless, increasing the parallel brantdasts to a weight rise.
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Figure Il. 65: FC Power time evolution. (in blue: with the UC sized capacitance; in red: with a

doubled capacitance).

Second solution to limit the power peak when a loadtep occurs: the increase of

the minimal fuel cell voltage

Another degree of freedom to limit the power peakeach load step effectively is the minimal
fuel cell voltage admitted during the mission. Thassibility sure is less obvious than both presiou
strategies.

For identical powers, if the minimal fuel cell vade is increased, the currents flowing through
the fuel cell and ultracapacitor association atkiced. Thus, the perturbations caused by the itern
ultracapacitor resistor are also reduced (the gelt@rop at the terminals of the ultracapacitorstesi

is dependent on the ultracapacitor current). Tloeeethe fuel cell power peaks are lower as proned
Figure Il. 66.

But, the ultracapacitor internal resistance alscreases with the minimal fuel cell voltage.
Increasing the fuel cell operating voltage can bezceven worse in terms of power harmonic
injection into the association.
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Figure Il. 66: FC power time evolution for different minimal fuel cell voltages.

Thus,one of the main problems of this architecture is ta level of harmonics injected due to

the ultracapacitor internal losses.Indeed, it is possible that non expected harmdmc®me so high



Electrical Architecture Study -111

that the solution becomes unacceptable as illestrat Figure 1. 67 A maximal distortion rate
must be fixed, and all solutions that exceed thisate must be automatically rejected.This
maximal distortion rate should be fixed in agreemeith the fuel cell maker. After a simulation
study, we noticed that this kind of solutions weseial with fuel designed with low current density
values (dc max< 1.5 A/ cn%) in the CELINA project conditions.

X 104 FC power

0 50 100 150 200 250 300 350 400
Time (s)

Figure 1. 67: FC power time evolution (Vec min= 60V ; Jc max= 0.1 A/ cn‘?). Unacceptable solution.

Conclusions of this paragraph:

The problem of the power peaks at each load stdpestly linked to the ultracapacitor pack and
the chosen ultracapacitor technology. It is possiblobtain low equivalent series resistances. ,Thus
this kind of architecture can be used in the CELINAproject if a careful design is considered.

Therefore, in order to avoid this case, the fullaearent densityl ¢ must be higher than 0.2 A/ém

11.3.6 Start-up of a direct hybridization

Until now, the system has only been considereddady state. The start-up phase of this kind of
architecture is a task more delicate than in thee @ the architecture with two parallel converters
Indeed, both electrical sources sharing the sartiagey an eventual high voltage difference between
the ultracapacitor and the fuel cell, at the tinfiestarting the association, can lead to a high tshor

circuit current.

Therefore, before the system start-up, the ultracizm pack must be pre-charged to the fuel cell
open circuit voltage. A storage device pre-changgesn must be implemented. This system should
not be too much complicated and too heavy: indeeddnly used once before the system start-up. A
small converter or even a resistor associatedctngactor will permit to pre-charge the ultracapaci

pack.

During the first seconds of the mission, the ulgxitor pack must logically supply all the
mission power because their voltage (which is etu#ie fuel cell open circuit voltage at t=0) caot
vary rapidly by principle. The power filtering opges since the beginning as the ultracapacitor {gack

well pre-charged. Consequently, the ultracapagitmk must withstand the whole mission current for
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several seconds. This must be considered for thecapacitor pack sizing. The system start-up phase
simulation is illustrated in Figure Il. 68 and Figul. 69.

Current distribution

x10° Start-up power distribution

FC current ——— SC power
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Figure Il. 68: FC and UC currents during the stgrt-  Figure Il. 69: FC and UC powers during the start-up

However, during the start-up phase, there is ativegaurrent risk which can damage the fuel
cell if the ultracapacitor bank is not exactly prearged up to the fuel cell open circuit voltage. |

order to avoid any risk, a protection diode mustiimplemented despite the global efficiency
penalization.
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Il.4 Architecture with one power converter:
Storage device directly connected to the DC bus.

The main difference between this architecture dneddirect connection architecture is that the
storage device is placed after the power convartdrdirectly connected to the DC bus. In this case,

both electrical sources will be fully independent.

It is not possible to control the DC bus voltagdehwthis kind of architecture. Indeed, the DC
voltage is imposed by the state of charge of theage device. T

The power converter cannot be piloted in voltagét (mposes the DC bus voltage); it must be
piloted in current. Figure Il. 70 shows one possitbntrol strategy. The current reference is obthin
after filtering the load current trough a low-pd#ter, and this creates the reference currentttier

current control loop.

lload
_ = o

=/ |H[E T ong
Fuel Cell
ENERGY
— MANAGEMENT
LOOP
C(s)

Imes LP filter

Figure 1. 70: Proposed system piloting.

Furthermore, this architecture does not offer agrgnself-management as it was the case with
the direct connection architecture. An energy manamnt loop must be thus implemented in order to
compensate the storage device internal losses.eRaiggy management loop can be observed in the
red square in Figure Il. 70. In this case, theagjerdevice voltage reference method is choserthbut

estimator method could be another option

Anyway, as already explained in B.2.4, if a compensation method is introduced in hie
system control, an iterative sizing method should & implemented. Indeed, the losses
compensation action modifies the initial arbitnarithosen power profiles. The generic sizing
algorithms presented inl& cannot be applied directly. Only the iteratimethod presented inl§.4

should be applied directly to the system sizing.

This architecture presents important similaritigghwihe architecture with two parallel power
converters. The global system sizing algorithm #redcompensation methods can be applied really

similarly to the case with two parallel power coriges. Therefore, this part is not fully developed
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details.

The main difference is that, in this case, theagHpacitor pack discharge ratio cannot be
established freely. Indeed, the ultracapacitor gaas the DC bus voltage, and so all the voltage
variations in the DC bus are not permitted. The IS voltage must vary between the specified
authorized margins for the DC bus in the electneztivork requirements. Usually, this margin is very

small compared to the DC bus voltage nominal.

DC bus oltage SC Voltage variation
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Figure 11. 71: Controlled DC bus. Architecture with Figure Il. 72: Not controlled DC bus. UC directly

two parallel power converters. connected to the DC bus.

Figure Il. 71 and Figure 1l. 72 compare the quatifythe electrical network DC bus for both
cases: the architecture with two parallel powernveoters and the architecture with one converter and
the storage device directly connected to the DC Biggire 1l. 71 shows a very well controlled DC bus
voltage: the electrical network quality is optim&@n the other hand, Figure Il. 72 shows a non
controlled DC bus voltage: the DC bus voltage &fieely between the authorized margins (30V in
this case). Nevertheless, in this second casbkeittis a default in the storage device or if tesés
are not adequately compensated, the electrical anketwoltage could fall below the authorized

margins.

Furthermore, in the case of High Voltage Directrént (HVDC) electrical networks, the voltage
that must be withstood by the ultracapacitor paak loecome really important (over 500V). A large

quantity of elementary ultracapacitor cells musth@n connected in series.

It a priori seems that the size, weight and volume of the@edpacitor pack can become really
important compared to the previous cases. Nevedhelthere is only one power converter, and
furthermore, only the mean power transits througl power converter. This leads to reduce the

power converter weight.

The ultracapacitor pack size is also fully depemdanthe maximal authorized ultracapacitor

discharge. The smaller the authorized discharglasmore the capacitance is big. Figure Il. 73xgho
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the evolution of the ultracapacitor size with theéharized minimal DC bus voltage. The maximal
voltage considered for the DC bus is 540V.

Calculated Capacitance with electrical network minimal voltage
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Figure 1. 73: Calculated capacitance with the autlerized minimal DC bus voltage.

This previous figure shows that, if large DC budtage variations should be avoided, large
ultracapacitor pack capacitance should be placeshagy buffers. For a voltage ripple between 50V
and 20V, the ultracapacitor pack capacitances @ite gimilar. Nevertheless, if the authorized vpta
ripple is lower, the ultracapacitor size increasgsdly.
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II.5 Chapter conclusion

In this chapter all the possible architectures vearalyzed. Some of them can be rejected after a
preliminary study. On the other hand, three of tlemam to be well adapted to the CELINA project

requirements and were deeply studied. The retangdtectures are:
1) The architecture with two parallel power converers

This architecture permits a perfect control of & bus voltage and the electrical network.
Furthermore, the ultracapacitor discharge ratio lwarestablished freely, and thus, this architecture
leads to the most lightweight storage devices. m dther hand, the main drawbacks of this

architecture are the system loss management anmbtter converter weight.

One of the main difficulties of this architectuetd compensate for the system losses (power
converter and ultracapacitor internal losses). Tifferent strategies were proposed to compensate fo

them.

The first one is based on the voltage value of ste¥zage device. This strategy consists in
comparing the storage device voltage with a refarevalue so as to modify the power converter
current reference. The main advantage of thisegjyais its simplicity. However, this strategy cahno
be applied to any storage device because the stal@gce voltage must be an image of the state of

charge.

The other proposed strategy is based on an estiohdtee losses. The lost power is estimated,
and the fuel cell power reference is then modifiredrder to supply the estimated losses. Thisegsat
can be implemented for all the types of the stordgédces. Nevertheless, the main disadvantage of

this strategy is its complexity and its great numifesensors.

Finally, it should be underlined, that both comim®n methods will modify the original and
arbitrarily chosen power sharing, and thus, amaftee sizing method was proposed in order to rdspec

the desired sizing criteria.

2) The architecture with one power converter and alirect connection of the storage device

with the fuel cell

This architecture also permits a perfect controltleé DC bus voltage. Furthermore, this
architecture makes it possible to remove one p@eaverter. A priori, the system efficiency should

be higher because the number of power convertelecieased.

The main characteristic of this architecture ig tiath electrical sources (fuel cell and the sterag
device) share the same voltage Therefore, anyedkepiower sharing cannot be achieved. The best
filtering effect that could be obtained is simitara ' order low-pass filter. On the other hand, this

architecture does not need to implement any spesifergy management loop for the power converter
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control. This architecture “self-manages” the systeoses. Nevertheless, the system losses sgittaff

this architecture but differently.

The power converter losses must be considered astenload. Thus, the power converter losses
should be added to the load mission power prdillethe other hand, the ultracapacitor internaldsss
affect the filtering capacity of the system. Indeeelw harmonics are injected into the fuel cell pow
This issue must be carefully considered for theesgsdesign and the ultracapacitor technological

choice.

3) The architecture with one power converter and alirect connection of the storage device
to the DC bus

This architecture presents a priori the best fficy because only the load mean power transits
through the power converter. This leads to an ingmbrreduction of the power converter weight. On
the other hand, the main disadvantages of thisitaothre are the bad use of the ultracapacitor pack

and the fact that the DC bus voltage is not coletol

This architecture is quite similar to the architeetwith two parallel power converters, and the
same loss compensation control loop could be adopieally, an iterative sizing method, that takes

into account the energy management loop, shouichpemented.

Which architecture should be chosen?

The architecture 2 (direct connection) could beatgd due to the power harmonics injected into
the fuel cell. The architecture 3 (storage devmenected to the DC bus) could be rejected bechase t
DC bus is not controlled. Anyway, if the electricetwork requirements allow these behaviors, the

choice should be done strictly in terms of weigfficiency and volume.

But to evaluate the three architectures in terms@ght, volume and efficiency and to compare
them objectively are complex issues. Indeed, inthinee cases, some arbitrary sizing criteria mast b
fixed. These sizing criteria determine the operapoint of the fuel cell, the storage device, tbhever
converter weight... that lead to a calculation of ghabal system weight and efficiency. Thus, if the
sizing criteria are arbitrarily chosen, it is pddsithat the system is not optimized in terms oighe
and volume. Furthermore, the number of sizing ddtean be too high and makes impossible to
optimize the system with a simple sweeping of patans. Thus, a system global optimization tool

must be implemented. The three optimized architestaould be then compared.

A global system optimization tool and a compariebthe three architectures will be achieved in

the chapter IV.
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Power Converter Design

uel cells present large output voltage variatiadhs:supplied voltage can indeed vary up
to 50 per cent between the maximal power point thedopen circuit point. Thus, in
order to obtain a controlled DC bus electrical raty it seems mandatory to place a

power converter between the fuel cell stack and@iebus.

Many different types of DC-DC power converters preposed in literatutel'he choice is huge.
It is possible to find insulated DC-DC convertgrefevre] [Wang] [Wetzel] [Sickel] andor soft
switching structurefLi], [Shoyama], [Wei], [Yao]. However, due to the aeronautical constraints, the

power converter structure has to be reliable, Viglight and with high efficiency.

Furthermore AIRBUS DC electrical network requirements impose toobtain a+ 270V DC
bus starting from just one fuel cell stack. In allcases, the negative pole of the fuel cell stack mius
be connected to the airplane ground. The power whicwill be handled by the power converter is
approximately 40 kW. The fuel cell current ripple siould not be higher than 10 per cent of the

fuel cell nominal current. Airbus requirements are schematically represemé&dgure Il1. 1.

- ] «2m0v

w7

1 -270V

Figure 1. 1: Power converter requirements.

As it has been explained in.8.1 a fuel cell stack is sized by determining $keck cell surfac8&
and the cell numbeX. The cell number will determine the maximal feell voltage valué/rcmax

Furthermore, the proposed sizing method i.Z.4 guarantees a minimal fuel cell volta¥ecmin

-119 -
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during the whole mission. Therefore, accordingtese two values, it is possible to define the wpe

power converter structure. Figure lll. 2 represafitematically all these possibilities.

A
VFC max

Buck-Boost Buck

270V

Boost Non
possible

\

270 v
Figure 1. 2: Power converter structure possibilities according to the FC voltage

VEecmax Must be superior or equal ¥M:-cnin the lower half part of the diagram thus is non
applicablelf Ve maxandVeeminare higher than 270V, a buck structure should bpgsed. On the other
hand, if both values are lower than 270V, the netdisolution should be a boost structure. It is als
possible thaWrcmax Would be higher than 270V angcnmin would be lower than 270V: in that case, a

buck-boost structure should be proposed.

In this chapter, the fuel cell will be seen as Bage source to simplify.

l1l.1 Power converter topologies proposed for the
AIRBUS requirements

[11.1.1 Insulated power converter topologies.

Insulated structures present an intermediate magcietuit that insulates the input source (fuel
cell and/or storage device) from the DC bus. Ugudilé magnetic circuit is a transformer. There are

two different types of insulated DC-DC power cortges: asymmetric and symmetric.

The Flyback converter and the Forward converterckassical asymmetric power converters. In
these converters, the transformer is used asynualyriand an additional demagnetization circuit is
needed. The transformer operation point only eegluh one quarter of the B and H plan. Therefore,

asymmetric DC-DC converters present lower efficjetih@n symmetric convertefgerrieux].

The Push-pull converters are the classical examgilegmmetric power converters. In this case,
the transformer is used in the whole B and H pldrerefore, this type of insulated power converters

leads to a better use of the magnetic circuit.

There are two different types of Push-Pull convertthe current-fed push-pull converter and the
voltage-fed push-pull converter. The current-fedhRBull converter is a structure fed in current (=

presence of an input inductor) and it is naturallyoost structure (the output voltage is highen the
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input one), even without the transformer effecttha other hand, the voltage-fed Push-Pull converte
is a structure fed in voltage (= no input inductamy it is naturally a buck structure (the outpeitage
is lower than the input one) without the transformect. A comparison between these two structures

is shown in Table Ill. 1.

Current-fed Push-pull Voltage-fed Push-pull
converter converter

. 1

Transfer function k—— 2.0.k

1-a
Operation conditions a>0.5 a<0.5

; . Vee

Maximal switch voltage - 2.Vec

Table 1ll. 1: Comparison between current-fed and vitage-fed Push-Pull converters.

Push pull converters satisfying the AIRBUS requieats are shown in Figure lll. 3 and in
Figure Ill. 4. The high frequency transformer has secondary windings in order to produce, via two
rectifier bridges, the two required DC voltage lsveThanks to the insulation provided by the
transformer, it is possible to obtain two differgmbund points that can be linked without dangee: t

negative pole of the fuel cell and the capacitivd-point at the converter output.

These solutions being judgedpriori luxurious, it was decided to not develop them @tads.
They are roughly evaluated by THALES AES, one afgartners in the CELINA project.

+270V L +270V

Co

+
Ve _

Tq T;}

=270V

T\ T2

Figure 1ll. 3: Proposed current-fed Push- Figure lll. 4: Proposed voltage-fed Push-

Pull converter adapted to the Airbus Pull converter adapted to the Airbus

requirements. requirements.

[11.1.2 Non insulated power converter topologies

Traditional and classical non insulated power caeve cannot be directly used for this

application. The solution necessarily is the coratiom of different elementary power converters.
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Moreover, let us recall that any solution has to asure that the fuel cell negative pole is connected

to the airplane ground.

In this study, we propose to achieve the AIRBU§Ureements by associating classical DC-DC
power converters, the Boost converter or the Buakverter, with a classical Buck-Boost converter.
This last one will make possible to obtain the 2T0C bus. Anyway, these structures cannot work in

all the identified cases irigure llI. 2

Sizing details for all the elementary power consesiare given i@ Appendix |.

m.1.2.1 +270V Boost topology
The proposed converter in Figure lll. 5 can onlgmpe in the boost area of Figure Ill. 2. This
means that the maximal fuel cell mission volt&enax and the minimal mission voltagécmi, will

always be lower than 270V.

8258 ‘ DMB L+270 v
TBI T Ce R |V,
VFC %j TBB = DB-B
™ -270V
Css

Figure 1ll. 5: +270V Boost topology. Parallel association.

The topology is composed of a Boost converter cooein parallel with a Buck-Boost
converter. The Boost converter will boost the faell supplied voltage up to +270V. On the other
hand, the Buck-Boost converter will also boost filne cell voltage (in absolute value!). But in this
case, and thanks to the polarity inversion charsties of the converter, it will be boosted up to
-270V.

The half of the handled power will transit throutiie Boost converter and the other half will
transit through the Buck-Boost converter. This i ocof the main reasons to prefer a parallel
connection to a serial connection shown in Fidlirés. In this last case, the whole power willrisit
through the Boost converter and the half of thedketh power will transit once again through the
Buck-Boost converter. Therefore, the serial assiotiawill present lower efficiency that the paralle

association.

In the following, only the parallel associatiorrétained because of its higher efficiency.
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270V, 0 270V
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Figure lll. 6: 270V Boost topology. Serial association.

Both associations will present an important commmde output voltage due to the asymmetry
of the global structure. Nevertheless, this vallik lve higher in the serial association because the
Buck-Boost converter input voltage is fixed by Beost converter. This means that both converters
will not have the same input voltage source. Thi®h converters output voltage will be more
different and will create a higher common mode attwltage. This will be further detailed in §
11.3.6.1.

1.1.2.2 +270V Buck topology

The proposed converter in Figure lllc@n only operate in the buck area of Figure 1lITBis
means that the maximal fuel cell mission voltAen.xand the minimal mission voltagécmi, will
always be higher than 270V.

Ls
Ts MM +270V
T 1
C
| Ds T B R |V,
VFC fj TB B = DB—B =
™ i 270V
LB B T CB—B

Figure lll. 7: 270V Buck topology. Parallel association.

The topology is composed of two buck-boost convert®nnected in parallel. A classical Buck
converter will decrease the fuel cell voltage vadogvn to +270V. On the other hand, similarly to the
previous Boost case, a Buck-Boost converter willtfie -270V DC bus. However, in this case, the
Buck-Boost will operate in its buck mode. The haddpower will be equally shared between both
converters.

11.1.2.3 +270V Buck-Boost topology

Figure Ill. 8 shows the proposed topology for the buck-boost afdégure Ill. 2. That means
that the maximal fuel cell mission volta§ecmaxis higher than 270V and the minimal mission voltage
Veemin IS lower than 270V.
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This topology could work in all areas in Figure Bl Nevertheless, it will presemt priori, lower

efficiency than previous cases because the nunilsiicon switches has increased.

Ls
T ™M Dst +270V
1=l

Figure 1. 8:: £270V Buck-Boost topology. Parallel association.

The -270V DC bus will be generated by a classicatkBBoost converter which naturally
delivers an output voltage with a polarity reversmanpared to the input voltage. A Buck-Boost
converter, which does not reverse the polarityhef output voltage compared to the input voltage,
will generate the 270V DC bus. This power conveilden fact a serial association of classical buck
and boost converters which share respectively thaiput filtering inductor (for the buck converter)

and input inductor (for the boost converter). Sizitetails are given in 8 Appendix |

.1.2.4 Input filter

All the non insulated proposed power convertersbaised on the association of traditional DC-
DC converters (Boost, Buck and Buck-Boost). Buckl @uck-Boost converters do not present
naturally an input current filtering device suchaasapacitor or an inductor, that protects the fedl
against the necessary current harmonics produced Wie power converter is operating. Therefore, a
filtering stage should be placed between the fakland the power convertdbang Bang] proposes
and sizes a LC filter stage. The non insulated pameaverter topology and the associated inputrfilte

stage are presented in Figure 1ll. 9

Lt

m +270V

Ve | ! - Cr=

Figure 1lI. 9: Input filter and non insulated power converters.

In the following of this chapter, weight and eféoicy calculations do not take into account the
input filter stage. However, we will see that theerleaving techniques, developed in the next

paragraph can help to reduce the input filter gizand even to limit it to only one capacitor.
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11I.2 Interleaving technique

I11.2.1 General considerations

Due to the required high power (close to 50kW)sinot currently possible to create a power
converter that can handle the whole power and chiege high efficiencies. The current through the
inductor will be huge and cupper and iron lossdklwe highly increased. Furthermore, it seems that
technology limits nowadays exist to make high aurri@ductors (over 500A) (interview of french

inductor societies).

Therefore, usually several elementary power copeverare connected in parallel (interleaved
converters) in order to share the power to be kahdligure Ill. 10 shows, as example, a three
elementary Boost power converter connected in lgafal the input and the output. In this case heac
branch will handle one third of the load power. 8onther authors have also studied the interleaving
technique possibilities with couplg¢@ostan] [Lee] and regular inductorfBrett] [Destraz] [Rufer]

[Lai]

liss Ds3

—p— £t
Tes 1

Irc ILe2 Leo Dgz

S - 1
Vre T Cs R \VA

Tazl

ILe ,«L,«BNH Dg1

Figure 1. 10: Three interleaved Boost converters.

In the following lines, the case of interleaved ssiaal Boost converters will be treated;

nevertheless, the same analysis can be similaplyegito the other classical converters.

Firstly, let us recall the inductance expressiothancase of only one Boost converter (E Ill. 1):

aV e
L = EINNL1
BOOST fSAiFC
The fuel cell current ripple (= the inductor ripple this case) depends on the voltage
supplied by the fuel cell, the switching frequehgyf the silicon switches, and the duty cyalef the

silicon switches & = conduction duration/ switching peridg).

Secondly, let us consider the case of interleavedlsBconverters. If all inductor are sized with
the value calculated in E Ill. 1 and if each siticswitches PWM modulation 80°/ndegrees shifted
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(with n the number of interleaved branches). In this cisg,possible to reduce the fuel cell current
ripple. Figure Ill. 11 shows the fuel cell curremmple in function of the duty cycle and the ingzved
branch number. Under these assumptions, the fukelcagent ripple clearly decreases with the

number of interleaved converters.

Interleaving influence in the source current ripple in a BOOST converter

T T T T T T T TEO0s
W0+ —— 2BO0ST |
—— 3BOOST
———4B00ST |]

Current fipple (%)
5 = N W e @ - @ @

. L L . I c . .
0 01 02 03 04 05 06 07 08 0.9 1
Duty cycle

Figure 1. 11: Fuel cell current ripple in fun ction of the duty cycle

and the number of interleaved branches.

Nevertheless, our main aim is limit the fuel cell current ripple to 10% of the fuel cell
nominal current. On the other hand, the current ripple in eacindirain parallel can ba priori
increased if losses remain limited. Therefore, thésans that the branch inductance can be reduced if

the interleaving technique is applied correctlyalogepting the rise of the branch current ripple.

Expression E lll. gives the inductand®e obtain the desired fuel cell current ripple

_ anin FC
L E .2
fAi N
The inductance can be strongly reduced with thebar of interleaved branches. Figure Ill. 12
shows the obtained current ripple if inductors sived like inE IIl. 2. The maximal fuel cell current

ripple remains limited to 10%.

Interleaving influence in the source current ripple in a BOOST converter

Curent ripple (%)
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Figure 1ll. 12: Fuel cell current ripple in functio n of the duty cycle and the number of interleaved

branchesn by assuming an inductance variable with.
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The previous proposed inductance sizing will petmiteduce the inductance L if the number of

interleaved branches is increased. But how willglodal inductor weight and volume be affected?

Inductor stored energy is an image of the globalator weight and volume. It can be calculated
thanks to the well-known formufgLI%. Figure IlI. 13 plots the inductor stored energyfunction of
the input current ripple.

Interleaving effect in the inductor total stored energy
14000 T T T T T T
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Figure lll. 13: Inductor stored energy in function of the fuel cell current ripple.

As it can be observed in Figure Ill. 13, inducttwred energy, ad thus inductor weight and
volume, is greatly reduced with two, three and fimtierleaved branches. However, if the number of

interleaved branches increases further, the gaigrins of stored energy is less important.

Nevertheless, the influence of the number of ietaréd converters in terms of weight and
efficiency remains difficult to be evaluated easibhecause the efficiency and weight of the power
converter depends on losses produced by silicotcls@s and inductors. Indeed, if the number of
interleaved branches increases, the current flowhngugh silicon switchess and inductors will be
reduced; this will permit to change the range @f $ilicon switchess and of the inductor cores; the
power converter losses will be modified with thége change. Estimating the gain in terms of

efficiency and weight needs a more complete sthdywill be achieved in BI.4.

The fuel cell current ripple reduction can be eimd because the input apparent switching
frequency is multiplied by the number of paralletizconverters. A similar effect is obtained for the
output capacitoiC, due to the rise of the output apparent frequenasyprdssion E Ill. 3gives the
capacitancé&, to obtain the desired output voltage ripple.

— a I load

= Ell. 3
°  fAv,n

[11.2.2 Output voltage dynamic response with intereaved converters

In order to evaluate the interleaving effect on taverter dynamics, the behavior of a 20kW

Boost converter, not regulated (open loop), wasiktad face to a 10kW load step. Simulation results
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are presented in Figure Ill. 14. It can be obsethatl the power converter response time to reaeh th
steady state strongly decreases with the rise dillphbranch number. Nevertheless, the output
voltage overvoltage was not increased. All the &iteal converters in fact present the same maximal
overshoot.

The same power converters were simulated faceugpubvoltage reference step. In this case,
the output voltage reference was increased fronvai0to 340V. Figure Ill. 15 shows the simulation
results. As in previous case, the more the numbéranches increases, the more the response time

decreases; the overvoltage remains the samedassk.

Thus, it is possible to say that the interleavieghnique will improve the power converter
response time without increasing transitory ovesthoThis can be explained because interleaved
converters present smaller inductances and capaegand because the apparent switching frequency
is increased.

Interleaving influence en the output voltage

Interleaving influence on the output voltage
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Figure 1. 14: Response of open loop Figure lll. 15: Response of open loop

. interleaved Boost converters for a reference
interleaved Boost converters for a load step

voltage step

[11.2.3 Interleaving technique disadvantages.

The major drawback of interleaved power converigithe branch current ripple rise. Indeed, if
the branch inductance is reduced, the branch duripgrie will logically increase. This branch rigpl

rise causes two main drawbacks:

O Losses produced by silicon power switches and limeges within the inductors depend on the
current ripple. If the current ripple is extreméhgreased, conduction losses within the silicon
switches will increase. Silicon switch conductiosdes and inductor iron losses are respectively
given by expressions E Ill. 4. and E III. 5.
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Al ?
—_ 2 L
Wconduction =al Ln VceO +(al l Ln + al—znj Rd Elll. 4

W, = fo*°AB? EIS

The power converter efficiency will be studied iHI&4.

O If the branch current ripple is highly increaseds ipossible to reach non continuous conduction
mode for the power converter. In that mode, eaemehtary DC-DC power converter does not
present the same transfer function as in continunode. Therefore, the power converter
control can become a complicated issue. The coofratterleaved power converters will be
farther detailed in §1.3.5.

In some cases, the amount of power required byotwekis small enough to be transferred with
duration smaller than the whole switching periadtHis case, the current through the inductor talls
zero during a part of the switching period. Thie@ion mode is called discontinuous. Although
slight, the difference between the continuous aisdotitinuous modes has a strong effect on the
output voltage equatidifrerriuex] .

The static behavior of a 20kW and 270V output \getdBoost converter can be observed in
Figure lll. 16. This figure plots the input voltagariation in function of the output current fofixed

duty cycle. It can be observed that power convedsponse is totally different in the continuousd an
discontinuous modes.

300 ™ T T T T T o 300
Discontinuous mode continuous mode
250 1 2501 g
alpha = 0.5 "L“—n,t__‘_\
s 200 alpha = 0.3 s 200+ \\ .
w alpha = 0.2 w 0
£ 180 £ jant /"/
% alpha = 0.1 é ,/-//
Sl L= -
n=1
Contintous mode n=2
% = discontinuous mode :;i
0 1 2 3 4 ] [ 7 8 0 20 40 B0 B0 100 120 140
Qutput current lo (A) Output current lo (A)
Figure 1ll. 16: Border between the Figure 1ll. 17: Evolution of the border
continuous and discontinuous modes. between the continuous and discontinuous modes

with the number of interleaved branches.

Remark: Usual representations plot the normalizedeat with the normalized voltage, but this kind

of plots do not let to see the evolution of thedaorbetween continuous and discontinuous modes with
the number of parallel branches.
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The border between discontinuous and continuousem@reached when the inductor current

falls to zero exactly at the end of the switchiggle (black line in Figure IIl. 16).

If the continuous and discontinuous mode bordelasted for several numbers of interleaved
Boost converters (Figure lll. 17), it can be obserthat the discontinuous mode area will increase
with the number of parallel branch@hat means that it is easy to reach the discontinus mode

with interleaved converters, if inductors are sizedike in E IlI. 2.

Furthermore, as observable in Figure Ill. 17, digitmous conduction mode can be reached even
at nominal power (that corresponds to an outputectirof 74 A). Thus, it can be senseless to size a
small inductor, if the power converter is goingdperate in discontinuous mode at nominal power.
Therefore, in these cases, the sized inductor kéllthe minimal inductor that guarantees the

continuous mode working mode. Expression E llliveeg the proposed inductor sizing methodology:

Vi, 1-a)*V,
Ln=ma>{ mnre - a{L=a)Von E Il 6

flicn 2f P

The inductance value will be the maximum between dbtained value that guarantees the

desired maximal fuel cell current ripple and thugghat guarantees the continuous conduction mode.
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111.3 Power converter control

All proposed converters are an association of ettamg power converters: Buck converter,
Boost converter and Buck-Boost converter. Everctiveent-fed and voltage-fed Push-Pull converters
are variants of elementary power converters (résmdg of the Boost converter and of the Buck
converter). Therefore, the control loops which Wi studied in this part can be rather easily adpli
to the evocated insulated power converters. Inréujparagraphs, the proposed control loops for

elementary power converters will be detailed.

Literature offers a huge variety of control laws arder to pilot classical power converters:

sliding modgOIm] [Giral] [Bilanovic], predictivgBabu] [Ren], fuzzy logic[Faucher]...

In our study, we chose a confirmed control struetllased on the works dfSanchis]
[Sanchis2], [Flumian] the cascade structure (a rapid current loop icabed into a slow voltage
loop) with complete compensations of non lineasifi® assure the robustness face to load and input
voltage variations). Switching signal for the silic switches will be obtained after two cascaded
control loops and finally through a classical canstfrequency PWM modulation. One of the main
advantages of this kind of modulation is the sigiplito implement the correct phase-shift for each
parallelized branch in comparison with other uscahtrol techniques such as sliding mode or

hysteresis, for which, if there is no control mactifion, the switching frequency is not constant.
[11.3.1 Buck-Boost converter

[11.3.1.1 Buck-boost converter modeling
The Buck-boost converter (Figure 1ll. 18) is a DGC-Bonverter that can offer an output voltage
higher or lower than the input voltage. The outmltage is adjustable via the duty cycle of thiesit

switch T:

V_EO_ a where0O<a <1 E .7

_1—a
As already expressed, the polarity sign of the wpltage is opposed to the input voltage one.
Moreover, one drawback of this converter is thatdtvitch does not have a terminal connected to the

ground. This complicates its necessary drivinguiirg which has to be insulated.
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ro

Figure 1lI. 18: Buck-Boost converter.

The power converter analysis is done considericgrestant input voltag&. The inductor and
capacitor internal resistors are not considereado/ting to the state of the switdh it is possible to

find two different working sequences:

O The switchT is closed (= it conducts)at
During this sequence, the switdhis conducting and the diod® is open. The inductok is
storing the energy supplied by the voltage souf¢ee capacitorC is supplying load power. The

equations that model the power converter behawidng this sequence are:

=13 _g E L8
dt
c=cdoj Vo _ cMo_ Vo E 1119
dt R dt R

0O The switchT is open (= it does not conducty; t
In this sequence, the energy previously storedh@ ihductorL is transferred to the output
capacitorC and the load. The diod® is conducting and the silicon switdhis open. The equations

that model the power converter behavior during $kiguence are:
vV, = L—=-v E 1ll.10

dvg . . Vg . dvg . Vg
=ji.—-i, =—-i, = C =, —— E lll.11
aa ° - Rt d¢ " R

i.=-C

If we defineM as the state of the switth(M=1 = T ON ; M=0 = T OFF), and thanks to
expressions E I11.10, E IIl.11, E 1ll.8 and E IlI,9t is possible to find expressions E 111.12 dad
[11.13 that model the time variations of the stedgiables:

g
Lﬁ:M E-(1-M)m, E 11112
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dv,
dt

Yo
R

E 111.13

cC—=(1-M)d, -

Considering the duty cycle, it is possible to transform E 111.12 and E IlIl.1®%0 an average

model, that can reproduce the average time vanstd the state variables.

L%:aEE—(l—a)wo E I1l.14
dv, A

C—2=(-a)0, -2 E 11115
dt R

[11.3.1.2 Buck-boost converter current loop
The current loop guarantees limited variationshef ¢urrent flowing through the inductor during
important load variations. This will protect thewsr converter components from overvoltages and

not desired high current values.

The inductor is characterized by expressions Efland E 111.17:

v, = %L E 11116
v, =aE-(@1-a)v, E 17

The second equation derives from the average mdidetust be considered that the output
voltage y is a state variable. Thus, starting from E llld&d E 111.17 and by applying the Laplace

transformation, an inductor current model is olgdin

(9= v = [Ea(9)-Volu-als)]= L[E Vo) -vols]  Enas

FromE 111.18, the expression that gives the inductor currefmetion of the duty cycle is:

al\E+Vy)-V,
I :@ E 11119
Ls
The inductor current loop is deduced from the iducurrent modeled in equation E 111.19, and

shown in Figure Ill. 19.
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POWER CONVERTER

PI anti wind-up

et ¥
SO P (O] ERV) Hﬂg W E+V, [ () s

1 »

Figure Ill. 19 : Inductor current control loop

v

We chose to compensate all non linearities to begsbface to load and input voltage variations

[Sanchis]. The following system transfer function is obtained:

+
TS 1GL E I11.20

I(5)=K = TE LG

The employed corrector is a proportional-integrbge parameter identification was classically
achieved. The desired corrector margin phagds 45° and the controller bandwidth,, should be
ten times lower than the switching frequency. ThedPrector parameters are given in E 111.21 and E

[11.22 [Flumian].

T :M E .21
%Wi
LT &,
Ki :% E I1l.22
1+(Tia)bwi)

The current loop reference is given by the sloweitage loop detailed in the following

paragraph.

[11.3.1.3 Buck-Boost converter voltage loop
The output voltage loop was designed following milgir strategy to the current loop. The

relations between inductor current and capacittinge are as follows:

i = ddlto E 111.23
= (t-a)i, ~io =(-a)i, -2 E 1124

The second equation derives from the average mdédgeit has been previously done in the

current loop, the transfer function characterizimg output voltage is given by:
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vo(s):ilc(s):épL(l-a(s))-|O(s)] E 111.25

C

From previous equations, a useful expression,ilahelp to design the output voltage control

loop, can be obtained:
|L(S)=—IC(S)+IO(S) E 11126

Considering the Buck-Boost continuous mode tranfection, the previous equation could be

written:

)= [1c(8)+ 16 (S) [Els) + Vo (5] E 111.27

The final output voltage control loop is shown igure 111, 20.

Pl anti wind-up POWER CONVERTER
Vit + + | | * V,
orel .
() P ()b (EHVE —>+ Lre L O+ 11Cs >
- + -
vV, ? CURRENT lo
° lo LOOP
\ 1R
\

Figure 111. 20: Output voltage control loop.

The control loop proposes to compensate all noealities to obtain the following transfer

function:

+
TS 1[—1L E 111.28

V K
ols)=K, T3 CB3

The desired corrector margin phase is 45° and ohé¢raler bandwidth should be one hundred
times lower than the switching frequency. The Prector parameters are given in E I11.29 and E
[11.30 [Flumian].

ta
T, :M E 111.29
a'l)WV
CTvaﬁwv
Ky =—F7———7s E 111.30

+ (Tv%w v )2
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[11.3.1.4 Proposed Buck-Boost converter control vadation

In order to validate the two proposed control lg@p20kW Buck-Boost converter was submitted
to the load profile drawn in Figure Ill. 21. Thensilated Buck-Boost converter requirements were:

P =20 kW fs=20 kHz

E=135V Vo=-270V

Ai =150 A AV,=2V
Rrominal }

3/4 77—|—|7

12

14+

) ) Time (ms)
20 40 60 80

100
Figure lll. 21: Simulated load profile.

Simulation results in Figure lll. 22 and Figure BB illustrate the good dynamic behavior of the
proposed control for the Buck-boost converter.

Buck-Boost Output Voltage Buck-Boost Inductor Current

@
3
3

@
=}
S}
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S
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s <
g %0 %
© E
g 270 ¥ '.L 3 %0©
5 s
g 260 S
S} 2 200t

=
1)
3

ol

220 . . . . . . . . 1 . 1 1 . 1 | . 1
001 002 003 0.04 0.05 0.06 0.07 0.08 0.09 0.1 001 002 0.03 0.04 0.05 006 0.07 0.08 0.09 0.1
Time (s) Time (s)

Figure Ill. 22: Buck-Boost output voltage Figure Ill. 23: Buck-Boost inductor current.

111.3.2 Boost converter control

[11.3.2.1 Boost converter modeling

A boost converter (Figure Ill. 24) (or step-up certer) is a DC-DC power converter which

offers an DC output voltage higher than its DC ingaitage. The output voltage is adjustable via the
duty cycle of the silicon switch T:

V,

o]

_:i whereO< g <1 E .31
E 1-a
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Figure lll. 24: Boost converter.

As the Buck-Boost converter, the Boost convertea iton linear converter. Thus, the proposed

control is going to be obtained in a similar wayf@sthe Buck-Boost converter.

The power converter analysis is done consideriegrestant input voltag&. The inductor and
capacitor internal resistors are not considereaofting to the state of the switdh it is possible to

find two different working sequences:

O The switchT is closed (= it conducts)at
The switchT is conducting, resulting in an increase of theugtdr current. The capacitor is
feeding the load and is keeping constant the ouiplitge. The equations that model the power

converter behavior during this sequence are:

v, :L%L:E E 11132
|C=CdV° :iO:>CdV° =Yo E 11133
dt d R

00 The switchT is open (= it does not conduct); t
The switch is open and the only path offered toitioieictor current is through the dio@e the
capacitorC and the loadr. This results in transferring the energy storedhim inductor during the
previous sequence into the capacitor. The equatltatsmodel the power converter behavior during

this sequence are:

di, _

L E 11134
i =i, - Vo _Vo OIi:.L-V_O E 111.35
dt R dt R

If M is defined as the state of the switch (M=1T ON ; M=0 = T OFF), and thanks to
expressions E 111.32, E 111.33, E 111.34 and E 85, it is possible to find expressions E 111.36 dad

[11.37 that model the time variations of the sta&siables:
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di

AT E 111.36
e g,
dv, Vo

C—2=(@1-M)m, -2 E 111.37
dt R

Considering the duty cycle, it is possible to transform E 111.36 and E 1ll.3to an average

model, that can reproduce the average time vangd the state variables:

di

Ld—th -(1-a), E 111.38
dv, A

C—2=(-0)0, -2 E 111.39
dt R

[11.3.2.2 Boost converter current loop
In the same way as for the Buck-boost convertartisyy from these two equations

v, = %L E 111.40
v, =E-(-a)v, E 11141

it can be obtained the following final equation ahe current loop in Figure 1ll. 25:

I =—E_V|(_)(Sl_a) E 111.42

POWER CONVERTER

Pl anti wind-up

+
+ 1-M -
ILL»Q—» Pl )—» 1/(Vo) —»% Vo —()—> 1iLs
— +

' .

Figure lll. 25: Boost current control loop.

v

The proportional-integral corrector is designedthe same way as the Buck-boost converter

[Flumian].

[11.3.2.3 Boost converter voltage loop
Similarly, starting from these two equations
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_~dvg

ic=C— E 11143

ic =(l-a)i_-i, =[1-a)i, —VEO E 111.44

and using the transfer function of the Boost cotereit can be obtained the following results:

1941009
lL(S)_T :

IL(S)_VO(S)[IC(S)+IO(S)] E 11.46

The proposed output voltage control loop is shawhigure 1ll. 26.

Pl anti wind-up POWER CONVERTER
Vour * | | o
L»O—» Pl —»OTb VE |—» ﬁ‘; Lee »@—»@—C» 1/Cs >
Vof CURRENT
| LoOP I
‘ ] 0

Figure 1lI. 26: Output voltage control loop.

The proportional-integral corrector is designedthe same way as the Buck-boost converter

[Flumian].

[11.3.2.4 Proposed Boost converter control validaion
In order to validate the two proposed control Ig@20kW Boost converter was submitted to the

load profile drawn in Figure Ill. 21. The simulatBdost converter requirements were:

P =20 kW fo= 20 kHz
E=70V V,=270V
Ai =10 % AV,=2V

Simulation results in Figure Ill. 27 and Figure B8 illustrate the good dynamic behavior of the

proposed control for the Boost converter.
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Figure Ill. 27: Boost output voltage Figure 1ll. 28: Boost inductor current.

111.3.3 Buck converter control

[11.3.3.1 Buck converter modeling
A buck converter (Figure Ill. 29) is a step-dow@/MDC converter. That means that it offers an

output voltage magnitude that is lower than theiinpltage. The output voltage is adjustable via th
duty cycle of the silicon switch:

V
E":a where0O<a <1 E 111.47

E —— DA

Figure 1. 29: Buck converter.

As for both previous cases, the proposed contap Ie a cascade structure: a rapid current loop
imbricated into a slow voltage loop.

The power converter analysis is done consideriggrestant input voltaggé. The inductor and
capacitor internal resistors are not consideredoAding to the state of the switch T, it is possitd
find two different working sequences:

O The switch T is closed (= it conducts); t
During this sequence, the switch is conductingthediode is open. The inductor voltag®/is=
E - v,. The current through the inductor rises lineaflg.the diode is reverse-biased by the voltage
sourceE, no current flows through it. Thus, the inducteistoring the energy supplied by the voltage

source. The capacitor is feeding the output lodade €quations that model the power converter
behavior during this sequence are:
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di
v o= 9 _ e E 111.48
L dt (@]
= %:C%:iL—ioziL—v—o E 111.49
dt dt R

O The switchT is open (= it does not conduct); t
In this sequence, the inductor stored energy issfeared to the output capacitor. The diode is
forward biased. The inductor voltageMs = - V, (by neglecting the diode drop). Thus, the curignt

decreases. The equations that model the power denbehavior during this sequence are:

- i

V=L = Vo E 111.50
. dv, dv, _. . _. V,
i.=C=C2=Cc=C=j —-j =j, -9 E 111.51
¢ dt d " ° " R

If we defineM as the state of the switch (M=1 T ON ; M=0 = T OFF), and thanks to E 111.48,
E 11149, E 111.50 and E 111.51, it is possible find expressions E 111.52 and E 111.53 that mode t

time variations of the state variables:

% =M [E+(2M -2) [, E 11152
coj Yo E 11153
dt R

Considering the duty cycle, it is possible to transforrg 111.52 and E 111.53 into an average

model, that can reproduce the time average vanisitdd the state variables:

L%:a[]E+(2a—1)wo E 111.54
Cdi:iL _Yo E 111.55
dt R

[11.3.3.2 Buck converter current loop

In the same way as for the Buck-boost convertartisg from these two equations

_ g

Vsl E 111.56
t
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v, =aE+(20-1)0, E I11.57
it can be obtained the following final equation ahe current loop in Figure 111.30:

1

I, =[(E+2v,)a -V, ]-— E 111.58
Ls

A POWER CONVERTER

Pl anti wind-up

ILre! + + . a + VL IL
—»?_—» PI S 1/(E+2v<,)Hg/ﬁ » E+2V, - 1/Ls >
I
Vo Vo
\

Figure 1ll. 30: Buck inductor current control loop

The proportional-integral corrector is designethiea same way as the Buck-boost converter.

111.3.3.3 Buck converter voltage loop

Similarly, starting from these two equations:

dvg
=CcC—= E 111.59
¢ dt
. V,
ic =i, _EO E 111.60
it can be obtained the following results:
1
Voz(IL—IO)a E 111.61
1. (s)=1.(s)+15(s) E 111.62

Plant wind-up | POWER CONVERTER
v :
VOref + + o |L + Vo
PI —»@—» V b1 —»O—» 1/Cs >
£ T ]
Vo CURRENT
| LOOP
(]
‘ ‘ 1/R
[

Figure 1ll. 31: Buck voltage control loop.
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The proportional-integral corrector is designedthie same way as the Buck-boost converter
[Pablo].

[11.3.3.4 Buck proposed control validation
In order to validate the two proposed control Igap20kW Boost converter was submitted to the

load profile drawn in Figure lll. 21. The simulatBdck converter requirements were:

P =20 kW fs=20 kHz
E =400V V=270V
Ai =20 % AV,=2V

Simulation results in Figure [11.32 and Figure 3B. illustrate the good dynamic behavior of the

proposed control for the Boost converter.
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Figure lll. 32: Buck output voltage Figure 1. 33: Buck inductor current.

[11.3.4 Conclusions on the proposed control laws

All the control laws proposed for the three pregiopower converters were obtained by
compensating all non linearities in order to obtaio cascade control loops, each one composed of a
Pl corrector and responding to a first order trangtinction. The control scheme is presented in
Figure Ill. 34.

+ +

Vet () Pl M e P 1iLs L s s Ve

Ve 'LT

Figure 1ll. 34: Proposed control loop structure for the three power converter

v

The internal control loop will depend in all casesthe inductance and the external loop on the

capacitance. Thus, it is possible to affirm thithe three proposed converters are sized withlaimi
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inductances and capacitances, all of them will gmesimilar output voltage characteristics face to
load and input voltage variations. This point Wil important to satisfy the airbus requirements
concerning the output voltage common mode rejecfidnis study will be further developed in §
11.3.6.1.

Obviously, in order to obtain similar voltage respe, both classical converter capacitors (the
two bus capacitors) must have the same capacitaige. Thus, it is the highest capacitance of the

two classical converters which determines the twblDs capacitor value.
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[11.3.5 Control of DC-DC Interleaved power converteas

The aim of power converter control laws is to cohthe output voltage behavior (while also

controlling inductor current behavior).

In the case of interleaved DC-DC converters, onlg output voltage control loop is required
because all the branch outputs are connected mllglarNevertheless, the control law must also
guarantee a balanced current sharing between alliriterleaved branches. A branch current
overcharge will lead to worse efficiency operatimgints. And if this current overcharge becomes

important, it is possible that it will damage oeevbreak down the branch.

For a correct interleaved operation mode, the PWdlutation must be shifted ok/n degrees,
with k the number of the branch (by assuming that aerdiat the branches was chosen) artte
total number of branches. Moreover, the currerdrezfce created by the voltage loop must be equally
shared between all the branches. Thus, the cureéstence must be divided by the total number of

branches.

Two different methods can be applied in order touwdate the duty cycle and switching orders
of the silicon switches. In Figure 1ll. 35,, theoppsed method presents just one current loop. A
reference duty cycle is calculated from one refegelranch. The same duty cycle is applied to the
other branches after a correctly shifted PWM maiituta

PWM

Vo ref VOltage Iirer — 1/n % Current a Modulator L
C_ Loop - Loop
ry 4 0=0
Ve n
PWM u
Modulator | ¥
O =k/n

Figure 1lI. 35: Interleaved converter control with one current control loop.

On the other hand, Figure Ill. 36 proposes a costrocture withn current control loops. The
inductor current reference coming from the outpoitage control loop is treated separately for all

the branches. Thus, the power converter controlhaile to calculate different duty cycles.

Vorer Voltage |  Iirer ILrer + Current o PVWM Uy
—»( 9 - 1/n - Modulator|——"
- Loop _ Loop
A A 0=0

| I

PWM U

1L reft [o
- Current X Modulator|—— »
_ Loop 6k
=k/n

Figure lll. 36: Interleaved converter control with n current control loops.
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Each control structure presents advantages andwaistages.

The one current control loop method will economiemsors and will be easier to implement.
However, this method can only work if losses angilgir in all branches. Furthermore, if the refeenc

branch breaks down, the whole converter will beawtontrol.

The n current control loop method presents the oppadigacteristics. The number of current
sensors is increased and the control system implatien becomes more difficult. On the other
hand, the current is controlled through the whaleverter. A disparity of branch losses will not

prejudicial, and in default case, it is possibledatinue supplying power with a reduced value.

[11.3.5.1 Discontinuous mode
As already explained inlg.2, interleaving technique can reduce inductanaed capacitances.
Nevertheless, the branch current ripple will inseeavith the number of parallel branches, making it

possible easily to reach the discontinuous modé®power converter.

The control loops proposed inli§3.1, 111.3.2 andll1.3.3. are based on continuous mode models.
Nevertheless, it has been already explainéid.Z8) that the transfer functions of power cortees

are not equal in continuous and discontinuous motleat means that in discontinuous mode cases,

proposed control loops are based on erratic models.

ILsa Les Dsa

—»—( =t

ILea N Dga

[ |

T e =

¢
by
e

ILs1 ,\L,\BNH Ds4

Ta1l

Figure Ill. 37: Four interleaved boost converters.

Thus, in order to evaluate the consequences eétagors, the power converter drawn in Figure
[1l. 37 is going to be simulated. Two load profiigsgure 11l. 38 and Figure I1I. 39) will be simuéd,;
they are formed by several load steps that wittéahe converter to operate in discontinuous mirde.
this paragraph, only the Boost case will be illatgd, but the same conclusions can be obtainatidor

three previous power converters.
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Figure 1. 39: Load profile 2.

Boost converter requirements are:

P =20 kw fs= 10 kHz
E=110V V,=270V
AiFC=20A AVO=2V

Both profiles are similar, but the second will ferthe simulated power converter to operate in

more aggressive discontinuous mode.

The simulation results are given in Figure lll. #0 the load profile 1. After a good start-up
phase (from zero to nominal load), the output \gdtaloes not present good dynamics face to load
steps. Overvoltages due to load step variationgngsertant and the system response time is ndt at a
satisfactory.

The fuel cell current seems to be well filteredt Baving a look at the current flowing through
the inductors, it is possible to observe that,ratte first load step, the converter is operatimghie
discontinuous mode. Indeed, the inductors are flifgharged before the end of the switching period,
as it is shown in Figure Ill. 42. After the secdodd step, the power converter is still operatmghie
discontinuous mode. Thus, not satisfactory outmltage characteristics are obtained due to load

steps forcing the converter to operate in the aiSocoous mode.
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Figure 1ll. 40: Simulation results for 4 interleaved Boost converters with the load profile 1.
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Figure lll. 41: Continuous operating mode Figure lll. 42: Discontinuous operating
mode

The simulation results are given in Figure Ill. 48r the load profile 2. This simulation shows
that output voltage dynamics becomes worse fors#mond load step. The control of the power
converter cannot even be recovered at the last $oeyl (the one which should bring the power
converter into a continuous mode operation point).
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Figure lll. 43: Simulation results for 4 interleaved Boost converters with the load profile 2.

In conclusion, the proposed control cannot be dirempplied to interleaved converters if the
load profile forces the converter to operate in“aggressive” discontinuous mode. It would be

interesting for further works, to determine theitimhere the power converter control is lost.

[11.3.5.2 Modification of the control law for the discontinuous mode
In order to solve this problem there are two tiaddl solutions: to implement saturable
inductors and/or increase the switching frequerfdh® silicon switches.

Saturable inductors are inductors whose inductamoeases when the current increases. The
inductance depends on the current. This kind afi¢tats is onerous and rather delicate to design. Fe
applications a priori implemented this solution.

Another option is to increase the switching frequyeaf the silicon switches at loads that force
the converter to operate in the discontinuous matie. current ripple is then decreased in the same
proportions as the switching frequency. The maiawdrack of this solution is that increasing the
switching frequency will lead to a switching andugctor iron losses rise. Furthermore, even high loa
values can lead the converter to operate in theodtshuous mode (3/4,Rn our example), thus, the
increase of the switching frequency at low loadueal causes worse efficiency for the power
converter.

Therefore, we propose another solution to solve phoblem. The idea consistsswitching off
some branches in order to avoid reaching the disaayus mode. Indeed, as soon as the load current
decreases, each interleaved converter will reashyetie discontinuous mode due to an important

branch current ripple.

Concretely, the proposed strategy consists in ifngoa current reference equal to OA to the
branches that we want to switch off, in order toréase the current through the other branches. This
action will avoid reaching the discontinuous mo@écourse, there will not be any current through th
switched-off branches.

ExpressionE 111.63 gives the output current limit value that makes ttonverter reach the
discontinuous conduction mode in function of th&vacbranches. This current value will be

called the continuous conduction limit output catre
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all-a)?V,
(I Olim )active = nactive%

E 111.63
If the output current value passes through an hgsi® centered on the continuous conduction
limit output current, it is possible to obtain tN/OFF signal that will switch on or switch off the

branches.

lo On / Off sign:
—_— —a‘

loiim - 5%

Figure 1ll. 44: Hysteresis to switch on or switch ¢ the branches

In Figure lll. 45 are shown the simulation resliitis the load profile 1 (Figure 1ll. 38). The

dynamic response of the power converter has bdigrifiproved.
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Figure lll. 45: Simulation results for the load profile 1. One branch switched off.

Figure lll. 46 shows the simulation results for thad profile 2 (Figure lIl. 39). In this case, the
dynamic response of the power converter is exdeltan And the control of the power converter can
be recovered at the last load step. One branchdesswitched off during the first load step; aosekc
branch has been switched off for the second logyl 8oth branches have been switched on with the

last load step.
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Figure 1ll. 46: Simulation results for the load profile 2. One or two branches switched off.
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Figure Ill. 47: Continuous operating mode Figure 11l 48: Discontinuous operating
mode

Nevertheless, it is possible to observe in Figliredb that the inductor current ripple and the
output voltage ripple have increased and exceddlyighe permitted limits. Indeed, this will be the
prize to pay for using this “switching off branchesrategy. This ripple rise can be easily expldine
because the interleaved power converter has bé&eailyndesigned to operate with four branches and

not with two. Nevertheless, it seems that the tilyaifilter could easily filter the extra currenpple.

One possible solution to this problem is to consalethe operating possibilities (that means the
lowest and highest output power values and itsciessal number of active branches), and to size the

power converter inductors and capacitors with thi@ined maximal values.

Figure 1ll. 49 shows the chart of the active braaschccording to the input voltage and the load
power. Even at the nominal power (20 kW in our epla) it is possible to find operating points
where the power converter should operate withthuste active branches. This can be easily explained
because the sizing of all the inductors was achligust considering current ripple criteria. In

consequence, the continuous mode was not guarast@®y operation point.
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wigt Active Branches

4 brenches

2 branches

1 branch

140 160 180
Input woltage: (V)

Figure 1. 49: Chart of the active branches accorihg to the input voltage and the load power for the

simulated 20kW power converter. (Inductor sizing baed on current ripple criteria)

If the sizing of all the inductors was achieved sidering continuous mode criteria (that means
to guarantee the continuous mode at any input geltar the nominal power), the chart of the active
branches is the one presented in Figure 1ll. 50.

win* Active Branches

4 brenches

3 bremches

2 branches

Power (W)

1 branch

140 80 180 200 2O 240
Input voltage (v}

Figure 1. 50: Chart of the active branches accorihg to the input voltage and the load power for the

simulated 20kW power converter. (Inductor sizing baed on continuous mode criteria).

In this last case, the sizing based on continuoodencriteria leads to bigger inductances; that
will be translated in terms of weight and volume tavier and bigger inductors. Therefotiee
inductor sizing will be a compromise between the dsen continuous mode area and the input

current ripple. Moreover, it must be considered indvidually for each application.
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[11.3.6 Behavior of the proposed power convertersdr the common mode voltage

One of the most important AIRBUS criteria in orderchoose the power converter topology is
the quality of the electrical network, speciallyetheduction of the DC bus common mode voltage.
Indeed, high DC bus common mode voltages will imdiroportant leakage currents through the
parasitic capacitors to the aircraft ground. Ttekdge current induced by the DC bus common mode

voltage must be reduced as much as possible.

— +270 V peceeeecee-

HLAT 0

= -270V s

Figure Ill. 51: Common mode problem

The aim of this section is to analyze the capabditthe proposed power converters ihligL.2

to reject the DC bus common mode voltage.

The common mode voltage expression is giveR lih64:

1
Vew = E (V+27o _V—270) E 11.64

As it has been explained inlB.1, there are two different types of power coriees that can

carry out the AIRBUS requirements: the insulated e non insulated power converters.

Insulated power converters delivering270V DC bus are obtained thanks to an extra secpnda
winding into the high frequency transformer core tbé classical Push-Pull topology. If both
secondary windings are considered as being idénitiga possible to consider insulated topologies
as symmetric power convertersThus, and always by considering identical secondandings, the
output voltage will be distributed equally betwebe two transformers. There is no need to control

separately each DC pole and there is only one cutle to calculate.

Neverthelesghe proposed non insulated power converters can lmnsidered as asymmetric
power converters.Indeed, thet270Volts DC bus is obtained from an associatiorclagsical but
different DC-DC power converters. One Buck-Boostvater will create the -270V pole and another
converter (depending on the input voltage) willatesthe +270V pole. Each classical converter has to
be controlled separately in order to assure thalgyeof the global+270V DC bus. There will be two
different duty cycles to control. Therefore, themeo converter dynamics will depend on the load

variations.
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In order to test the common mode rejection for theproposed non insulated power
converters, these power converters are going to submitted by simulation to a series of load
steps.The chosen input voltage is 70V in order to sirteuka high current low voltage scenario which
usually generates problem. The nominal power isMOKhe input current ripple is limited to 10%

and the output voltage ripple to 2V. The chosernching frequency is 10 kHz.

[11.3.6.1 Describing of the simulated power converrs and the simulation conditions for
the study of the common mode voltage.

As explained in 8l11.2, the interleaving technique will be used irder to reduce the converter
weight and volume and improve the converter efficie It was said in §l1.2.2 that the interleaved

power converters are faster and present lower nsgptimes. Nevertheless, the interleaving effest ha

to be tested for the common mode voltage.

Regarding the simulated input voltage (70V), thgnasetric power converter that will be here
simulated was presented in Figure Ill. 5. In orgeevaluate the interleaving technique effect an th
common mode rejection, the power converter will $imulated with just one, two and three

interleaved branches as shown in Figure Ill. 52.

i

ey
—i

Figure 1. 52: Simulated Boost converters for thecommon mode voltage problem.

Looking at the Airbus power profile in Figure I. 8,is possible to observe that the load
variations have a shape of slopes. Thus, in ordesimulate a load profile representative of the
required mission power profile within reasonablawdation durations (to avoid huge simulations), the
load profile drawn in Figure lll. 53 will be subn@tl to the power converter. This power profile

represents a 50 % load variation with slopes |lgghilhms.
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Figure lll. 53: Simulated SLOPE load profile for the common mode voltage problem.

Furthermore, the three simulated power converteigute Ill. 52) will be submitted to a more
aggressive and not expected step load profile (Bigil 54). In this case, a series of load stes a
submitted to the power converters. The bigger kiag will be a load step from the nominal load to

no load operating point and vice versa.

.
Rnominal

3/4 7—_\_|_

12 —— |

1/4 ——

| | | | | Time (ms)
20 40 60 80 100 120 140

Figure 1. 54: Simulated STEP load profile for the common mode voltage problem.

[11.3.6.2 Common mode voltage behavior for the Bodsonverter with one branch
The simulated output voltages for the STEP loadilprare shown in Figure Ill. 55. The +270V
pole and the -270V pole do not evaluate equalty Veiad steps.
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Figure 1. 55: Time evolution of the one-branch paver converter output voltages.

In order to better visualize the two voltages, dbsolute value of the -270V pole is plotted with

the +270V pole in Figure lll. 56. In the same figuthe common mode voltayey was plotted too.

As predicted, both poles do not have the same dynesaponse for the load steps. Indeed, the
“Buck-Boost converter part” of the global power gerter seems to have lower response times than
the “Boost converter part”. Concerning the voltageershoots after the load steps, the “Boost

converter part” seems to be better than the “BucksB converter part”
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Figure 1ll. 56: Time evolution of common mode and atput voltages (STEP load profile).

From these simulation results, it is possible tmedo interesting conclusions. In steady state, the
common mode voltage is not significant. But durihg load steps, the common mode voltage varies.
The common mode voltage increases with the magnitdidhe load steps; during the zero to nominal
load step, the common mode voltage reaches itehiggdue. Nevertheless, a variation of 5V for the
common mode voltage only represents 1% of theadlBIC bus voltage value. This good result is
obtained because the control loops of both powewexer parts were implemented following the
same compensation method of non linearities, lgafiimally to both similar transfer functions as it
was explained in §1.3.4.

In the next figures, the simulation results for 81€OPE load profile are presented.
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Figure lll. 57: Time evolution of common mode and atput voltages (SLOPE load profile).

The start-up phase is similar to the STEP loadilproburing this phase, the common mode
voltage reaches its more important value. Nevest®lduring the rest of the SLOPE load profile, the
common voltage is not significant, even when tio@slchange occurs.
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[11.3.6.3 Common mode voltage behavior for the Bodsconverter with two interleaved
branches

The simulation results for the STEP load profile presented in the next figures:
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Figure 1ll. 58: Time evolution of common mode and atput voltages (STEP load profile).

As already explained, the interleaving technigu®ices the system response time: the dynamic

responses will be better because the capacitanésinductances were reduced. Thus, a faster

response time implies a common mode voltage resluctven in the start-up phase, as it can be
observed in simulation results.

Similar conclusions can be drawn for simulationutissof the SLOPE load profile: common

mode reduction for the start-up phase and not fgignit common mode during the rest of the profile,

including the slope change.
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Figure Ill. 59: Time evolution of common mode and atput voltages (SLOPE load profile).
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[11.3.6.4 Common mode voltage behavior for the Bodsconverter with three interleaved
branches

According to the observed performances for the paweaverter with two interleaved branches,
the common mode voltage should be reduced in the aithe power converter with three interleaved
branches. The simulation results, in Figure lll, 88ow that, for the start-up phase and for the 25%
load step, the common mode voltage was indeed eelduc
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Figure 1ll. 60: Time evolution of common mode and atput voltages (STEP load profile).

Nevertheless, when the load is reduced of 50% ehtiminal load, the dynamic response of the
power converter becomes worse. Furthermore, duh@gteady state following the 50% load step, the
common mode voltage presents a higher voltageeripyain initially expected.
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Figure 1ll. 61: Inductor currents of the “Buck-boost converter part”.

The common mode voltage ripple rise and worse dimaesponse can be easily explained by
having a look at the inductor currents of “Buck-Bba@onverter part”. Indeed, the Buck-Boost
converter has reached the discontinuous mode. Tmgspranch has been switched off generating a
light rise of the Buck-Boost converter output vgkaripple; this rise itself generating a light coonm
mode voltage rise in steady state.

Let us now observe the impact of the switchingafffa branch on the common mode voltage

with the SLOPE load profile. Simulation results presented in Figure Ill. 62.



Power Converter Design - 159 -

Output Voltage

290 T
280 =
e
S 270 r - -
tf’ 260 V,=270V —
> 250 v =270V | |
240 I I I I I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)
Common mode wltage
5 T T T
e
Q
g o - ————
3
>
-5

1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

Buck-Boost inductor currents

Current (A)

0 0.01 0.02 0.03 ] 0.04 0.05 0.06 OAO7 0.08 0.09 0.1
Time (s)

Figure lll. 62: Time evolution of common mode and atput voltages (SLOPE load profile) and inductor

currents of the “Buck-boost converter part”.

As expected, the common mode voltage ripple indstestate increased after the branch
switching-off. Nevertheless, during the transidioisthe branch switching-on and branch switching-
off, the common mode voltage presents a dynamiporese that did not exist with the power
converters with one and two branch&sen if the common mode voltage evolution due to ¢h
branch switching-off and switching-on effect does @t seem to reach really important values, it
would be interesting for future works to determinetheoretically the common mode overvoltage
caused by the branch switching-off technique.

[11.3.6.5 Conclusions about the common mode voltaggudy
Comparing the behaviors of the analyzed three paaeverters (Figure Ill. 63) for the common
mode voltage , it is possible to obtain to thedweiing conclusions:

O The proposed generic control laws permit to obtasimilar output voltage behavior for each
power converter, but not identical. Nevertheless, the studied cases, the common mode
voltage is inferior to 1% of the global DC bus agjé.

O Interleaving technique will reduce the common mudkage if the power converter operates in
the continuous mode (A and B subplots Figure IH).8Nevertheless, if one branch has to be
switched off in order to avoid operating in the adistinuous mode, the transient for the
common mode voltage will increase and the commodemmltage in steady state will also
increase (C subplot in Figure lll. 63).
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Figure lll. 63: Evolution of the common mode voltag according to the parallel branch number (STEP

load profile).

Similar conclusions can be drawn for the SLOPE Ipeafile (Figure 1ll. 64). Nevertheless, in

this case,

if one branch has to be switched offwatched on, a common mode voltage transient can

be created when the parallel branch number incseddevertheless, the transitory common mode

overvoltage seems to stay in tolerated margiiss is one of the identified drawbacks to the

branch switching-off technique.
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64: Evolution of the common mode voltag according to the parallel branch number (SLOPE

load profile).
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I11.4 Power converter efficiency and weight study

In order to evaluate the performances of the pregpgsower converters, a study about their

efficiencies and weights will be achieved in thetn@aragraphs.

[11.4.1 Models of the losses within a power conveer
The considered losses are the losses generatechebysilicon switches and the passive

components (capacitors and inductors).

The efficiency of a power converter will be cabield as follows:

Poout — E losses
— put
n= 5 E 111.65

input

Our objective in this part only is to give an id®athe reader of our methodology estimate

losses. No calculation details are given.

IGBT conduction losses.
Only IGBT are considered in our study (they natyrabrresponds to the silicon switches T in

the different schemes of the proposed power coer®rtThe IGBT conduction losses are calculated

as in[Ralliers], [Turpin] :

Wiger cond :Vceo<| IGBT > + et | iGBT ms E 111.66

The mean and the rms current values can be easigrmdined thanks to expressions in

8Appendix I. The IGBT characteristics &y and iggr) are obtained from the datasheets as it is

illustrated in Figure 1ll. 65

400

le [A]

20 25 30 35

Vee [V]

Figure Ill. 65: IGBT characteristics.

IGBT switching losses.
The IGBT switching losses are calculated a&ialliers], [Turpin]:
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VVIGBTswitch = fs(Eon + Eoff) E 111.67

The most of the silicon switch makers proposabdir datasheets an estimate of the lost energy
during the switching phases (Eand Eg). Silicon switch makers usually give dissipatecrgy in

function of the commutated current as shown in feadli. 66. It is possible to obtain a polynomial
law that models the curves in Figure Ill. 66.

E [mJ]

I | | |
0 50 100 150 200 250 300 350 400
I [A]

Figure 1. 66: IGBT dissipated energy during switching phases.

Energy values are generally given for specific testditions. The previous expression has thus
to be modified:

V.

switch

WissT switch = fs(Eon(I IGBT on)+ Eoi (I IGBT off ))V— E 111.68

test

Diode conduction losses.

The diode conduction losses can be calculategsimiar way to the IGBT conduction losses:

Wd cond :Vceo<|d>+rd|drm5 E 111.69

The diode parameters have to be extracted fronditee datasheets. We here chose to use the

diode which is coupled with the IGBT by manufactarén the case (Be careful! “Case” means
“packaging of the switch” in this sentence).

Diode switching losses.

The diode switching losses are calculated in alaimiay to the IGBT switching losses:

Voi d
\NIGBT switch = fsErev(I Diodeoff) \?IO € E 111.70

test
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From Figure 1ll. 66 the dissipated recovery egyargn be estimated in test conditions. As in the

previous case, the loss expression has to be hedtipy a—2% coefficient in order to calculate the

test

losses in other switching conditions..

Diode and IGBT leakage losses.
These losses, which appear when the componentposaed be not conducting, are due the

imperfections. These losses are a priori weak. agalkcurrents can be obtained from the datasheets.

W

leakagelGBT :VT DleakageIGBT E .71

:VD D leakagediode E I11.72

W

leakagediode

Inductor losses
A detailed method to design an inductor is propose@Appendix IV. The design method
provides all the data, such as core volume and imgnequivalent resistor, needed for losses

estimation.

Iron losses.

Core losses (or iron losses) are energy lossestitalr in electrical transformers and inductors
using magnetic cores. The losses are due to atyasiemechanisms related to the fluctuating
magnetic field, such as eddy currents and hystepttenomena. Most of the energy is released as
heat, although some may appear as sound ("humfg [Geses do not include the losses due to the

electrical resistance in the conductors of the wmigsl

The usual way to estimate inductor core losses igse the charts supplied by magnetic core
makers (Figure lll. 67). These charts usually gmeximal induction and switching frequency
function and provide the volumetric loss estimati®hus, in order to obtain an estimate of the total

iron losses, the total core volume should be miigtipby the obtained value.
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Figure lll. 67: Example of iron loss chart given ly magnetic core makers .
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Copper losses.
The copper losses are often used to explain the prealuced by electrical currents in the
windings of inductors of transformers, or otherceieal devices. In addition of the well-known

conduction losses, the copper losses can alsd fesulinduced currents in adjacent components.

The expression of the copper losses is givemnlin73:

— 2
WLcopper - Rwindingl Lrms E 111.73

Capacitors losses
The capacitor losses will be here estimated thamltke equivalent resistance, which is usually
available in the datasheets. The expression afd@pacitor losses is given lll.74:

W, =R.1¢ E 11174

Crms

[11.4.2 Weight model

Due to the studied transportation applicationsitmandatory to estimate the power converter
weight. Estimating the weight of the power converie not an easy task. There are many components
whose weight is difficult to estimate. Thereforee toroposed model does not pretend to be an exact
calculation. It has to be seen just as an estimatiml that will evaluate the weight of power
converters in the same conditions. The model wapgsed by Jean-Philippe Besnard, engineer with
THALES AES, member of the CELINA project.

Inductor weight model

The estimated inductor weight is the addition ehicore and cupper weights. The iron core
weight can be obtained directly from the core datats. The copper weight can be easily calculated

by just multiplying the total cupper length by thige section and by the copper density.
Silicon switches model

The estimated weight of the silicon switches islgasiculated by multiplying the total number

of IGBT-diodes cases by the weight of a single addained from the datasheets.
Heat sink weight model

First of all, the heat sink thermal resistarg; that dissipates all the silicon losses must be

calculated. This calculation is based on the themualel presented in Figure Ill. 68
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Figure 1ll. 68: Heat sink thermal model.

The thermal resistance can be calculated thantketfollowing expression:

R = S E Il.75
Z(\NIGBTn +Wdioden) .
n=1
with:
Th :Tc - MIGBTn +Wdi0den) Rth c-h E 111.76
and:
T, = ma)‘NMGBTan j-c IGBT)' Mdioden Rih j-c diode” E IL77

According to Jean-Philippe Besnard’'s estimatiohs,weight of a heat sink ventilated with a 6

m/s air flow follows the fitted law with the therinasistance:

-1.445
Weight, = 0.7178[%3) E .78

Bus Bar weight

According to Jean-Philippe Besnard’s estimation,lihis bar weight can be estimated as follows:

. 133
Welght:usbar = T Ny 1T NYybranches E 179
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Capacitor weight
The capacitor weight can be obtained from the Hatats.
Converter total weight

The converter total weight is the addition of &k tcalculated weights multiplied by 1.35. This
factor is based on the experience of Jean-PhiliBpsnard: it takes into account the concrete

implementation and packaging.

Weight. s = 135[{Weight, +Weight,,., + Weight +Weight. +Weight,,) E 11.80

[11.4.3 Library of components for power converters

All the models of losses depend on the componédrasacteristics. Thus a library of components

was generated based on the datasheets of the seda@mponent manufacturers.

The chosen silicon switches are the BSM family fiePEC[EUPEC]. According to EUPEC
datasheets, this family belongs to a Low Loss IG&dhnology. In this family, two different voltage
ranges were chosen: 1200V and 600V. Maximal voltagmsed to the silicon switches in the Boost
converter will be 270V: a 600V switch seems a adrighoice. Nevertheless, the Buck and Buck-

Boost converters will have to withstand bigger agéts: the 1200V range seems to be well suited.

Both 600V and 1200V IGBT families can withstandreunts between 50A and 300A, depending
on the chosen switch. The maximal current throdghdilicon switch determines the current switch.
The chosen switch, for security reasons, must be #b withstand twice the maximal expected
current. If it is not possible to find a switch tvithese characteristics, several switches will laeqal

in parallel in order to reach twice the sizing emtrvalue.

The selected magnetic cores are the Kool Mu E-chrmea MAGNETICS [Magnetics]. This
core family is made of a ferrous alloy powder, whaffers low losses at elevated temperature. Kool
Mu E-cores have a distributed air-gap which makestideally suited for power converter inductors,
Flyback transformers, and power factor correctieurthermore Kool Mu E-cores are competitively
priced compared to gapped ferrite E-cores, andr tbetributed air-gap eliminate air-gap loss
problems associated with ferrites. Kool Mu E-conese significantly lower losses and substantially

better thermal properties compared to powder ir@oies.

[11.4.4 Discussion about the sizing of interleavegower converters

The number of interleaved branches and the swigchiequency of the silicon switches are
important parameters that will fix the efficiencydaweight of the power converter. On the one hand,

important switching frequencies will make increasgtching losses and inductor losses. On the other
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hand, inductances will be smaller and this may &eofable in terms of weight and volume.
Something similar happens with the number of ietered branches: the stored energy is reduced with
the number of interleaved branches, but the cumppte is increased at the same time, and thus the

current RMS value (present in all expressions s$és).

In order to obtain an optimized power converter &mekvaluate the sensibility of weight and
efficiency to both parameters, a sweeping for téching frequency and the number of parallel
branches is proposed. Efficiency and weight resartspresented in Figure Ill. 69 and in Figure Il
70. The assumptions are the following: the minifo@l cell voltage value is 70V and the nominal
power is 20 kW. Our reflections will thus be illteied with the classical Boost converter topology

Figure IllI. 24.
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Figure 1. 70: Power converter weight surface.

Analyzing results from Figure Ill. 69 and Figuré [0, it is possible to conclude that:

* Interleaved power converters with a branch numioevel than 3 and a switching

frequency lower than 8 kHz and higher than 20 kifz @ot optimized in terms of

efficiency and weight.
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» Interleaved converters with a higher branches nurmbé do not present the best weight
ratio.

Thus, the chosen switching frequency for these Boosverter requirements could be between
10 kHz and 20 kHz.

Furthermore, it seems that 4-5 interleaved brandees. good compromise between the
interleaving advantages and the implementatioricditfy and the cost of the power converter (the
implementation difficulty and the cost increasehwihe number of interleaved branches: sensors,
control circuits...). According to THALES AES, a biggnumber of interleaved branches will

excessively complicate the conception of the paoaverter.

Nevertheless, the choices of the switching frequemdl the number of interleaved branches will
remain arbitrary choices because it is not the squatity which optimizes the power converter in
terms of weight and efficiency.

The selected range of frequencies (10kHz - 20khiz) the number of interleaved branches (4
branches) lead to the following loss and weightritistions presented in Figure Ill. 71 and Figuie |
72.

Converter loss distribution
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Figure Ill. 71: Converter loss distribution according to switching frequency (n = 4, 20kW, 70V).
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Figure 1. 72: Converter weight distribution according to switching frequency (n = 4, 20kW, 70V).
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Thanks to the sweeping achieved for both paramdtarmber of interleaved branches and
switching frequency), it is possible to observe dliféerent evolutions of the modeled losses of the
power converter. Some of them are shown in Figlr&3.
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Diode conmutation losses
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Figure 1. 73: Evolution of the different power converter losses with the number of interleaved

branches and the switching frequency.

Some conclusions after the analysis of Figure7Blcan be achieved.

The rise of the switching frequency will generatipke increase switching losses and iron losses,
and decrease copper losses and will not affectumiimoh losses. The inductor losses (iron and cgpper

present a big discontinuity around 8 — 12 kHz duthé change of the iron core range.
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The number of interleaved branches will make gdlyeraduce inductor losses. On the other
hand, the effect of the number of interleaved bnascon the silicon switches seems much more
difficult to determine. Indeed, the number of ilaved branches will make vary the current flow
through the silicon switches. This will make chatige current range of silicon switches. Thus, is th

case, the evolution of losses becomes a discret#gon depending on the library of silicon switches.

However, the power converter sizing will stronglpend on the power converter requirements.
The same number of interleaved branches will notheeoptimized number at any power range. In
order to prove this affirmation, the evolutionsgibbal losses and the estimated weight have been
plotted in Figure lll. 74 and Figure lll. 75 forvaral output powers and for different numbers of
interleaved branches. The chosen frequency wa$i15 k

Converter total losses (W) Converter total weight (kg)
3000 T T T T

2500

5 35 33

FRE] El >
W
NG s wN

T

535 o

IRl
©® N O U A WN

1 2 3 4 5 6 1 2 3 4 5 6

1kW - 25kW - 5kW - 10kW - 20 kW - 30 kW 1KW - 25kW - 5kW - 10kW - 20kW - 30 kW
Figure Ill. 74: Loss evolution according to Figure Ill. 75: Weight evolution according
the output power and the number of interleaved to the output power and the number of
branches (f=15kHz). interleaved branches (=15kHz).

Anyway, as already said, the choice of an optiminediber of interleaved branches is an
arbitrary choice. Nevertheless, looking at Figuile 74 and Figure Ill. 75a number of 3 or 4
interleaved branches seems to be an adequate choioe power requirements below 20 kW. This
number presents a good compromise between the mmmeerter efficiency and the power converter
weight. For 20 kW or higher power requirements, a number of5 or 6 interleaved branches
seems to be the best compromise between the coneerefficiency and the converter weight.
Indeed, higher branch number leads to better effy, but nevertheless, the power converter is
penalized in terms of weight.

Nevertheless, the choice of an adequate switchiaguéncy and an adequate number of
interleaved branches remains a complex problen,dig@ends on the specific mission requirements.

In Chapter 1V, the global system optimization probem is fully detailed, and obviously the
converter optimization is treated.
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[11.4.5 Branch switching-off technique effect on tke power converter efficiency

In previous paragraphs, optimized numbers of ieteréd branches and switching frequencies
have been determined considering the weight ancetii@ency of the power converter for a large
power range but for the minimal input voltage.

In 8 111.2.3, it has been explained that interleaved eowonverters risk to reach easily the
discontinuous mode, and thus, to meet problems thighpower converter control. In order to solve
these problems, a branch switching-off technique waposed. In Figure Ill. 76, it is shown the
number of active branches in function of the inpaltage and the load power for a Boost power
converter. This method seems to solve the powevarter control, but nevertheless, the effect of the

proposed technique on the power converter effggidras not been determined yet.

%10 Active Branches

4 branches

2 branches

2 branches

1 branch

a0 mo 1200 1400 8D 1800 2000 Z0 240
Input woltage (V)

Figure lll. 76: Chart of the active branches accordhg to the input voltage and the load power

for a 4-branch 20kW Boost power converter.

For the study of this effect on the efficiency oterleaved power converters, all losses and
efficiencies will be calculated for all the possitdperation points for the 4 power converters with
interleaved branches: the 4-branch Boost convdtter4-branch Buck converter, the 4-branch Buck-

Boost converter, the 4-branch non-reverser BucksBuaoltage.
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Figure 1. 77: Evaluated 4-branch power converters

The assumptions for these four evaluated powerentens:
* The switching frequency is fixed: 20kHz
* The load power range will be swept from 500W to\&0k

Note to the reader Be careful with all the following figures becausehe order for the axes is

not always the same one. Sometimes (particularly fahe “input voltage” axis), the axis scale is
graduated with decreasing values whereas with incesing values in most cases. All these choices

are justified by the will to offer the most readabgé 3-D view.

[11.4.5.1 Effect on a 4-branch BOOST converter (Figire lll. 77- a)

The calculations of the power converter efficiefioly load power and input voltage sweepings
are plotted in the 3-D surface shown in FigureB. The input voltage range is swept from 70V to
250V.
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Figure 1ll. 78: Power converter efficiency accordng to the load power and the input voltage

(4-branch Boost converter).

Looking at Figure lll. 78, it is possible to obserVtraces” or “steps” due to the branch
switching-off technique on the converter efficiensprface. Four small “steps” (for better
appreciation, see the red part of the surface)oeacounted on the efficiency surface. Each “step” i
caused by a branch switching-off. Notice the sintijaof the “steps” with the four areas shown in
Figure lll. 76. Thusthe branch switching-off technique does not damagie converter efficiency.
Furthermore, this technique will lightly improve (because it is a positive “stepthe converter
efficiency. In the following lines, all surfaces of the difett estimated losses within the power

converter are plotted in order to better analyzé anderstand the branch switching-off technique
effect on the power converter efficiency.
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Figure lll. 79: IGBT switching losses Figure I1l. 80: IGBT conduction losses
according to the load power and the input voltage according to the load power and the input voltage
(4-branch Boost converter). (4-branch Boost converter).

Figure 11l. 79 and Figure IIl. 80 show the surfacéshe IGBT switching and conduction losses
according to the load power and the input voltaldes branch switching-off technique seems to be
advantageous for the IGBT switching losses. Afteranch switching-off, IGBT switching losses are

considerably reduced. In the other hand, IGBT cetidn losses are lightly increased after a branch
switching-off.
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Diode switching losses Diode conduction losses
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Figure Ill. 81: Diode switching losses Figure l1l. 82: Diode conduction losses
according to the load power and the input voltage according to the load power and the input voltage

(4-branch Boost converter). (4-branch Boost converter).

The same conclusions can be obtained concernindidke losses (Figure lll. 81 and Figure llI.
82). Switching losses will decrease when an braisclswitched-off and conducting losses will
increase. Nevertheless, it seems that the pogffeet on the switching losses is much more imptrta

than the negative effect on the conduction losses.

Inductor cupper losses

Inductor iron losses

Losses (W)
B 8 8

a8

100
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Paower (W)
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Figure Ill. 83: Inductor copper losses Figure 1ll. 84: Inductor iron losses
according to the load power and the input voltage according to the load power and the input voltage
(4-branch Boost converter). (4-branch Boost converter).

Inductor copper losses will also increase if thenbar of active branches decreases. Nevertheless
inductor iron losses present apparently a realgniBcant variation with the number of active
interleaved branches. This is easy to explain sawn losses depend mainly on the switching
frequencyfs the current rippledi and the number of interleaved branchg8lll.4.1). As f; and4i do
not depend on the number of active branches or poakr, iron losses must decrease if a branch is
switched-off. It should be also noticed that irmsdes are the only losses that do not reach their
maximal value at the minimal input voltage. Accoglio Figure lll. 11, the maximal current ripple is
obtained with a duty cycle equal to 0.5. Thus, tteximal value of iron losses will be obtained at

135V or which is the same with a 0.5 duty cycle.
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Conclusion all the RMS values of the different currents wilkrease more and less lightly if the
number of active branches decreases. Neverthédes$GBT and diode switching losses and the
inductor iron losses will considerably decreasthé number of active branches decreases. Therefore,
all extra losses created by the branch switchifidemhnique will be more and less compensated and

even it seems that is possible to improve the atewefficiency.

[11.4.5.2 Effect on a 4-branch Buck converter (Figue Ill. 77- b)
Similarly to the Boost converter case, the caldoihet of the power converter efficiency for load
power and input voltage sweepings are plotted én3D surface shown in Figure Ill. 85. The input

voltage range is swept from 320V to 400V.

340
360 Inowt
valtage (V)

Figure 1ll. 85: Power converter efficiency accordirg to the load power and the input voltage

(4-branch Buck converter).

As in the Boost converter case, the branch switebiih technique seems to have a positive
influence on the converter efficiency. Neverthelébe efficiency decreases with high input voltage.

This can be explained with a finer look at the atioh of the different losses.
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Figure lll. 86: IGBT switching losses Figure Ill. 87: IGBT conduction losses
according to the load power and the input voltage according to the load power and the input voltage
(4-branch Buck converter). (4-branch Buck converter).

IGBT switching losses also decrease if a branckwisched-off. Furthermore and contrarily to
the Boost converter case, IGBT switching lossesegme with the input voltage because the switching
voltage is equal to the input voltage. For the emtidn losses, the branch switching-off technique
effect do not seem to be very important: the cotidadosses will lightly increase. Let us recalath

the conduction losses decrease with the rise ot voltage because the currents flowing through
the silicon switches have lower RMS values and nvedues.

Diode switching losses Diode conduction losses

360

Frequency (Hz) 05 320

05
Input valtage (V) Pawer (W) 0

Input voltage (v}
Figure 1ll. 88: Diode switching losses Figure lll. 89: Diode conduction losses
according to the load power and the input voltage according to the load power and the input voltage
(4-branch Buck converter). (4-branch Buck converter).

The branch switching-off technique effect on theddi losses is not significant. Diode
conduction losses, contrarily to the IGBT conduttiosses, increase with the input voltage decrease

because the RMS values and mean values of cuinenésse (they are dependent of the duty cycle).
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Inductor cupper losses Inductor iron losses
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Figure 1l1. 90: Inductor copper losses Figure Ill. 91: Inductor iron losses
according to the load power and the input voltage according to the load power and the input voltage

(4-branch Buck converter). (4-branch Buck converter).

Inductor copper losses will lightly increase if tmamber of active interleaved branches
decreases. Nevertheless, inductor iron lossesmirapparently a really significant variation withet
number of active interleaved branches. The explamas similar to the Boost converter case. Indeed
iron losses do not depend on load power. Thushdfrtumber of branches decreases, losses must
decrease. Furthermore losses increase with the igiiage because the current ripgleincreases

with this voltage.

Conclusion the results obtained for the 4-branch Buck cowveare quite similar to the ones
obtained for the 4-branch Boost converter. Thedhmaswitching-off technique seems to be favorable
in terms of global efficiency. Nevertheless, it epps thatin order to obtain a performing

converter, it is interesting to design a fuel cethat supplies a voltage close to 270V.

[11.4.5.3 Effect on a 4-branch Buck-Boost convertefFigure Ill. 77- c)
Similarly to the Boost converter case, the caldohet of the power converter efficiency for load
power and input voltage sweepings are plotted én3b surface shown in Figure Ill. 92. The input

voltage range is swept from 70V to 250V.

Conwerter Efficiency
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Efficiency (%)
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Figure 1. 92: Power converter efficiency accordirg to the load power and the input (4-branch

Buck-Boost converter).



Power Converter Design -179 -

As in the Boost converter case, the branch switshiih technique seems to have a positive
influence on the converter efficiency. Neverthelaghe efficiency is much lower than in the Boost
converter case. This can be easily explained bedtescurrents that flow through the silicon swégh
and the passive elements are much more important ith the Boost converter case; and thus the
efficiency will be highly deteriorated.

In the next figures, it is possible to observe #welution of the different losses for all the

possible operating points. Conclusions similah Boost converter and Buck converter cases can be
drawn.

IGET switching losses IGBT conduction losses

Losses (W)

Input \
voltage (V) 150

05
Pawer (W) e Inut valtage (V)

Power (¥v)
Figure Ill. 93: IGBT switching losses Figure 1ll. 94: IGBT conduction losses
according to the load power and the input voltage according to the load power and the input voltage
(4-branch Buck-Boost converter). (4-branch Buck-Boost converter).
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Figure 1ll. 95: Diode switching losses Figure lll. 96: Diode conduction losses
according to the load power and the input according to the load power and the input voltage

voltage(4-branch Buck-Boost converter). (4-branch Buck-Boost converter).
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Figure 111. 97: Inductor copper losses Figure 111. 98: Inductor iron losses
according to the load power and the input voltage according to the load power and the input voltage
(4-branch Buck-Boost converter). (4-branch Buck-Boost converter).

[11.4.5.4 Effect on a non-reverser 4-branch Buck-Bost converter (Figure Ill. 77 - ¢)
Similarly to the Boost converter case, the caldoihet of the power converter efficiency for load

power and input voltage sweepings are plotted en3D surface shown in Figure Ill. 99. The input
voltage range is swept from 70V to 400V.

Converter Efficiency

=]
@
&

08 ..

Efficiency (%)

Pawer (W)
150

sy 200

300
30 Input voltage ()

Figure 11l. 99: Power converter efficiency accordirg to the load power and the input voltage

(4-branch non-reverser Buck-Boost converter).
As expected, the generated efficiency surfacenixebetween the Boost converter and the Buck

converter surfaces. It is also important to obsexv@aximum efficiency point corresponding to a

270V input voltage. Indeed, for this input voltagee converter is in a freewheel operating modd, an
thus, there are no switching and inductor irondess

As in all previous cases, the branch switching-otechnique improves the power converter
efficiency. The evolution of the different losses can be okesin the following figures..
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Figure 1ll. 100: IGBT switching losses Figure 1ll. 101: IGBT conduction losses

according to the load power and the input voltage according to the load power and the input voltage
(4-branch non-reverser Buck-Boost converter).  (4-branch non-reverser Buck-Boost converter).
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Figure lll. 102: Diode switching losses Figure lll. 103: Diode conduction losses

according to the load power and the input voltage according to the load power and the input voltage

(4-branch non-reverser Buck-Boost converter).  (4-branch non-reverser Buck-Boost converter).
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Figure Ill. 104: Inductor copper losses Figure Ill. 105: Inductor iron losses

according to the load power and the input voltage according to the load power and the input voltage

(4-branch non-reverser Buck-Boost converter).  (4-branch non-reverser Buck-Boost converter).
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[11.4.6 Evaluation of non insulated power convertertopologies with interleaved

branches for the AIRBUS requirements

[11.4.6.1 Power converter topologies proposed forhis evaluation.

According to the output voltage delivered by tbelfcell (data not fixed by the requirements)
(Figure lIl. 2), three different topologies of poweonverters are proposed to carry out the Airbus
requirements. All these topologies are based onptrallel association of two elementary power

converters (which can be themselves achieved byl@&atved parallel branches!):

* One power converter (Boost, Buck or Non-reverseckBBioost depending on the input

voltage) makes the +270V.
* One Buck-Boost converter makes the -270V.

Our objective here is to give global tendencigdliese three proposed topologies, not to design
each topology. Therefore, the three power convéoologies will be compared in terms of weight

and efficiencyfor a given example

Airbus requirements fix the mean load power appnately at 40kW (plus ultracapacitor branch
losses). Due to the structure of the proposed poaeverters, the load power will be equally shared
between the two elementary power converters. Toerefeach power converter will treat

approximately 20 kW plus half of the ultracapachoanch losses (if it is the case) as maximal power

For each proposed topology, the efficiency willdagial to:

/7=%(/7a+/7b) E 111.81

with 17, andr, the efficiencies of the two elementary power caters (which can be themselves

achieved by interleaved parallel branches!) astedtim parallel in the topology.

The study achieved in [§.4.4 proved the importance of a correct choioéshe number of the
interleaved parallel branches and of the switcliiaguency of the silicon switches. These choices ar
not independent, and will depend on the globalesystonditions: particularly the power that flows
through the power converter that, itself, will degeon the chosen fuel cell siZghis sizing problem
will be detailed in the next chapter IV. Thus, forthe following evaluations, arbitrary number of
interleaved branches and switching frequency werehosen (not optimized!):the chosen branch

interleaved number is 4 and the chosen switchiaguency is 20kHz.

In the previous part §1.4.5, we studied the influence of the branchtshing-off technique on

the parallel association of elementary power caever(Boost converter, Buck converter, Buck-Boost
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converter, Non-reverser Buck-Boost converter). &the case, four branches of elementary power

converters were interleaved.

In the following part, these 4-branch power cormestare now associated “two by two” in

parallel in order to deliver th#270V DC bus required by AIRBUS:

* 4-branch Boost converter with 4-branch Buck-Boastverter: this association will be

called ‘Boost topology in the following (Figure Ill. 106-a).

* 4-branch Buck converter with 4-branch Buck-Boostveater: this association will be

called ‘Buck topology’ in the following (Figure Ill. 106-b).

* 4-branch non-reverser Buck-Boost converter withrahbh Buck-Boost converter: this

association will be calledBuck-Boost topology in the following (Figure Ill. 106-c).

Lew o col s270v
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Figure 1. 106: Evaluated power converters for AIRBUS requirements.

Note to the reader As in the previous part,be careful with all the following figures because
the order for the axes is not always the same on&ometimes (particularly for the “input
voltage” axis), the axis scale is graduated with deeasing values whereas with increasing values

in most cases. All these choices are justified blge will to offer the most readable 3-D view.

[11.4.6.2 Evaluation of the Boost topology for theAIRBUS requirement.

The evaluated scheme is drawn in Figure lll. 108has topology is well adapted if the voltage
supplied by the fuel cell is inferior to 270V. Tledficiency surfaces were calculated for an input
voltage variation between 70V and 270V.

Corwerter Efficiency

260
2

0
Power (W) 2 Input voltage (V)

Figure 1ll. 107: Boost topology efficiency surfaceaccording to the load power and the input voltage.

Figure Ill. 107 shows the efficiency surface foe tBoost topology for the AIRBUS requirement.
On this surface, it is possible to distinguish tls¢eps” produced by the branch switching-off

technique. In order to better analyze the globadddopology efficiency, the efficiency surfaces of
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the “4-branch Boost part” and of the “4-branch Bidost part” are plotted in Figure Ill. 108 and in
Figure Ill. 109.

Converter Efficiency Buck-Boost Converter Efficiancy
s e

Efficiency (%)
Efficiency (%)

Power (4) L Input voltage (V) Power (W) L Input voltage (V)
Figure Ill. 108: Efficiency surface of the Figure lll. 109: Efficiency surface of the
“4-branch Boost part” according to the load “4-branch Buck-Boost part” according to the
power and the input voltage. load power and the input voltage.

The “4-branch Buck-Boost part” presents a worsécieficy surface. This result is logical,
because the “Buck-Boost part” will have to handlEgher current than the “Boost part” for identical

powers. The losses being strongly dependent ormuvalues, high current values will create higher
losses and worse efficiencies.

The branch switching-off technique effects are olmae on both efficiency surfaces: both
surfaces present light “steps”. Nevertheless tliecefs positive: the “steps” in the efficiencyear
indeed always positive. But both surfaces do nets@mt the same kind of “steps” because the
discontinuous conduction modes are different f@hezonverter part. In Figure Ill. 110 and Figure I

111, the chart of the active branches is giverb@ih converter parts.
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Figure 1ll. 110: Chart of the active branches Figure lll. 111: Chart of the active branches
according to the irput voltage and the load power according to the input voltage and the load power

for the “4-branch Boost part”. for the “4-branch Buck-Boost part”..

Figure Ill. 112 and Figure Ill. 113 respectivehosy the distribution of the losses and the weight
distribution for each part of the Boost topologheTlosses were evaluated at the maximal power and

the minimal input voltage (40kW and 70V).

Converter loss distribution Corverter weight dstribution
T T T
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Figure 1ll. 112: Loss distribution according to the  Figure Ill. 113: Weight distribution according to
part of the global Boost topology (40kW, 70V). the part of the global Boost topology.

As predicted, losses in the “4-branch Buck-Boost’mae more important than in the “4-branch
Boost part”. Thus, the weight “Buck-Boost part” Mike higher than the weight of the “Boost part”.
The great difference between both parts concemsswitching losses. This is due to the different
switched voltages by the silicon switches. Indefed, the “Boost part”, they will switch with a
maximum voltage of 270V (= the output voltage). tha other hand, for the “Buck-Boost part”, the
silicon switches will switch with a voltage equalthe sum of the input voltage and the output galta
(almost 600 V if the start-up phase is consider2@D0OV IGBTs must be used instead 600V IGBTs
for the “Boost part”. The 1200V IGBTs have highevritshing losses than 600V IGBTs which are

faster.
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Finally, the summary of evaluated performancesafoinput voltage of 70V (the worst case!) is

given by the following table:

Power | 40 kW Minimal input voltage | 70 V
Global Efficiency | 89.3 % Global weight | 54.9 kg
Boost part efficiency | 93.2 % Boost part weight | 21.6 kg
Buck-Boost part efficiency | 85.7 % Buck-Boost part weight | 33.2 kg

Table 1ll. 2: Worst case of Boost topology sizingdr the AIRBUS requirements.

[11.4.6.3 Evaluation of the Buck topology for the ARBUS requirement.
The evaluated scheme is drawn in Figure 1ll. 106Th)s topology is well adapted if the voltage
supplied by the fuel cell is superior to 270V. stillustration, the efficiency surfaces were cédted

for an input voltage variation between 300V and\400

Figure lll. 114 shows the efficiency surface foe BBuck topology for the AIRBUS requirement..
The ‘steps’ created by the branch switching-ofthtéque are always positive improving the power
converter efficiency. In order to better analyze tilobal Boost topology efficiency, the efficiency
surfaces of the “4-branch Buck part” and of thebtdnch Buck-Boost part” are plotted in Figure lIl.
115 and in Figure lll. 116.

! 15 2 2
. 25 3 35
10 Power (W)

Figure lll. 114: Buck topology efficiency surface acording to the load power and the input voltage.

Identically to the previous case, the “Buck-Booatthpresents a worse efficiency surface than

the “Buck part”. The reasons are similar to thevjmmes case.
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Figure 1ll. 115: Efficiency surface of the Figure 1. 116: Efficiency surface of the
“4-branch Buck part” according to the load “4-branch Buck-Boost part” according to the
power and the input voltage. load power and the input voltage.

Due to the branch switching-off technique, bothfaees present ‘efficiency steps’, nevertheless
the effect is positive because these ‘steps’ amaya positive. The effect is much more aggressive
than previously for the ‘Buck-Boost part’. Neveldss, the effect of the branch switching-off

technique always improves the global efficiency.

Both surfaces do not present the same kind of sstbpcause of different discontinuous

conduction modes (Figure 1ll. 117 and Figure 18).

<10t Active Branches w10t Active Branches

o branches
4 branches

£
1
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nput voltage (V) Input voltage (v)
Figure Ill. 117: Chart of the active branches Figure lll. 118: Chart of the active branches
according to the input voltage and the load power according to the input voltage and the load power
for the “4-branch Buck part”.. for the “4-branch Buck-Boost part”..

Figure Ill. 119 and Figure 1ll. 120 respectivelyoshthe distribution of the losses and the weight
distribution for each part of the Buck topology.eTlosses were evaluated at the maximal power and

the minimal input voltage (40 kW and 300V).
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Corverter loss datribution Corverter weight distribution
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Figure 11l. 119: Loss distribution according to the  Figure Ill. 120: Weight distribution according to
part of the global Boost topology (40kW; 300V). the part of the global Boost topology.

As in the previous case, losses in the “4-branctkERpost part” are more important than in the
“4-branch Buck part”.. It should be noticed theairefficiency obtained by the “Buck part”. Thusgth
“Buck-Boost part” weight will be higher than the 6Bst part” weight.

Finally, the summary of evaluated performancesafomput voltage of 300V (the worst case!) is

given by the following table:

Power | 40 kW Minimal input voltage | 300 V
Global Efficiency | 93.51 % Global weight | 41.5 kg
Buck part efficiency | 97.40 % Buck part weight | 16.0 kg
Buck-Boost part efficiency | 89.61 % Buck-Boost part weight | 25.5 kg

Table Ill. 3: Worst case of Buck topology sizing fothe AIRBUS requirements.

[11.4.6.4 Evaluation of the Buck-Boost topology forthe AIRBUS requirement.
The evaluated scheme is drawn in Figure lll. 106Tbjs topology is well adapted if the voltage
supplied by the fuel cell varies between lower higher voltage values than 270V. In this illusiati

the efficiency surfaces were calculated for an inmltage variation between 70V and 370V.
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Figure 1ll. 121: Buck-Boost topology efficiency suface according to the load power and the input

voltage.

It should be noticed that this Buck-Boost topolampuld operate in all the identified areas in

8ll.1. Nevertheless, the topology is composed dhigher number of silicon switches than both

previous topologies; that necessarily leads to vefficiencies.

Figure Ill. 122 and Figure lll. 123 show the eféiocy surfaces of the “4-branch non-reverser
Buck-Boost part” and of the “4-branch Buck-Boositpa

Buck-Boost non-reverser Converter Efficinecy
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Figure lll. 122: Efficiency surface of the Figure Ill. 123: Efficiency surface of the
“4-branch non-reverser Buck-Boost part” “4-branch Buck-Boost part” according to the
according to the load power and the input load power and the input voltage.

voltage.

For better comprehension of the efficiency surfates charts of active branches are plotted in
Figure Ill. 124 and in Figure Ill. 125
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Figure 1ll. 124: Chart of the active branches Figure Ill. 125: Chart of the active branches
according to the input voltage and the load power according to the input voltage and the load power
for the “4-branch non-reverser Buck-Boost for the “4-branch Buck-Boost part”..
part”.

Figure Ill. 126 and Figure lll. 127 respectivelyoshthe distribution of the losses and the weight
distribution for each part of the Buck-Boost tomploThe losses were evaluated at the maximal power
and the minimal input voltage (40 kW and 70V).

Conmerter loss distribution Converter weight dstrbution
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Figure 1ll. 126: Loss distribution according Figure 1ll. 127: Weight distribution
to the part of the global Boost topology (40kW according to the part of the global Boost

70V). topology.

Evaluation results are similar to the Boost topglogse, however the “non-reverser Buck-Boost
part” results are lightly worse than the “Boosttpén the Boost topology) due to the bigger number

of silicon switches.

Finally, the summary of evaluated performancesafoinput voltage of 70V (the worst case!) is
given by the following table:
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Power | 40 kW Minimal input voltage | 70 V
Global Efficiency | 90.05 % Global weight | 64.7 kg
Non inverter Buck-Boost Non reverser Buck-Boost
o 91.32% ) 31.46 kg
efficiency weight
Buck-Boost efficiency | 88.79 % Buck-Boost weight | 33.28 kg

Table Ill. 4: Worst case of Buck-Boost topology sing for the AIRBUS requirements.
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111.5 Conclusion of chapter Il

In this chapter the design of a power converter dlcaomplish the Airbus DC electrical network
requirements was presented. That means to obtai@7%0V DC bus starting from just one fuel cell
stack. Therefore, two possible solutions were aersid: insulated converters and non insulated

converters.

Due to the important power that must be held bydbeverter, an interleaving technique was
presented as the best option in order to achiewel gower converter efficiency and good weight
ratio. Nevertheless, this technique present oni@ ohawback. Indeed, the inductor value reduction
can easily lead the power converter to operatehéndiscontinuous mode. This fact makes more

difficult the control of the power converter.

In order to solve this problem a branch switchifigtechnique was proposed. The idea consists
in switching off some branches in order to avoid reaching the dtsagous mode. The impact of this

technique in the power converter control and inglodal converter efficiency was also evaluated.

Concerning the power converter sizing two desigrniaides must be determined: the switching
frequency and the number of interleaved branchetedd, these two variables determines the power
converter weight and efficiency. Nevertheless, wesaer that it is most interesting to size the gow
converter considering all the system couplings anithe power converter interaction with the fudl ce
and the ultracapacitor systems. This can be easplained because our main goal is to minimize the
global system weight and gas consumption (and nigtthe power converter weight!). Therefore, in
next chapter a global system optimization tool Ww# implemented, including obviously the power

converter models developed in this chapter.






Chapter IV

Optimization study. Architecture comparisons

ue to the transportation application of the CELIg#Aoject, the designed fuel cell
system and its associated electrical network shbeldightweight, should present
high efficiency and the volume should be reducedmash as possible. In the
previous chapters, it was explained that in ordesite the fuel cell system, some
sizing criteria must be arbitrarily chosen. Thesteda will determine the global system mass, nodu
and efficiency. The main difficulty to determineetBizing criteria that lead to an optimized sizing
resides in the system complexity and in the coggliexisting between each subsystem. Indeed, a fuel
cell that operates at high current densities wélldmaller in terms of mass and volume compared to
one that operates with low current densities. Niedess, the high current density fuel cell will
consume more hydrogen than the one that operatldomi current densities. Thus, the global system
that operates with a “small” fuel cell can be heathan the one that operates with a “large” fgdll ¢
because the hydrogen mass is lower in the last ¢asesystem couplings make the global system
design a difficult issue.Furthermore, the number of optimized sizing cigtddesign variables) is
important in the CELINA project: an optimized capfration for the system cannot be achieved only

using,a priori, a sweeping of parameters.

The development of an optimization tool, that will nake it possible to compare the three

retained architectures, seems necessary in our case

-195 -
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Another difficulty in the CELINA project is that éhsystem should be optimized in terms of
mass, volume and energy efficiency. Generally,tliglight systems present small volumes. It seems
pertinent to affirm that optimizing the system émrhs of mass is equivalent to optimizing the system
in terms of volume. However, best efficiency sysdesme generally oversized, and therefore they are
not optimized in terms of mass. This involves timadss and efficiency are conflicting sizing

objectives:a multi-objective optimization problem should be stved.
Two different strategies could be applied in ordesolve this problem:

O Using standard one-objective optimization algorighrihat means optimizing the system
in terms of mass and efficiency independently. Theth ideal solutions can be found and
some intermediate compromises can be investigatexbimbining the different objectives
into a global quality function (typically with th&ggoal attainment method{Rao] for
instance). The main advantage of this strategydessin its simplicity (i.e. standard
optimization algorithms with one-objective formutat can be used) but its drawback is
related to the objective scalarization necessargggregate all objectives into the global

guality function.

O Using amulti-objective optimization algorithm that permits to obtain the global Pareto-
optimal front (8V.1.2). This approach leads to a collection of 1slmminated solutions.
Furthermore, it is possible to obtain some useiftdrmation about the evolution of the
design variables through the Pareto front thatdhbetter understand couplings between
design variables, constraints and objectives. Oa tither hand, the algorithm

implementation is much more complex and computat@sis can be become huge.

For the CELINA project, the second strategy was cheen This strategy was already
successfully applied for the design of a small witbine systenjAbdelli], of an electrical vehicle
[Régnier] [Tounsi], electrical drives[Kone] [Wurtz], and photovoltaic panelfSiegneurbieux].
Some researchers defend that this optimizationoagpr is a useful tool to design the electrical

engineering systenjSareni].
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V.1 Multi-objective optimization

IV.1.1 Optimization algorithms

According to the optimum point research operatiba,optimization methods can be classified in

two different classes.

IV.1.1.1 Deterministic methods
Given a particular input (initial exploration poiahd/or initial control parameters values), these
methods always produce the same path, coveringeirsame way to the same optimum. The search

for the optimum point always behaves predictabhisTamily can be divided into two subfamilies.
O Gradient search methods

The optimum research is oriented thanks to theutation of the partial derivatives of the
objective function. These strategies permit to cte¢asily the closest optimum. The steepest descent

Newton or quasi-Newton and Levenberg-Marquardt wattbelong to this familjRao].
The main drawbacks of these methods reside inallenfing points:
- The partial derivatives of the objective funatioeed to be computed.

- Local convergence is only guaranteed: in the cdisnultinodal problems, these methods tend to
localize a local optimum. In order to ensure thebgl convergence, the designer has to perform

several optimizations with different initial points

- These methods can be applied only to contingooklems. They are not suitable for problems

with discrete parameters.

However, gradient search optimization methods mtes@o main advantages. If an exact
expression of the partial derivatives is availabese methods converge easily and quifRiartz] .
Furthermore, in most cases, exact convergenceiaritan be used to stop the search of an optimal

point.
O Geometric or heuristic Methods

These methods only use the objective function walliaey explore the search space by making
consecutive tests and trying to find the best dimaes. Similarly to gradient search techniques,
convergence in geometric methods is local, but sbimss is better if the objective function is ndise
or discrete. The main drawback of these methotsei€omputation cost. Hooke and Jedv#zoke],

Nelder- Mead, Rosenbro¢Rosenbrock] and Powel[Powell] are geometrical methods.
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IV.1.1.2 Stochastic methods
Stochastic methods are based on random explorafitime search space thanks to probabilistic
transition rules. Thus, for different optimizatiproblems with the same initial conditions, stocitast
methods will not cover exactly the space solutionsrder to converge to the same optimum in each
optimization run. Genetic algorithms and Simula#dnealing are the most popular stochastic

optimization methods
O Genetic algorithms

Genetic algorithms are stochastic optimization meéshinspired by natural evolution and
genetics. They operate with a collection of can@idgolutions (i.e. the population of individuals),
randomly initialized in the search space. A fithesore (i.e. the objective function in the one-
objective case) measures the individual adaptatioalation to their environment. For each algarith
iteration (i.e. each generation), the populatiooheas thank to Darwinian and genetic operators,
typically selection, crossover, mutation and repiaent. Commonly the algorithms terminate when
either a maximum number of generations has beedupeal or a satisfactory fitness level has been

reached for the population.
The main advantages of genetic algorithms are:

- They can be applied to all kind of optimizatiomlplems (discrete, continuous or mixed variable

problems)
- Only the objective function has to be calculgeattial derivatives are not required)

- Discontinuities of the objective function do radtect the global convergence.

IV.1.2 Pareto-optimal front

Multi-objective optimization seeks to simultanegusiinimize n objectives where each of them
is a function of a vectaX of m parametersdecision variable®r design variables These parameters

may also be subject toinequality constraints, so that the optimizatioolgperm may be expressed as:

Minimize £ (X) = (f,(X), f,(X), -, f, (X))

subjectto g;(X)<0 fori=1.k ElV.-1

For this kind of problem, objectives typically cbaf with each other. Thus, in most cases, it is
impossible to obtain the global minimum at the sgromt for all objectives. Therefore, the problem
has no single optimal solution but a set of effitigolutions representing the best objective traftike-
These solutions consist of all design variable atscfor which the corresponding objective vectors
cannot be improved in any dimension without disiovement in another. They are known as Pareto-

optimal solutions in reference to the famous ecdapfRareto]. Mathematically, Pareto-optimality
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can be expressed in terms of Pareto dominance.idaonsvo vectorsX andY from the design

variable space. TheiX is said to dominat¥ if and only if:

Oi=in  f(X)< f(Y)

andj O1.n= f;(X) < f;(Y) EIV.2

All design variable vectors which are not dominadbgdany other vector of a given set are called
non-dominatedegarding this set. The design variable vectoas dine non-dominated over the entire
search space are Pareto-optimalutions and constitute theareto-optimal front We illustrate in
Figure IV. 1, the Pareto-dominance of any solufiomelative to a given solutiol in the objective

space, for a two dimensional cage?).

f, 4 |
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I
XandY are 1y dominates
equivalent 1
----------------- r 8
) Y . Xandy are
Xdominatesf' 1 oqivalent f,
[ »

Figure 1V. 1: Pareto-dominance — Two-objective mininization.

IVV.1.3 Multi-objective Genetic Algorithms

Since the mid-1990s, there has been a growingeisttén solving multi-objective problems by
Genetic Algorithms. Extensive research in thisdfiehs been carried out because of the GA capacity
to approximate the set of optimal trade-offs inirgle run by investigating multiple solutions in
parallel. More than 2000 papers related to thisct@re referenced in the Evolutionary Multi-
Objective Optimization (EMOO) websitEEMOO]. A classification of Multi-Objective Genetic
Algorithms (MOGA) is given in Figure IV. 2. MOGA apoaches can be divided into two groups
according to whether they exploit or not the conadpPareto dominance. Most efficient algorithms
are Elitist MOGAs associated with niching and ahuisty methods.

Multiobjective
Genetic Algorithms

Non Pareto

Selection by switching objectives | Crowding with Pareto ranking |

Aggregative selection | Non-elitist with fithess sharing |

Elitist with clustering |

Figure IV. 2: MOGA classification.
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Elitist MOGAs use an external population, namalghive, which preserves non-dominated
individuals in the population. In these algorithradjtness assignment procedure is generally used t
assess the individual adaptation as a function hefr t Pareto-dominance. At each generation,
individuals parentg selected from the archive (and/or from the pojpwtg are crossed and mutated
to create new individualsljildren). The population of children and the archive aerged to assess
the non-dominated set of the next generation. déf tbbmber of non-dominated individuals is higher
than the size of the archivechusteringmethod is used to preserve most representativticus and
eliminate others in order to keep a constant aechize. Note that a niching procedure is usedén th

selection process when competing individuals hagsardlar fithess or a similar Pareto ranking. The

skeleton of an Elitist MOGA is given in Figure I19.

archive uptdate + clustering (if necessary)
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1. selection from the archive
2. selection from the global population

Figure IV. 3: Structure of an Elitist MOGA (one step generation).
The characteristics of the most popular algoritiofrthis class are summarized in Table 1.

POPULARELITIST MOGAS

FITNESS

Niching Clusterin
ASSIGNMENT Scheme 9
PAES None . Based on a grid in Rand_om elimination _of non-dominated
Pareto ranking L individuals belonging to the most
PESA the objective space . :
tournaments populated region of the grid
SPEA Strenath Through fitness  Based on distances between individuals
SPEA2 9 assignment in the population
None Density estimation
NSGA-II Pareto ranking y Based ori-distance
(I-distance)
tournaments

Table IV. 1: Popular Elitist MOGAs.

IV.1.4 Description of the NSGA-II

We specifically present the second version of lwm-dominated Sorting Genetic Algorithm
(NSGA-II) which has been used to show the inteoddMOGAs. NSGA-II is based on the principles
previously given. It determines all successive tdn the population (the best front corresponding

the non-dominated set). Moreover, a crowding distacalledl-distance estimates the density of



Optimization Study. Architecture comparisons -201 -

solutions surrounding each individual on a giveanfr The computation of the I-distance is given by

the following pseudocode:

For each individual belonging to a frdRbf sizel =|F|
Set | (i)distance: 0

For each objective n

Sort individual of the fronE using thenth objective value
Set | (1)distance: I (I _1)distance: o

Fori=1to(l -1

_ o foi+D) - fo(i-2)
I (')distance_ I (')distance+ fn(l) _ fn (1)

wheref,(i) denotes the n-th objective relative to tikth individual of the frontF. Note that
implicit scalarization of the objectives is carriedt by normalizing thé-distance with the maximum
objective deviation. An example ofdistance computation is illustrated in Figure B/for a two

objective problem.
Thel-distance density estimator index is then usetérselection and the clustering procedures:

- in a tournament, if individuals belong to the safront, the selected one has the greater I-

distance.

- at the end of a generation, individuals of thebgl population (created children and archive
elements of the current generation) are sortedlation to their Pareto rank (i.e. the front thejong
to, the first front being composed of non-dominaitedividuals). Then individuals of each front are
resorted according their I-distance by giving prefice to individuals of greater I-distance (extreme
solutions of the front and isolated individualsindfly, the new archive is obtained by truncaticont
this widened population considering the previousssdt should be noted that one particularity rod t
NSGA-II resides in the fact that the archive isedsified since it can contain non-dominated
individuals as well as individuals of the successiominated fronts. Finally, we will implement the

NSGA-II with the self-adaptive recombination schemescribed iffSareni] to increase its robustness.

+ o0
17=50 | 50
50-35,4-2 _
. L, + 5" 0.5417
[
40 ® 40-25,6-3 _
L, + N 0.625
35
— = =
i” © 35—29A2 + MAl 0625
25 25-15,10-6 - o583
|78
20 L2
20-10,14-7 _yg33
15 L A, A,
(1)=10 f 10 o

0
0 2 4 6 8 10 12 14

Figure 1V. 4: Example of I-distance computations.
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IV.1.5 Design constraint handling in MOGAs

Some specificities of the real world problems reguhe adaptation of standard MOGAs to take
all design constraints into account. Contrary tothmmatical problems, constraints cannot be
simultaneously evaluated but have to be sequegntialhputed. For instance, it is obvious that ias
possible to determine constraints and objectiviega@ to a given system if one of its elementssialf
non-feasible. Consequently, for each problem, attaimt graph can be established characterizing the
couplings and the sequence of the design congriairthe system model. A constraint graph example
is given in Figure IV. 5 as an illustration. Notegat the constraint graph can be decomposed into
different levels to facilitate its analysis. Onlgnstraints belonging to the same level can be coedpu
in parallel. Note that objectives are also subjedhis representation and can figure in the cairstr

graph.
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Presimultating Postsimulating
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Figure 1V. 5: lllustration of the constraint graph concept.

In the example of Figure IV. 5, it can be seen thatobjectives are computable if the constraints
0. to gs are fulfilled, the last constraint being assessablparallel. The higher the number of levels in
the graph, the more difficult the problem. Furthere) in real world problems, constraints can be
divided into two groups according to whether thagtermination is done before or after the system
simulation (main cost in CPU time). On the one hgmé-simulating constraints are mainly “local”
relative to specific elements of the system orhmirtassociation in the system. On the other hand,

post-simulating constraints are essentially “gldlbahcerning the whole system.

As underlined before, the sequential computatiothefconstraints increases the difficulty of the
optimization problem. Violated constraints act alsaarier with regard to the optimization algorithm
which is in addition “blind” towards non-computallenstraints of the higher levels. In practice, whe
a constraing(X) cannot be computable (because it depends on andthated constraint at a lower
level in the graph), we chose to assign for itsugathe maximum penalty (death penalty) i.e.
g(X) = + . To take into account the design constraints in M@Ghe Pareto-dominance rule can be

modified as follows:

- If two individuals are non-feasible, the Paretovinance relative to these individuals is applied

in the constraint space.
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- If two individuals are feasible, the Pareto-doamioe relative to these individuals is applied in

the objective space.

- If one individual is feasible and the other neadible, the feasible individual dominates the

non-feasible individual.

In this manner, Pareto ranking tournaments betwawatividuals include the constraint
minimization as well as the objective minimizatidfote in the case of the NSGA-II, for non-feasible
individuals belonging to a given front in the comastt space, the computation of thdistance density
estimator is carried out in relation to all constta In this way, niching will occur in the twoffirent
spaces (i.e. constraint and objective spaces) atsity will be preserved to avoid premature

convergence.
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IVV.2 The Optimization problem

The Non-dominated Sorting Genetic Algorithm (NSQA-I[Deb] with self-adaptive
recombination[Sareni2] was in order to find the optimized sizing of theee proposed electrical
architectures. In the following lines, the optintiea problem of the architecture with two parallel
power converters is formulated. The optimizatioohpems of the two other architectures have a

similar formulation, but they are not developedehdue to space considerations.

IV.2.1 The design objectives

Two conflicting sizing objectives have to be optietd: the global system mass should be

minimized and the system efficiency should be méazeih

Nevertheless, and in order to facilitate the probfermulation, the hydrogen consumption will
replace the system efficiency. Indeed, the systgdndgen consumption is proportional to the system
efficiency. High efficiency system will reduce hggien consumption and vice versa. The hydrogen

consumption is given by:
N. rt
nH2=EIO|FC.dt EIV.3

Thus the first optimization objectivg Ehat must be integrated is thgdrogen consumption
F(X)=<n,, > EIV.4

The hydrogen consumption is calculated after subgithe system to the Airbus load profile

presented in Figure 1IV. 44. According to Airbusuigments, that is the most constraining mission.

The second optimization objective B thetotal system massThe fuel cell auxiliaries’ mass

was not considered. The system total mass is diyen
FZ(X):<MFC+MUC+MCV&C+MCVSSC+MH2> EIV.5

The masses are obtained as follows:
Fuel celt from the fuel cell mass model in.g.1.4[Davies]
Ultracapacitor. from the ultracapacitor datash@eliaxwell] (8 Appendix II)
Power converterfrom the power converter mass model il 8

Stored hydrogenThe hydrogen storage capability is fixed to 5%miass. This

means that in order to store 5kg of ld 100kg tank is needed. This information is
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obtained from[Air Liquide]. Air Liquide studied the optimum board hydrogen
pressure in a transportation application in theofean integrated project (EIHP2).

Figure IV. 6 shows the best results achieved is phoject.
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Figure IV. 6: Estimated System Masses To Store 40Kigydrogen At 20-100MPa. Source: Air Liquide

IV.2.2 The design variables

As explained in the previous chapters, some arlits&ing criteria determine the system size,
and consequently the system efficiency. Theseriziteill receive the name of “design variables” in
the optimization problem in order to respect theal@ptimization vocabulary. These design variables
are:

Power sharing
The chosen power sharing strategy will, “roughlyeagng”, determine the load power
distribution between the fuel cell and the ultra@for pack. As the frequential power sharing

strategy is chosen, the cut-off frequemcietermines the power sharing between both sources.

Fuel cell
The fuel cell mass is given by the fuel cell suefand the cell number. The stack surface is
determined thanks to the maximal admitted fuel calirent densityd rc max given by the fuel cell
makers. The cell number is given by the minimatagéV ¢ min that must be guaranteed during the

whole missionV rcmin andJec maxare the design variables related to the fuel tatks

Ultracapacitors
The number of elementary ultracapacitor cells ¥&®giby the maximal voltage valdg,c maxand
the maximal authorized discharge ratio. In thisecadue to efficiency reasor[Barrade], the
discharge ratio is limited up to 50 % of the auibed maximal voltage. Furthermore, the
ultracapacitor internal losses and the voltageerurrresponse are conditioned by the chosen
ultracapacitor technology. Therefore, an ultracdpadibrary was implemented in the model. This

library consists in 6 different ultracapacitorsAgpendix ).
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Energy management loop
In the chapter I, it was explained that the enargnagement loop is necessary for the system
correct operation. This loop compensates for th@aedpacitor internal losses, and depending on the
chosen loop values, determines the storage deiiee®hus the voltage referendgs and the gairc

are design variables related to the energy managdoup.

The voltage reference depends on the ultracapatiéiimal voltageVycmax IN order to avoid
this dependence, the voltage reference is transfbiinto a reference gak, that multiplied by the
ultracapacitor maximal voltage gives the voltagienence. Obviously this gain must be lower than

one. TheKy,s expression is given by:

VUC ref = KVref VUC max EIV.6

Power converters
The power converter efficiency and mass are dirdatked with the voltage supplied by the
concerned input source, the switching frequegcgnd the number of parallel elementary brancies
The architecture with the two parallel power cotees presents two different power converters whose
powers are not identical. Thus, it was decided thate are two design variables for the parallel
elementary branches: one related to the fuel amlivertern, ¢ and another one related to the
ultracapacitor power convertag yc. On the other hand, it was decided, in order ttuce the number

of design variables, to set the same switchinguieegy for both converters.

Table IV. 2 summarizes all the design variables, gires the evolution range for each variable.

These values were established after some preligngyatem simulations.

Design variables Type Range
Fuel cell minimal voltage Continuous SOV k¢ min < 400 Y]
Fuel cell current density Continuous @Trcmax<0.8 Plcn]
Filtering frequency Continuous 0.081<1 HiZ
Ultracapacitor maximal voltage Continuous BVuc max< 400 V]|
Ultracapacitor technology Discrete Library [1......... 6]
Energy management loop gain Continuous <WK5
Energy management loop reference voltage Continuous 0.75< Kyref=< 1
Interleaved converter branches FC Discrete <Ngrc<8
Interleaved converter branches UC Discrete <rguc=8
Switching frequency Continuous 8.001 < 25.000 HiZ]

Table IV. 2: Design variable for architectures withtwo parallel power converters.
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IV.2.3 The system constraints
In order to ensure the system feasibility, somanetogical constraints should be fulfilled.
Fuel cell constraints

Due to structural reasons and gas distribution Iprog, it is not possible to stack in series any
number of elementary cells. Indeed, nowadays tlebnmogical limit seems to be around 300
elementary cell§Hydrogenics][Ballard] . It is depending on fuel cell technology and stiblving.
Due to the futuristic frame of the CELINA projeand assuming a technological evolution during the
next years, this limit is extended up to 400 cdllsus, ifN is the number of elementary cells stacked

in series, this constraint could be formulatedodisivs:

g; =N -400<0 EIV.7

The fuel cell surface sets a similar problem. Imjele limitation is linked to current density and
temperature uniformity, and also to structural fation with mechanical pressing systems. Thus, and
projecting the study in a futuristic case, the fugl stack surface is limited to 2500 Trithe fuel cell

surface constraint could be defined as follows:

g, =S —2500=0 EIV.8

Power converter constraints

The power converters are formed by silicon switqisesniconductors), capacitors and inductors.
Therefore, libraries of inductor cores and silicwitches were implemented in the model. In some
cases, it is possible that there are no availdlides switches or cores in the model library. Thtie
MatLab sizing file (81V.2.5) automatically sends an error message amdstiution is not valid.

Therefore, there is no need to formulate any caimgtm the optimization problem.
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IV.2.4 Complete optimization problem formulation
The problem could be formulated as follows:

VEC min
JFC max
f

MUC max

. . . uc
Find a group of solutionsx™ ={

Ky,

ref

b FC

Nbuc
fS

that guarantees the simultaneous minintnatf

F Fl(x) =< nHz >
F,(X) :<MFC +Myc * Mg, * Moy, +MH2>

under the constraints

g, =N -400<0 andg, =S -2500<0.

IV.2.5 Optimization process

The global optimization process, including the NSGAptimization algorithm, the system

sizing iterative method and the system model, ésg@nted in Figure IV. 7.

Iterative sizing method

meFc=
Jnweg, . . .
f »
Vimaxue N
Genetic " > s
; uc ,| System System At
Algorithm Syizing Simyulation — criteria
il ?
NSGA-H K > Ruc N fulfilled ?
Ve ) "
Dy Cuc
> Yes
fo
Slcade MatLab Simulink

v

Technological
constraints

fulfilled ?

) 4

Validated resuts? ><—

Weight

Hydrogen consumption

Not valid solution ?

Figure IV. 7: Optimization tool schema.
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The next step is to set the NSGA-II control pararetThe aim is to ensure the optimization
convergence, and to obtain enough diversified swigtin the Pareto front. A population size of 40
seems an adequate population number permittingate fenough diversified results. Then, the

generation number that assures the optimizationezgence must now be determined.

A large generation number (800 generations) opétion is launched. Figure 1V. 15 and Figure
IV. 16 present the evolution of the total systemssnand the hydrogen consumption (the objective
functions) according to the generation number. @Hagires show that the objective functions reach
the optimized state of evolution after 270 generati Therefore, the system NSGA-II generations

number can be fixed around this value.

Mass convergence Consumption convergence
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Figure IV. 8: Mass convergence. Figure 1V. 9: Consumption convergence.

The NSGA-II control parameters are summarized iblg&v. 3.

Population size Niq=40
Generation number Ngene=280

Run number 5
Mutation rate 1/variable number
X-gene crossover rate 5%

Table IV. 3: NSGA-II parameters.
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I\VV.3 Optimization results

IV.3.1 Architecture comparison

The three proposed architectures in the chaptardl compared in the next lines. The three
architectures are submitted to the power profilEigure IV. 44, and then, the global system masss an

hydrogen consumption can be estimated. The NSGiptimization algorithm permits to obtain the
optimized Pareto charts shown in Figure IV. 10.
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Figure IV. 10: Pareto plot of the three retained achitecture.

We can observe in Figure IV. 10. that the architectvith the storage device connected to the
DC bus presents the best Pareto plot among alptbgosed architectures. Indeed, this architecture
(green stars) “dominates” the other architectufé® architecture with two parallel power converters

is itself better than to the direct connection #eshure. This last architecture presents the wigst
consumption-mass ratio between the three architextu

Caormparison of the most lightweight solutions

I : Converters
[ DC Bus storage device
200 [ Orect connection

250

FC converter  UC converter FC uc H

Figure IV. 11: Mass comparison of the most lightwejht solutions

Figure IV. 11 helps to better understand the méassittlition in every architecture. This figure
shows the mass distribution for three solutionsclieane is the most lightweight solution of

architecture). It is interesting to notice that #tered hydrogen mass and the fuel cell mass ae m
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or less, similar in the three architectures. Thevgroconverter and the ultracapacitor pack masses

explain the main difference between the three tachires.

The architecture with the storage device connetci¢kde DC bus does not present a heavy power
converter. Indeed, even if the ultracapacitor szeot optimized, this architecture gives the bé2t
consumption-mass compromise. Let us underline thatUC discharge margin (or the DC bus
variation) was limited to 30V. If the margin werera restrictive, the storage device could be highly
heavier (§.4.).

The architecture with two parallel converters pnéseahe best ultracapacitors use. But the need

of two power converters increases the global systarss and makes the solution less competitive.

Finally, the direct connection architecture, eveonly one power converter is used, presents the
worst performances. The power converter is hedwéeause all the load power must transit through
the converter. Furthermore, the ultracapacitor pask is not optimized leading to a heavy

ultracapacitor pack.
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Figure IV. 12: System mass evolution along the Pato front. (architecture with the storage device

connected to the DC bus).

Figure IV. 12 shows the mass distribution evoludi@iong the Pareto front. This evolution is
similar for the three architectures. Thus, justyottle results for the architecture with the storage
device connected to the DC bus are drawn in Figrel2. The fuel cell mass increases along the
Pareto plot. Indeed, “large” fuel cells stacks l¢adetter efficiencies, and as a consequence,rlowe
hydrogen consumptions. On the other hand, the dtoydrogen mass obviously decreases along the
Pareto plot (the hydrogen consumption decreasd®).storage device mass remains more or less

constant through the Pareto plot. Finally, the povesverter mass increases slightly.

IV.3.2 Evolution of the design variables along th&areto plot

In the next lines, the evolution of the design &blkés along the Pareto plot is now analyzed. The

aim is to find the similarities in the system coptben between all the proposed architectures.
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Furthermore, the evolution of the design varialiietps to better understand the design of a fuél cel

system.

This study is based on the steady-state. The stanp phase is not considered.

IV.3.2.1 The architecture with the storage deviceannected to the DC bus
The operation modes of the optimized solutions sdrewn in Figure IV. 13. Almost all the
solutions operate in Boost mode. Indeed, the faktlvoltage never exceeds 270V during the whole

mission.

Operation point vs mass
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Figure 1IV. 13: Operation mode results according tdhe system global mass.

According to Figure IV. 14, the optimized power 8hg cut-off frequencies seem to be placed
between 0.1 and 0.5 Hz (note that the logarithroidesis used in this figure). Thus, if there are no
important fuel cell dynamics limitations, thererie reason to filter as much as possible the load

power.

Cut-off frequency vs mass
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Figure 1IV. 14: Cut-off frequency vs system mass.

The evolutions of the fuel cell design variables sinown in Figure IV. 15 and Figure V. 16. All
the Boost operation solutions (the solutions thatimize the mass) suggest a minimal voltage point
around 240V. That means that the fuel cell voltagelution during the mission only varies of 30V

(from 270V to 240V). It is remarkable that all thetimized solutions are tuned to this value.
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system mass. system mass.

The evolution of the maximal current density isgweed in Figure IV. 16. As expected, high
current densities lead to smaller fuel cells andegally to smaller systems. Nevertheless, one
important fact should be noticed. The higher fuel current density limitation is 0.8 A/cimLooking
carefully at Figure IV. 16, it can be seen thatr¢hare no solutions with this current density (the
higher optimized fuel cell current density does resch 0.7 A/cA). This can be easily explained
because, according to optimization results, ifftret cell would operate at 0.8 A/énthe losses and
the hydrogen consumption would increase, and tberdhe stored Hmass would increase too. Thus,
even if the fuel cell stack mass is reduced, tlobal system mass can become higher than the same

system operating with a 0.7 A/érurrent density. This will be farther explainedsiction §V.4.

The design variables related to the system eneayyagement are plotted in Figure IV. 17 and
Figure IV. 18. It seems that the voltage referezmdd be fixed to 525V, which is exactly the medium
point between the two accepted discharge mardimsmore difficult to obtain some conclusions with
the corrector gain, but it seems that for the Bopsgtration solutions, values from 0.1 to 0.5 cdéda

good option.
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Figure IV. 17: UC voltage reference vs system
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Gain vs system mass.

In Figure IV. 19, it is possible to find the resuttbtained in 811.4.4 where 5 to 6 branches
seemed to be an optimized branch number in ternmass for a power of 30 kW (Figure lll. 74).
Nevertheless, if it is desired to increase the povemverter efficiency (or in other words, to reduc
the hydrogen consumption), the branch number candseased. But the power converter cost could

be affected with the rise of the power convertessna
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Figure IV. 19: Converter parallel branch

number vs system mass.
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Looking at Figure IV. 20, a switching frequencyldf kHz should be chosen.
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Figure 1V. 20: Switching frequency vs system

The ultracapacitor choice seems to be clarifiechiditgure IV. 21. Indeed, the ultracapacitor
technology lightweight but with small capacitiestli® most suitable option according to Figure IV.

21. while heavier ultracapacitors with higher caipeg are not present in the optimized solutions

group.



Optimization Study. Architecture comparisons

- 215 -

UC type
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Figure 1V. 21: UC type vs system mass.

IV.3.2.2 The direct connection architecture

The same approach, applied to the direct conneetionitecture, is developed in the following

lines.

In Figure IV. 22, the optimized solutions along t&reto front present some similarities with the

previous architecture results. The H2 consumptiptinozed solutions are mostly Buck operating

mode solutions. The mass ‘intermediately optimizediutions operate in Boost mode. The main

difference is that the most lightweight solutiome &uck-Boost mode solutions. Nevertheless, these

Buck-Boost solutions are really close to Boost apen mode solutions: the Buck-boost operation

mode is just due to a few volts.
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Figure 1V. 22: Operation point results according tothe system global mass.

According to Figure IV. 23, the optimized power 8hg cut-off frequencies seem to be placed

between 0.2 and 0.3 Hz. Thus, the same conclua®nsthe previous architecture can be applied.
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Cut-off frequency vs mass
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Figure 1V. 23:Cut-off frequency vs system mass.

The evolution of the fuel cell minimal voltage dgsivariable shows, as observable in Figure V.
24, that the mass optimized solutions convergeratd@50V. The buck case solutions are obviously
over 250V. Concerning the current density, a simiaolution to the previous architecture can be
observed in Figure IV. 25. It should be noticedtthgain, in this case too, there are no solutmes
0.7 Alcnf. This also can be explained with the same apprahthe previous architecture.

Nevertheless, this topic will be further developeg IV.4.
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Figure IV. 24: FC minimal voltage vs system Figure IV. 25: FC maximal current density
mass. VS system mass.

The evolution of the power converter design vagaldre plotted in Figure V. 26 and in Figure
IV. 27. The branch number evolution seems to cpord to the converter sizing results achieved in
the chapter Ill. Nevertheless, in this case, tlaeeeno solutions with 5 branches. This is due ¢ofalat
that, in the direct connection architecture, adl tihole load power (over 70kW) transits through the
power converter, and not only the 50 kW power awénprevious case. Thus, it seems coherent that if
the handled power rises, the branch number shdsidbe increased. Finally, it is not possible taifi

a tendency in the Buck operation solutions.
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Figure IV. 26: Converter parallel branch Figure IV. 27: Switching frequency vs system
number vs system mass. mass.

Concerning the power converter switching frequeitcseems that it should be set between 8 and
10 kHz. This result shows that, it is not conven&to operate with high switching frequencies, even

if high frequencies lead to the inductor mass rédoc

Finally, the choice of the ultracapacitor techngleagems to follow the same tendencies as for
the previous architecture. Indeed, the ultracapatgichnologies lightweight but with small capaesti
are the most suitable option once again. Heavyhégid elementary capacity ultracapacitors are just

present in the Buck operation optimized solutions.
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Figure 1V. 28: UC type vs system mass.

IV.3.2.3 The architecture with two parallel powerconverters
In this architecture, two power converters are u3éa operation mode of each power converter

must be identified. Figure 1V. 29 and Figure IV. gfbw the optimization results for both converters.

For the fuel cell converter, the same tendenciaaddor the two previous architectures can be
constated (Figure 1IV. 29). The most lightweightusioins are Boost operation solutions (Figure IV.

29). On the other hand, some Buck operation saistiare found among the less hydrogen
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consumption solutions. There are no Buck-Boosttgwia. Nevertheless, for the UC power converter,

there are only Boost operation solutions (Figure3y).

FC converter operation type vs mass UC converter operating type vs mass
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Figure 1V. 29: FC operation point results Figure 1V. 30: UC operation point results
according to the system global mass. according to the system global mass.

The power shating cut-off frequency results (Figie31) are not so well defined as in the two
previous architectures. Indeed, it seems that th&t fightweight solutions are grouped around 0.1 Hz
values. Nevertheless, solutions are more dispetised in the two previous architectures. Less

hydrogen consumption solutions are grouped around-aff frequency of 1 Hz.
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Figure 1V. 31: Cut-off frequency vs system mass.

As it can be observed in Figure IV. 32, the fudl oenimal voltage for an optimal mass is fixed
once again around 250V. On the other hand, theHgdsogen consumption solutions are grouped

within margins between 300 and 350V..

The fuel cell maximal current density varies simjldo the two previous architectures along the
Pareto plot. Nevertheless, in this case, the maxiomaent density is just slightly over 0.55 A/gras

observable in Figure IV. 33.



Optimization Study. Architecture comparisons

- 219 -
FC minimal woltage vs mass Current density \s mass
400 T T T T T T T T
Buck operation soluions o+ 0.55F :
350+ + . “e 05 g.
+

= . 5045 +
gaoo— ’, E o4 .
< . <
s 03¢ “
2 7% s 44 amrsigte o £ o "
= = “w, ¢
e o 02 A

5ol | 015} * 0.0’"00 +

0.1 He Lwe
100 . . . . . 0.05 . . . . .
400 500 600 700 800 900 300 400 500 600 700 800 900
Mass (Kg) Mass (Kg)
Figure IV. 32: FC minimal voltage vs system Figure 1V. 33: FC maximal current density
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In this architecture, the maximal ultracapacitockpeoltage is a design variable. The evolution of
the maximal ultracapacitor pack voltage along thee® plot is plotted in Figure IV. 34. In all case
the maximal voltage value never exceeds 270V, aotirer words, the DC bus voltage. The main
optimized solutions are grouped between 200 an¥ 270
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Figure 1IV. 34: UC maximal voltage vs system mass

Concerning the design variables related to theggn@anagement strategy, it is quite difficult to
obtain clear conclusions due to the results digpersAccording to Figure IV. 35, the energy

management voltage reference must cover betweeand.®.9 times the maximal ultracapacitor pack
voltage.

The energy management loop gain is very disperfmth ahe Pareto plot. Nevertheless, the
evolution is quite similar to the solutions in FiguV. 31. Thus, it is possible to wonder if thésea
coupling between the system cut-off frequency dredetnergy management strategy design variables.
This question will be answered in\8.3.3.
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The fact that the energy management loop desigahias are so dispersed shows the difficulty

to tune correctly the control loop. This fact wasady noticed in §.2.3.1.
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The same switching frequency was fixed for both @oaonverters. In this case, the optimized

switching frequency also covers 8 to 10 kHz. Ongaira the optimization results show that it is not

interesting to operate with high frequencies.
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Figure IV. 37: Switching frequency vs system mass.

The evolution of the fuel cell converter branch i@mis drawn in Figure IV. 38. Similar results

to the architecture with the storage device coratetd the DC bus are found. This is not strange,

because, more or less, the same amount of powsitgahrough the fuel cell power converter.

Nevertheless, the optimized branch number is emguélfor the UC power converter. This can be

easily explained because the power absorbed hyltiiaeapacitor power converter is lower than in the

case of the fuel cell power converter (around 35.kwW
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Figure 1V. 38: FC Converter parallel Figure IV. 39: UC converter parallel branch
branch number vs system mass. number vs system mass.

Finally, the choice of the ultracapacitor technglagunanimous for all the solutions. Indeed, the
ultracapacitor technology lightweight but with aahtapacity of 120F is the chosen one, even fer th

Buck optimized solutions.
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Figure 1V. 40: UC type vs system mass.

IV.3.3 System couplings

One of the main difficulties in the system designtd identify couplings between design
variables, constraints and objectives in case obraplex multi-physical model. The knowledge of
these interactions is valuable with regard to thetesn behaviour understanding. We can use the

following method proposed iifRegnier]:
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Figure 1V. 41: Evolution example of two Figure IV. 42: Corresponding variations of
coupled design variables Xand X. the coupled design variables Xand X,.

We propose to use a correlation coefficient in ptdeevaluate quantitatively the influence of
couplings. Let us consider for example two coupledign variables Xand X (Figure 1V. 41); the
correlation coefficient between the correspondiagations of these variablésX; andAX, (Figure
IV. 42) is defined by E IV.9[Papoulis]

cor(AX,,AX ;) = CoV(AXy,AX;,) / Opx, Opx, with
AXq = Xygivgy ~ Xagiy

AX 5 = Xagieny = Koy

and i=1..,N-1

EIV.9

Where N denotes the number of considered poumgg, the standard deviation a&X; and
cov(AX 1, AX,) the covariance betwedxX; andAX, Nevertheless, let us note that this coefficiers ha
no signification with the discrete design variablesthe example of Figure IV. 42, the correlation
coefficient equals to -1 which signifies that eadriation of X is always related to an inverse

variation of X%. Therefore these two variables are strongly caliple

The correlation coefficient interpretation is expéd in Table IV. 4

| cor@X; AXy) | < 0.2 Inexistent coupling

| cor@X; AXy) | = 0.2t00.4 Very low coupling

| cor@X; AX;) | = 0.4t00.6 Not enough value to obtain a conclusion
| cor@X; AX;) | = 0.6t00.8 Existent coupling

| cor@X; AXy) |= 0.8 Strong coupling

Table IV. 4: Interpretation of the correlation coefficient.

The identifying technique of system couplings iplagul to the architecture with the two parallel
power converters. Indeed, inlg.3.2.3, similar evolutions along the Pareto-ogirfront were found

between the power sharing cut-off frequency anditrsgn variables of the energy management loop
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(G and Kye). The correlation coefficient between the powearsty cut-off frequency and other

design variables are presented in Figure 1V. 43.
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Cut-off frequency
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Figure 1V. 43: Case of the architecture with two paallel converters. Correlation coefficient between

the cut-off frequencyf and other design variables.

Figure IV. 43 shows that a strong coupling existsMeen the energy management loop @ain
and the power sharing cut-off frequenicyOn the other hand, the coupling with the ultraciipr
voltage referencKy is less important. There is no significant couplobetween the cut-off frequency

and the other design variabMs:min, fs andVycmax

IV.3.4 Conclusions

Figure IV. 10 shows that the architecture with siterage device connected directly to the DC
bus is the best architecture in terms of mass amttohen consumption. Nevertheless, for the
CELINA project requirements, some interesting cosidns were obtained thanks to the variable
evolutions along the Pareto plot. These concluséaesn to be common to all the architectures, if the

designer’s aim is to minimize the global systemsnas

» Optimized architectures in terms of mass do notlriedilter extremely the load power.

Power sharing cut-off frequencies between 0.1HzGa#Hz seem a good compromise.
» All the architectures converge towards 240V forfilnd cell minimal voltage value.

» Even if the most lightweight fuel cells are obtdnwith a maximal fuel cell current
density of 0.8A/crfy lower current densities were obtained for alldpéimized systems.

This leads to save hydrogen and to obtain a mghéweight global system.

» It is difficult to obtain tendencies about the dgsivariables related to the energy
management. This shows the difficulty to tune attyethe energy management control

loop.

» The switching frequency should not be very highti@ized switching frequencies vary
between 8kHz and 11kHz.
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* The technological choice for the ultracapacitorsivesges towards the small and

lightweight 120F ultracapacitors.

V.4 Influence of the mission duration

In the previous section, it was shown that thereew® solutions operating with current densities
close to 0.8 Alcth A priori, fuel cells operating at 0.8 A/érincrease fuel cell stack losses and
hydrogen consumption. Thus, the extra hydrogenrthedt be stored to provide these losses becomes
heavier than a fuel cell that operates at 0.7 A/dmthe following lines, this assumption will be

proved with an application example.

Two optimizations were performed with the architeetwith the storage device connected to the
DC bus. The only difference between these two dpéitions is the mission duration. Both power
profiles are plotted in Figure IV. 44 and Figure Bb. Both profiles present the same aircraft lagdi
approach, but the 40 kW constant consumption durd$i 3,5 hours in the first case and 14,5 hours
and in the second case. The landing approach ipased of a succession of power profiles like in
Figure I. 3.Even if this example is not very realistic for an aronautical application, it illustrates
the importance of the fuel cell operation point intransportation applications, for which the
hydrogen tank must be boarded.

4 hours mission 15 hours mission

. Landing approach - Landing approach

. . . . . . . .
0.5 1 15 2 25 3 35 4 0 5 10 15
Time (hours) Time (hours)

Figure IV. 44: 4 hours mission profile. Figure IV. 45: 15 hours mission power profile
Figure IV. 46 and Figure IV. 47 give the Paretotplof the two systems. Both of them seem to

converge correctly. However, it is difficult to cpare them because of the big difference between
their masses.
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Figure IV. 46: Pareto plot for a 4 hours mission. Figure IV. 47: Pareto plot for a 15 hours

mission.

The sizing results for the most lightweight solngan both cases are presented in Table IV. 5. It
should be noticed that the fuel cell sizing is @iféint. Indeed, the fuel cell surface for the 4 hour
mission is smaller compared to the fuel cell sweffr the 15 hours mission.

4 hours mission 15 hours mission

Surface = 442.6 ¢ Surface = 712.4 ¢

Stacked cells in series = 381 Stacked cells ireseri350

Minimal voltage = 221.7 V Minimal voltage = 242 V

Maximal current density = 0.69 A/ém Maximal current density = 0.38 A/ém

Table IV. 5: System sizing results for two missionef different durations.
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Figure IV. 48: FC current density vs system Figure IV. 49: FC current density vs system

mass. mass.

Figure IV. 48 and Figure IV. 49 give more usefuiormation. Indeed, it is quite interesting to
observe that, for the 15 hours mission, the maxifmel cell current density is limited to less than
0.4A/cnt. This proves that in this case, it is more intéingsto operate with low current densities in
order to reduce losses and not to increase thergmbdboarded hydrogen.
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Moreover, we can wonder whether the system optienibe the 4 hours mission would be an
optimized system if it is submitted to the 15 hoomission. Therefore, let us submit the solutiozedi
for the 4 hours mission to a load profile of 15 tsu

15 hours mission Pareto plot

O 15 hours sized mission
O 4hours sized mission |7
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Figure 1V. 50: 15 hours mission. Behavior of the dotions optimized for the 4 hours mission.

Figure IV. 50 present the distribution of the smlo$ in the mass- H2consumption plan for the
two different sizings. In the case of the soluti@imized for the 15 hours mission, the plotted
solutions form a Pareto plot because there areonurthted solutions. Nevertheless, in the other,case
the green square solutions in the red circle arainlted. This means that these solutions present a
worse mass- H2 consumption ratio, and they do eliing to the Pareto front. It should be noticed
that the dominated solutions operate at high feéll arrent densities (between 0.5 and 0.7 Ajcm
Thus, this explains why the solutions optimized fioe 15 hours mission do not consider current
densitiesover 0.4 A/ctn

The two solutions sized in Table IV. 5 lead to fbkowing global system mass and hydrogen
consumption.

15 hours mission

system sized for 4 hours mission system sized b hours mission
System mass = 939 kg System mass = 904 kg
Consumption = 19843 moles Consumption = 18177 moles

Table IV. 6: System mass and hydrogen consumptioresults.

Figure IV. 51 proposes the mass distribution fer tthio solutions sized in Table IV. 5 submitted
to a 15 hours power profile. It can be observed ttea 15-hours-sized fuel cell is heavier than4he
hours-sized fuel cell. Nevertheless, the hydrogassns higher in the 4-hours-sized case and thes, t
global mass is higher.
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Mass distribution comparision
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Figure 1V. 51: Mass distribution. (15 hours mission

This section shows the importance of the fuel oplration point on the amount of boarded
hydrogen in transport applications. Indeed, thé ¢ed size (or in other words, the maximal fuell ce
current densityl,y) is a compromise between the fuel cell mass aadjfts consumption. Thukhis
proves that it is not always pertinent to size a fel cell for a classical operation point of 0.7V and
0.6A/cn.

I\VV.5 Evolution of ultracapacitor pack and fuel cell
voltages along the Pareto plot

IV.5.1 Evolution of the ultracapacitor pack voltage

In the first and second chapters, it was explaithed, if the aim of the system designer is to
reduce the ultracapacitor pack, the ultracapacghmild use the entire authorized discharge margin.
Indeed, an ultracapacitor pack with low capacitadeegls to a more lightweight system. This can be
easily explained because the number of elementhy that must be stacked in series or parallel is
proportional to the pack capacitance. Thereforeggms thata priori, the system designer always

should try to use the entire authorized dischargegin for the ultracapacitors.

The aim of this paragraph is to validate this tewgeand verify the ultracapacitor pack voltage
time evolution with all the Pareto front optimalwoons. Therefore, three Pareto plot solutionstar

architecture with two parallel converters are farthnalyzed.
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Figure 1V. 52: UC voltage time evolutions for threePareto plot optimal solutions. (architecture with

two parallel converters)

As it can be observed in Figure IV. 52, the moghtliveight solution (solution C) presents a

really good use of the authorized voltage mardlie ultracapacitor pack voltage varies over almost

all the authorized margin.

Nevertheless, solutions A and B offer a really lbad of the ultracapacitor discharge capacity.

Indeed, in these cases, the ultracapacitor voltage evolution is completely different from the

solution C: the voltage does not use completelyatihorized margins. That does not mean that the

optimization process failed. The optimization algon chose large ultracapacitor packs in order to

reduce losses. This illustrates that, in terms fG€iency and hydrogen consumption, there is no

interest to use the entire authorized dischargeimar

IV.5.2 Evolution of the fuel cell voltage

In a similar way as for the ultracapacitor packs ipossible to analyze the fuel cell stack us& Th
same three optimized solutions are analyzed (Fiurg3).
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Figure 1V. 53: Fuel cell voltage time evolutions fothree Pareto plot optimal solutions. (architectue

with two parallel converters) .

Similarly to the ultracapacitor case, with the mbghtweight solutions, the fuel cell voltage
presents a higher voltage variation. The solutionoage varies of 20V during the mission. The
solution B voltage variation is 15V, and finallyethoptimized solution in terms of hydrogen

consumption presents a voltage variation of just.10

This fact can be easily explained because the omtnsolutions in terms of hydrogen
consumption are composed of large surface fuelstatlks. Thus, and as it was explained i 8.6,

large surface fuel cell stacks present smallervedemt resistor, and therefore, their polarizatarve

(V (1) curve) is more similar to a perfect voltagmurce.
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V.6 Comparison between air-pressurized and pure
oxygen fuel cells

Unfortunately the CELINA consortium could not prdeius precise data concerning pure oxygen
and pure hydrogen fuel cells. Thus, the followisguanptions were done:

» The auxiliaries consumption is estimated as 5 ¥hefuel cell supplied power.

No air compressor is boarded.

The hydrogen and the oxygen bottles are boarded

The fuel cell electrical performances are improired0 % compared to pure,H Air
fuel cells (see Figure IV. 54 and Figure IV. 55).
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Figure 1V. 54: Air — pure O, fuel cells Figure IV. 55: Air — pure O, fuel cells
comparison. comparison.

IV.6.1 Oxygen bottle mass estimation

The oxygen bottles mass is estimated accordingrthiguide data. The retained reference bottle
is bottle n° 829 from the SCI webs[@CIl].The mass distribution of this bottle is:

Bottle pressure : 234 bar
Water volume :  31.14 |
Cylinder mass: 15.65 kg

Stored oxygen mass:10.11 kg
Other devices: 4 kg

1011

Mass ratio: =
10.11+15.65+4
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IV.6.2 Optimization results

Figure IV. 56 shows the Pareto plot of the retaiaeghitectures. In this case the architecture with

the storage device connected to the DC bus seetasagain to be the best option.
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Figure IV. 56: Architectures Pareto plot.

Nevertheless, in this case the system mass is titjfaem 500 kg. This mass value is huge

compared to the pure hydrogen — Air fuel cells (B§0see Figure IV. 10).

Mass distribution
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Figure IV. 57: Mass distribution comparison.

Figure IV. 57 presents the mass distribution ofrtfwest lightweight solutions in the pure oxygen

and air cases. It can be observed that even futilecell mass is reduced and the air compresses ma

is saved, the global system mass is highly incokdseto the boarded oxygen bottles. Thus, it can be

concluded thathe pure hydrogen pure oxygen fuel cell technologis not competitive compared

to the pure hydrogen — air fuel cell technology fothis application.
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IVV.7 Comparison between pure hydrogen and
reformate fuel cells.

The main difference between the pure hydrogen laaddformate case is that the fuel cell system
response is slower in the reformate case. Thisiéstd higher response time of the kerosene reformer
compared to the air compressor.

At this moment, we have no precise data concertliegresponse time of a kerosene reformer.
Thus, in order to obtain some conclusions, we asduthat the kerosene reformer response time is
around 25 seconds which can be judge too futiNistertheless, this approach will permit us to obtai

some conclusions thanks to the optimization toble &ir compressor response time was fixed to 1
second.
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Figure 1V. 58: Architecture Pareto plot.

Figure IV. 58 shows the Pareto plot of the stordgeice connected to the DC bus architecture
and the Pareto plot of the two parallel power comrearchitecture. In this case, and comparing to
Figure IV. 10, it is possible to observe that th@ tPareto plot are more and less similar. In other
words, in this case these two architectures seeachieve the same mass-hydrogen consumption

performances (Remark: in this optimization restiiesreformer mass was not considered).
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Mass distribution

70

6o | 2SCV 1N
| |IDC BUS I

.-y
** ‘

Mass (kg)

.0
*

sEEENN,
.® ",

*
L .
LT T T LA

L4

FCSCV UCSscv FC ’0‘ UC e
Yaus?®

Figure 1IV. 59: Mass distribution comparison.

Figure IV. 59 shows the mass distribution for batbhitectures. Comparing Figure IV. 59 mass
distribution to the one obtained in the pure hyérogaseHRigure IV. 1), it is possible to observe that
ultracapacitors mass has strongly increased. Tdnsbe easily explained because the storage device
connected to the DC bus architecture does not ogithe ultracapcitor use, and this lead to heavier
ultracapcitor banks. This statement can be prowekithg to Figure IV. 60
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Figure IV. 60: Cut-off frequency evolution throughthe Pareto plot.

According to these resultthe statement is that the storage device connectéol the DC bus
architecture declines its mass-consumption performeces with the system response time. In

other words, slower response time systems lead t@her mass-consumption ratios.

Finally, it is is not possible to compare the purdydrogen and the reformate hydrogen case
because at this step we do not know the kerosendasmer mass estimation.
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I\VV.8 Conclusion of the chapter IV

In this chapter, a system optimization tool waseli@wped. This tool can help the designer to
choose among the proposed architectures if theeehsidone ‘just’ considering the mass, volume and

efficiency criteria.

As the optimization problem clearly is a multi-otfjge problem, we proposed to determinate the
Pareto-optimal solutions. The Pareto plots moreowake it possible to obtain useful information

about the design variables evolution.

For that purpose, the NSGA-Il was used to performitiple runs with the aim of obtaining

Pareto-optimal results.

These results show that the architecture with tbheage device directly connected to DC bus
seems to be the best one in terms of mass anddsminsumption. This is due to the small size of
the power converter. Indeed, this architectureerissjust one power converter, and furthermors, thi

power converter handles only, roughly speakingntiean load power.

The architecture with two parallel power convertegems to be the second choice. In this case
two power converters are used. This is sure penglin terms of mass and hydrogen consumption.
Nevertheless, the ultracapacitor power convertemijie a deeper ultracapacitor discharge. Thus, this

architecture presents the lowest storage device.mas

Finally, the architecture with a direct connectigrybridization) between the fuel cell and the
storage device seems to be the worst alternatigeeld, even if only one power converter is needed,
the power converter mass is important becauseoitlgdhhandle the whole load power (about 70kW).
Furthermore, the main disadvantage of this architecis the bad use of the ultracapacitors.

Therefore, this architecture presents the highesage device mass.

Nevertheless, even if the three architectures ddeaa to the same global mass and hydrogen
consumption, it is possible to obtain some commbaracteristics for the three architectures by
looking at the design variables evolution along Baeeto plots. Indeed, the design variable evaiutio
seems to be more or less the same for all thetacthwes. This gives interesting results, like the
optimized cut-off frequency, the fuel cell minimadltage value, the ultracapacitor technology, the

power converter switching frequency...

A very interesting result is that the most lightglei systems do not operate with the maximal
permitted fuel cell current density (0.8 A/Omindeed, even if the most lightweight fuel celjserate
with high current densitiegthe optimization results show no solutions thatrage with such high
values. This is a consequence of the better coioveesficiency of fuel cells at low current deneg;j

high current densities leading to important lossesl thus, higher hydrogen consumptions. Therefore,
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the hydrogen mass rises, and thus, the globalmystass become higher. It was illustrated with the
comparison of the same architectures but sizediffarent mission durations. A longer mission leads
to lower current densities in order to avoid anrsizng due to the hydrogen storage. The high otirre

density solutions clearly become dominated by oeet current solutions.

As a final conclusion, it can be said that the mojation tool is very useful to help to make a
choice between architectures. But it is not onlgemision tool. The information provided by the
optimization tool can be really useful to improve tknowledge and understanding of the global

system behaviour.






General conclusion and perspectives

This work deals with the conception of an electrizetwork based on a fuel cell stack and an
associated storage device. Thanks to a “systemoagplpt, the study of the possible electrical
architectures, the global system sizing, the enengpagement, the DC-DC power converter design

and the system optimization were achieved and ewgaalong the pages of this report.

In the first chapter, the European Union hydroged #uel cell research axes were presented.
These axes are: hydrogen production and distributiydrogen storage, fuel cell basic research,
stationary and portable applications and transportaapplications. The European project CELINA,
framework of this PhD thesis, is in keeping withre@l of these axes. The aim of the CELINA project
is indeed to study the potentialities of fuel cdlhs aeronautical applications, especially for the

emergency electrical network.

“Generic sizing methods” for the fuel cell stackdatihe ultracapacitor pack were afterwards
presented. They are called “generic sizing methtdgause these methods do not take into account
the system coupling. They can only be appliedefgburce is directly connected to a load, andeifeh
is no other interaction with another source. Nehadess, these methods are necessary to size the
global system. Batteries were not considered & BD work, because internal Airbus studies proved

that ultracapacitors are better adapted to theusirequirements of the emergency electrical network

These sizing methods all operate starting from pqwefiles to satisfy. Starting from a given
load power profile, several methods were proposedhiare this load power profile between each
electrical source of the system (fuel cell andadapacitor pack). The frequential power sharing
method was selected for the project. It could ndnedess be interesting to evaluate the other pexpos

power sharing methods in future works.

The possible electrical architectures for the emecy electrical network were then developed
along the second chapter. The aim was to reduocgual as possible the number of power converters
due to mass and efficiency reasons, but alwaysebpecting the electrical network requirements.
After a preliminary study, three electrical architees appeared as good candidates. These three
architectures were: tharchitecture with two parallel converterghe architecture with a direct
connection between the fuel cell and the ultracépagack and finally thearchitecture with the

storage device directly connected to the DC. bus

Thearchitecture with two parallel converteesents two degrees of freedom that permit a good

use of the ultracapacitor discharge capacity. Nbedss, this architecture needs an extra energy
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management loop in order to compensate for thesykisses. Without this extra energy management
loop, the storage device abnormally dischargesupplging the system losses and the system must be

probably stopped. Two different energy managerseategies can be adopted:

» The storage device voltage reference metlwash be applied to all the storage devices
whose voltages are good images of their stateshafge. This method consists in
compensating indirectly the system losses by fgraimontinuous recharge of the storage
device thanks to a regulator (the storage devidlag® must always tend towards its
reference). The main advantage of this methodsisimplicity. Nevertheless, tuning

correctly the corrector parameters and the voltatgrence is not easy.

» Theestimator methodonsists in estimating the system losses stafttoxg models. The
difficulty is to have valid models especially fohet storage device. The main
disadvantage of this method is its complexity dreldomputation cost. This method has
never been proposed before, and an experimentditiah is recommended for future

works.

Thearchitecture with a direct connection between thel tell and the ultracapacitor padk an
original architecture that can self-manage the ggnexchanges within the system. In other words,
there is no need to implement an energy manageoaueitol loop. Nevertheless, not all the desired
power sharing between the fuel cell and the ulpacaor pack can be achieved. The filtering of the
load power achieved by this direct associatiomdteed equivalent to the filtering of a first ordizuwv-
pass filter. In this architecture, the differentdes within the system do not act similarly. Indekd
power converter losses can be considered as amleatl, and they can be added to the mission load
power profile. In the other hand, the ultracapaditternal losses can be seen as a source of harmon
perturbation. The fuel cell cannot be completelptpeted against the fast current steps in this
association. This effect can be limited if the @glént resistor of the ultracapacitor pack is much

smaller than the equivalent resistor of the fudl ce

The architecture with the storage device directly carted to the DC bugresents similarities
with thearchitecture with two parallel converter$his architecture also needs an energy management
loop that avoids the fully discharge of the ultyaaeitor pack. Furthermore, this architecture presen
the disadvantage that the DC bus voltage cannatobé&olled. Indeed, a voltage variation margin
must be allowed in order to make it possible thergé and discharge of the ultracapacitor packaédn t
other hand, this architecture presents just onevaxter that must handle only with the mean load

power. Thus, it is expected to obtain good efficies and lightweight systems.

There is one point common to all the architectuteshe generic sizing methods are directly
applied to size the electrical devices, the systélinnot respect the sizing criteria. The reasors a

that the initial power sharing did not take intcaant the system couplings, the system losses, the
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energy management loops...Thus, an iterative siziethad, identical for all the architectures, was

proposed.

The third chapter presented the conception anddi#sgn of the different DC-DC power
converters that must be implemented in the propessatrical architectures. The Airbus requirements
impose a +270V electrical network. Furthermore, slistem energy source is limited to just one fuel
cell stack. In all cases, the negative pole offtie¢ cell stack must be connected to the aircraftigd.

This last requirement was essential to selectisoisit Two solutions were proposed:

» Classical insulated power converters based on tisb-pull topology and implementing

high frequency transformers.

» Original parallel associations of elementary nosulated DC-DC power converters. The
principle consists in associating a DC-DC powervester (Boost or Buck or non-
reverser Buck-Boost depending on the voltage of itipgit source) that creates the

+270V DC pole with a Buck-Boost power convertett ttr@ates the -270V pole.

Only the second solution was studied in this repibmt first one being evaluated by another
partner (THALES AES) involved in the CELINA projecthe three possible combinations for this

second solution were deeply analysed in terms sifjdeand performances.

Due to the considered high powers, each DC-DC paweryverter has to be concretely composed
of several branches connected in parallel andl@steed in order to obtain satisfactory efficiencies
and masses. The first idea is rather to split gguired power through several parallelized “little”
power converters with high efficiencies than to diarnt with one “big” power converter with a low
efficiency. The second idea is to take advantdgthie parallelization of branches to reduce the
masses of components thanks to the interleavirtgiigge. Indeed, the interleaving technique makes
it possible to release the constraint in termsipple current for each parallelized branch while
guarantying the required current ripple in the inpaurce (especially for the fuel cell). This teicjue
indeed offers an active filtering for the input @mt which is the sum of the currents of all the
parallelized branches. The current ripple beingiced in each branch, the branch inductance can be

strongly reduced and consequently the mass ofdivepconverter.

Nevertheless, this strategy of parallelization easily lead to an operation in discontinuous
conduction mode. Indeed, if the inductance is redudhe area of operation in discontinuous
conduction mode will be large and can be reachsiye&the load power decreases. In this case, the
control of the power converter can become a comste. To remove this drawback, an original
control strategy for interleaved power converteesproposed: thbranch switching-off technique

The principle of this technique is to avoid havingnditions that lead to an operation in the
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discontinuous conduction mode. So, one branch ilsed off each time the load power decreases
and leads the power converter into the area ofliseontinuous conduction mode. The same amount
of power is then shared by a reduced number ofchemrejecting the limit of operation in continuous
conduction mode for the remaining branches. Evéneifsimulation results did not raise any problem,

an experimental validation is recommended for fituorks.

The principles of operation for the power convertbeing developed, a deep study of the
proposed non-insulated power converters was adtieveerms of efficiency and mass. It was proved
that thebranch switching-off techniquienproves the power converter efficiency. Neverks| the
proposed power converters do not present an erteliass-efficiency ratio. This is mainly due to the

bad mass-efficiency ratio of the “Buck-Boost pant/olved in the proposed association.

The fourth and last chapter dealt with the globgstam optimization. As transportation
applications are aimed in the CELINA project, thass, volume and efficiency become crucial sizing

objectives.

Different solutions were previously considered fine electrical architectures, the power
converters and the energy management strategiesaiihof this global system optimization clearly
is to compare and classify all the possibilitiesonder to choose the best one in terms of mass and
efficiency. All the previously developed modelscalculate the different masses and efficiencies for

the fuel cell, the ultracapacitors and the poweweoters were naturally used.

The system being complex (a lot of continuous aisdrdte variables and multiple objectives),

the use of advanced optimization techniques wasléeécSo a genetic algorithm was implemented.
More or less outstanding results were achievedeyptimizer.

The architecture with the storage device directly casted to the DC buappears to be the best
architecture in terms of mass and efficiency. Tnshitecture presents a lightweight power converter

which only handles the mean load power.

The architecture with two parallel converteseems the second best option. If this architecture
logically leads to the most lightweight ultracapacipack, the implementation of two parallel power

converters is prejudicial for the global system snas

Finally, thearchitecture with a direct connection between thel fcell and the ultracapacitor
packdoes not seem to be a good option in this studyedvy power converter that must handles the
whole load power and a bad use of the ultracapagitmk make this architecture not adapted

compared to the others.
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As widely illustrated along the chapter, the opgation tool appears to be not only a decision
tool, but also a tool for understanding and analyblere are some main lessons drawn from the

optimization results.

. First interesting results are the quantified terales for the numerous system parameters
difficult to fix a priori: the optimal power sharing cut-off frequency, thtimal minimal fuel cell
voltage, the optimal technology for the ultracapmgback, the optimal switching frequency for power

converter...

Even if the three architectures do not lead tosmme global mass and hydrogen consumption,
the evolution of the design variables along theefafront seems to be more or less the same for all

the architectures. Some particularities exist battendencies are similar.

One of the most surprising results is that the nlightweight systems do not operate with the
maximal current density permitted for the fuel ¢6li8 A/cnf in our case). Indeed, for a given power,
a fuel cell operating at 0.8 A/énis for sure the most lightweight possible fuell cethck. This
optimization result can be explained because higheat densities lead to high losses, and thus, to
high hydrogen consumptions increasing the globstesy mass. In order to prove this hypothesis, the
same architecture was sized for two mission dumati®he longer mission leads to fuel cells opegatin
with lower current densities in order to avoid aremveight due to the hydrogen storage. Both
differently sized solutions were furthermore simethfor an identical long mission. Clearly, in this
case, the solutions with fuel cells operating vatlv current densities (but with better efficiengiase

better than the ones operating with high currensiies.

Nevertheless, the final choice is not only basedmass-consumption criteria. The next table

summarizes the main advantages and the main dras/b&each architecture.

Mass-
consumption

DC bus
control

UC use

Power
electronics

Filtering
capacity

Reliability

CD

2

reZE ] TQroea
<@L 20VS

sEIN




-242 - General Conclusion

As perspectives for this work, a robustness studyhe optimization tool is highly desired.
Indeed, the system sizing is based on the missmmep profile, and therefore, the impact of
perturbation on the power profile should be studiagthermore, the robustness of the model face to
modelling errors should also be evaluated and tix@iaries and kerosene reformer models should be

integrated in the global model

The next step for future projects should be theedrpental validation of the proposed system.
The experimental prototype will allow to validateetproposed power converters and the proposed

energy management strategies.

Finally a mass estimation of the kerosene reforseems mandatory in order to compare and

choose between the pure hydrogen and reformatetgdrcases.
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Appendix I Classical power converters sizing.

Boost

Transfer Function

. . Vo 1
Transfer Function (continuous mode) —
Vi 1-a
. . . Vo a®Ve
Transfer Function (discontinuous mode) — =1+
Vi 2Lfls
Inductor
. Vi
Current ripple Al = T
S
Vi
Inductor value ¢ - 1) Al f
Lmax's
Maximal inductor voltage value.(- 1) Vi max =Vi -Vd
2
Rms inductor current value I ms =1/10% + e
2
Capacitor
avi
i AV, =
Voltage ripple Cmax (1—a)RCfS
c i | _ avi
apacitor value =
P (1_ a)RAVC max fs
Maximal capacitor voltage value { 1) Ve =Vo
Rms capacitor current value lcms =10 1L
-a
Switch
Switch maximal voltage V1 max =VO
. . Al
Switch maximal current 7 max = 11+ —m
Mean current (I1)=ali
| 2
Rms current I s =4l @11 2 +—m=
Diode
Diode maximal voltage Vb max =VO
. . Al
Diode maximal current | o e = 11+ —22
Mean current (Ip)=@-a)o
N7
Rms current I pems =1/ L-a)li? +ﬁ
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Buck

Transfer Function

. . Vo
Transfer Function (continuous mode) Vi
Vo_ 1
Transfer Function (discontinuous mode) Vi, 2Lfglo
a®Ve
Inductor
. . Vi
Maximal current ripple Al max ==
4Lf
inductor val ="
nductor value T
4A| Lmaxfs
Maximal inductor voltage value(- 1) Vi max =Vi =Vd
. Al 2
Rms inductor current value I s =1/10% +—m2x
12
Capacitor
Maximal voltage rippl AV e =
aximal voltage ripple Cmax = 3o ¢
C it | o Vi
apacitor value oo
P 32LAVG oy T
Maximal capacitor voltage value { 1) Ve =Vo
Rms capacitor current value lcms =10 1L
-a
Switch
Switch maximal voltage V1 max = Vi
. . Al
Switch maximal current 5 o = 10 +—D2
2
Mean current (I+)=alo
Al2
Rms current 17 e =1/ @102 +—x
12
Diode
Diode maximal voltage Vb max = Vi
. . Al
Diode maximal current | b e = 10+ —
Mean current (Ip)=@-a)o
I 2
Rms current I prms =1/ (L— a)lo? + —m=
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Buck-Boost

Transfer Function

. . Vo_ «a
Transfer Function (continuous mode) —=—
Vi 1-a
. . : Vo _ a¥i
Transfer Function (discontinuous mode) —=
Vi 2Lf.lo
Inductor
. _avi
Current ripple ¢ - 1) Al =
Lf,
_avi
Inductor value¢ - 1) ALt
Lmax 's
Maximal inductor voltage value.( 1) V| max =max{Vi, Vo)
. Al 2
Rms inductor current value | e =412 +—m
12
Capacitor
2 .
aVi
i - AV, =
Voltage ripple ¢ - 1) ' max (1—a)RCfS
2 .
aVvi
Capacitor valueo(— 1) =
(1_ a)RAVC max fs
Maximal capacitor voltage value { 1) Ve =Vo
. a
Rms capacitor current value lcms =10 o
Switch
Switch maximal voltage V1 max =Vi
. . Al
Switch maximal current |t e = 1+ —2
2
Mean current (It)=al
Rms current | [, 2 oy
= a + max
Trms L 12
Diode
Diode maximal voltage Vb max =Vi
. . Al
Diode maximal current o e = |+ —2
2
Mean current (Ip)=@-a)i,
, A7
Rms current lpme =1|l-a)l 2 + 1r;ax
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Appendix Il: Supercapacitors library.

The chosen supercapacitors are from Maxwedvv(.maxwell.com/ultracapacitors/index.asp.

Between the wide ranges of Maxwell's supercapasittie BCAPxxxx E270 and the BCAPxxxx P250
families were retained. The mechanical and physicaperties of the chosen supercapacitors are

shown in the following lines.

MC Energy Product Specifications:

Part Number Capacitance ESR, DC ESR, 1khz Ic
{F) {mohm) {mohm) (mA)

BCAPOBS0 E2TO G50 1.15 0.80 1.5
BCAP1200 EZ270 1200 079 0.56 27
BCAP1500 E270 1500 063 043 3.0
BCAP2000 E270 2000 0.46 0.35 4.2
BCAP3I000 E2T0 2000 0.37 0.30 5.2

MC Energy Product Properties:

Maxwell Part No. Rth Isc Emax Pmax Pd
(CIW) (A) (Whikg) (Wikg) (Wikg)
BECAPDGS0 E2TD 8.5 3500 320 11,300 3,800
BCAP1200 E270 5.3 3750 4.05 10,800 3,600
BCAP1500 E2T0 4.5 3800 475 13,200 4,300
BCAP2000 E270 38 4300 506 13,000 4700
ECAP3000 E270 3.2 4800 552 11,000 4,200
- L -
|
Y 2xM12x 1.75
=t .
ol o Dr Post Version E]/
=
A
J - H
e Vol Mass Size (mm)
art Number l k
M | (ko) - v 5
BCAPO650 E270 TO4 0.211 0.20 515 14.0 60.0
BCAP1200 E270 TO4 0.294 0.30 74.0 14.0 60.0
BCAP1500 E270 TO4 0.325 0.32 85.0 14.0 60.0
BCAP2000 E270 TO4 0.373 0.40 102.0 14.0 60.0
BCAP3000 E270 TO4 0475 0.55 138.0 14.0 60.0

Figure A. 1: BCAPxxxx E270 supercapacitor family nechanical and physical characteristics.

- 259 -



BC Power Product Specifications:

Part Number Capacitance ESR, 1khz
(F) {mohm)
BCAP0120 P250 120 5.00 250 015
BCAPO0310 P250 310 2.20 1.00 0.45

BC Power Product Properties:

Rth Isc Emax Pmax Pd
Maxwell Part No. (CIW) (A) (Whikg) (Wikg) (Wikg)
BCAP0120 P250 15.0 500 3.59 21,500 5,100
BCAP0310 P250 10.9 1500 448 26,000 5,600

Vol Mass Size (mm)
Part Number 1)) (9)
L D a b c S t
BCAP0120 P250 027 29.0 51 26 4.75 16.0 59 6.9 0.5
BCAP0310 P250 053 60.0 62 33 6.40 22.9 59 6.9 0.8

Figure A. 2: BCAPxxxx P250 supercapacitor family mehanical and physical characteristics.
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Appendixx Ill: IGBT and diode library.

The chosen IGBT and diodes are from EUPEC
(www.infineon.com/cms/en/product/index.htm).

Depending on the chosen converter topology, diffeveltage ranges will be needed. Thus, two
different libraries were implemented.

The first library groups all the switches whose met withstood voltage is 600 Volts. Thus, the
family BSMxxGB60DLC from EUPEC is proposed. In tle&ELINA project proposed power
converter, these switches can be used in the ctd€3post converter. In this case the switch makima

voltage is around 270 volts. Some characterisfitsase switches are shown in Table A. 1.

Ry Vyg Rinit Rihid Rihib

(V) (€2) (V) (K/W) (K/W) (K/W)
0.022 1.1 0.0075 0.85 0.44 0.8 0.03
0.015 1.1 0.004 0.85 0.35 0.66 0.03
0.010 1.1 0.003 0.85 0.28 0.5 0.03
0.008 1.1 0.002 0.85 0.21 0.4 0.02
0.006 1.1 0.0015 0.85 0.17 0.19 0.02
0.004 1.1 0.001 0.85 0.10 0.21 0.01

Table A. 1 : 600 volts switches characteristics.

In the case of the Buck and Buck-Boost convertiédrs, voltage value that the switches must
withstand is higher and can reach in some casesevalp to 600 volts. Therefore, the
BSMxxGB120DLC from EUPEC is proposed in this caBeese switches can withstand voltages up

to 1200 volts. Some characteristics of these se#ere shown in Table A. 2

Vd I:'zth -t Rth j-d I:'zth i-b

(V) ) (V) (K/W) (K/W) (K/W)
0.022 1.3 0.0125 1.05 0.27 0.6 0.05
0.0143 1.3 0.0083 1.05 0.18 0.5 0.05
0.011 1.3 0.0067 1.05 0.16 0.3 0.01
0.0075 1.3 0.005 1.05 0.1 0.25 0.01
0.0055 1.3 0.0037 1.05 0.08 0.18 0.01
0.0037 1.3 0.0023 1.05 0.05 0.125 0.01

Table A. 2: 1200 volts switches characteristics.
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Appendix 1IV: Inductor cores library and sizing
procedure.

The chosen cores are KoolugME Cores from Magneticavivw.mag-inc.corh This choice has
been done according the advice of Jean Philippaddsenginner with Thales and also involves in

the CELINA project. The sizing procedure has bestaldished according with the information
available in Magnetics website.

Kool Mp E Cores have a distributed air gap which makemtigeally suited for switching
regulator inductors, flyback transformers, and poteetor correction (PFC) inductors. The 10,500
gauss saturation level of Kool provides a higher energy storage capability tham lze obtained
with gapped ferrite E cores, resulting in smallerecsize. Kool M E cores are competitively priced
against gapped ferrite E cores and their distrdbatie gap eliminates gap loss problems associated

with ferrites. Kool Mut E cores have significantly lower losses and sulbistity better thermal
properties when compared to powdered iron E cores.

High Flux Kool Mp
Permeability 14-550 14-160 26-125
Core Loss Lowest Moderate Low
Perm vs. DC Bias Better Best Good
Saturation (B¢ 7.5 Kilogauss 15 Kilogauss 10.5 Kilogauss
Nickel Content 80% 50% 0%
Relative Cost High Medium Low

Table A. 3: Powder cores comparison.

The available Kool M E cores and its mechanical and physical charatt=iare presented in
next page

B

=<

]
L

i [T s—
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0OK1207E in 200£010 | Z52:004 | 1402006 (  0.17B 03 140005 0.07 0104
(EF 12.8) (mm) {1270 (5.40) (3.58) (4.42) (B.29) (2.58) (1.78) (2.64)
00K 1803E in J00£012 | 3192007 | 1832006 (0218 0.548 | 188005 | 0.0%4 0182
{EI-187) {mm) (15.30) (.10} 14.748) (5.54) 13.90) (4.78) (23%) (4.65)
OOK2510E in 1000015 375007 | 250:004 (0245 074 L30£005 | 0425 0246
(E-2425) (mm) {25.40) (9.53) (6.53) (6.22) (18.80) (6.22) (3.7 (6.25)
O0KI0OTE in 1185£018) 591009 | 273006 ( 0376 0.768 | 274008 | 0201 0.254
(DIN 3057) | (mm) (20.0) | (15.01) (7.06) (9.70) {19,50) (6.96) (5.11) (6.46)
OOK3IST15E in 1.300+020) S57+.009 | 363007 | 0378 0.995 | 367008 | 0175 |
{EI-275) (mm) (34.54) (14.10) (9.35) (9.65) (25.30) (9.32) (4.45) (7.67)
OOK4017E in 1687025 E30k.012 | 424010 ( 0587 1195 | 463200 (| 0.234 0365
(EE42/11) | (mm) | (42800 | (21100 | (10800 | (15000 | (30.40) | (11.90) [ (5.99 {8.27)
DOK4020E in 1687025 E30+.013 | 608010 0587 1195 | 468010 | 0234 0365
(DIN 42715 | (mm) {4280 {2110 (15.400 {15.00) (20.40) (11.900 (5.95) (8.27)
DOK4022E In 16874025 B30+.013 | 788+.010 ( 0587 1185 | 468010 | 0.234 0365
(DIN 42720) | (mm) 4230 (21.100 (20.00) {15.00) (20.40) {11.90) (5.95) (9.27)
DOK431TE in 1.609+.024| 650+.011 | 493007 [ 0409 1115 | 493008 | 08B R
{El-21) {mm) {40.90) {16.50) (12.50) {10.40) (22.30) (12.50) (&.00) (7.00)
ODKCS528E in 2.16+.032 | 10852016 | 812015 0.729 1476 | 660015 0.33 0,405
(DIN 5521} | (mm] (54.90) (27.60) (20.50) (18.50) (37.50) (16.80) (3.38) {10.30)

OOK5530E in 2.16£.032 | 10852016 | 9692015 ( 0.729 1476 | 6e0x015 032 0,405
(DIN 55/25) | (mm) (5400 (27.600 (24.51) (18.50) (37.50) (16.80) (3.38) (10.30)
OOKRSITE in 4.563+.050| 12792150 | 1.063£016( 574 1740 | F75e0n2 394 AR

(Metric E65) | (mm) | {65100 | (32.500) | (emood) | (2220} | (a420) | (1970) | (100} | (12.10)
ODKTIZEE in 2.8504.043| 1.100£.020 | 750£015 | 0650 2072 | 750015 | 0375 0565
(F11) {mm) (7239) | (27.94) (19.08) (17.78) (52.63) (19.08) (9.52) (16.39)
ODKBIZ0E in 21504047 1.500£.025 | 7802015 |  1.103 1334 | Fe0x015 0.39 0.78
(Metrlc E80) | (mm) so.01) | (28.10) (18.81) (28.14) (59.28) | (19.31) (5.91) (19.81)

R Rl R
N el

ODK1207E*** 2.96 0 130 0.385
OOK1808E*** 35 48 E!I 401 0.914
OOK2510E*** 39 52 70 100 4.85 0 385 187
ODK3I0OT7E*** 33 46 71 52 5.56 0.601 394
ODK3IST1SE*** 56 75 102 146 65.94 0.840 582
ODKA0TTE*** 56 76 105 151 9.54 1.28 126
DOKAOZOE*** B0 108 150 217 9.54 183 15.0
ODKA0ZZE=** 104 140 194 281 9.54 237 2313
ODK4I1TE="* BE 119 163 134 7.35 152 1.8
DOKS528E*** 118 157 219 NA 123 .50 431
DOKSSI0E*** 128 187 261 NA 123 417 51.4
ODKESZTE*** - - - NA 147 5.40 794
ODKT22BE"** - - - NA 127 .68 s0.2
ODKSOZ0E*** 102 145 190 NA 18.5 .89 21

*** bdd material code to part number, &g, for 60p the complete part number is 00K 120EE060
Table A. 4: Kool Mp E cores mechanical and physcadharacteristics.
The sizing procedure could be described as follows:

Only two parameters of the design application nimesknown: inductance required with dc bias
and the dc current. Use the following procedurddt®rmine the core size and number of turns.

1. Compute the product of 1where: L = inductance required with dc bias (tiirys) | = DC

current (amperes)

2. Locate the 14 value on the Core Selector Chart (Figure A. 3)loRothis coordinate to the
intersection with the first core size that lies abthe diagonal permeability line. (Small core siaee

at the bottom; large core sizes are at the topg ihthe smallest core size that can be used.
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K8020

—| k7228
K5530
T |K5528

——{KA022
Ka020

—{K4317
—K3515

k3007

- K2510

Cores Listed by Geometry Factor

K1808

10 100 1000
LI, mH-amperes®

Figure A. 3: Core selection chart.

3. The permeability line is sectioned into standavdilable core permeabilities. Selecting the
permeability indicated will yield the smallest cdhat can be used. Lower or higher permeabiliteas ¢

be used, but the resulting core size will be larger

4. Inductance, core size, and permeability are kimown. Calculate the number of turns by using

the following procedure:

(a) The nominal inductance (AL in mH / 1000 turfe) the core is obtained from the core data

sheet. Determine the minimum nominal inductanceidigig the worst case negative tolerance (-8%,

12%, or -15%, depending on the core size). Wit thformation, calculate the number of turns

needed to obtain the required inductance.
(b) Calculate the bias in oersteds from: H =\4/le

(c) From the Permeability vs. DC Bias curves (Figar 4), determine the rolloff in per unit of

initial permeability (1pu) for the previously calculated bias level.

10

03
§‘? R
08
05
04
03 \
0z
01
0o

Per Unit of Initial Permeability

1 10 100 1000
DC Magnetizing Force (oersteds)

Figure A. 4: Permeability vs. DC Bias curves .

(d) Increase the number of turns by dividing théahnumber of turns (from step 4a) by the per
unit value of initial permeability. This will yieléin inductance close to the required value. A final

adjustment of turns may be necessary if a speaaifiectance is required.

5. Choose the correct wire size using the Wire @ §bable A. 5). Duty cycles below 100% allow

smaller wire sizes and lower winding factors, boiindt allow smaller core sizes.
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334 18,000 91.2 16.5 33.0 49.5 66.0
00Q59 208 14,350 13.1 26.2 30.3 52.4
Il} 00328 267 11,500 5&2 10.4 0.8 nz 4.6
1 00413 238 0,160 46.4 8.23 16.4 246 328
12 00522 213 7310 37.0 6.53 13.1 19.6 6.1
13 AD0E5E 1902 5850 20.6 5.18 10.4 15.5 0.8
14 00827 Ama 4,680 23.7 41 8.22 123 16.4
15 01043 1529 3,760 19.1 3.26 6.52 9.78 13.0
16 01319 L1369 3,000 152 .58 5.16 774 10,3
17 01657 224 2420 122 .05 4.10 6.15 8.20
18 0210 J095 1,940 9.83 1.62 3.25 4.88 .50
19 0264 0980 1,560 70 1.29 1.58 3.87 5.16
20 0332 0879 1250 6.34 1.02 .05 3.08 410
21 0420 0785 1,000 5.07 B12 1.63 244 3.25
22 0531 0701 B0 an 640 1.28 1.2 156
23 D666 0632 650 320 511 1.02 153 .04
24 0843 0566 525 2.66 404 £08 121 1.62
25 063 0505 425 2.15 310 641 962 1.28
26 1345 0452 340 172 253 506 750 1.01
27 686 0ang 270 137 202 A03 604 B0
28 il 0366 210 1.1 159 318 ATT 636
29 266 0330 180 912 118 255 382 510
30 an 0295 144 730 100 200 2300 400
EX 430 0267 17 503 0792 158 237 316
31 53 0241 6.0 A7 L0640 A8 A0z 256
33 676 0216 74 .30z L0504 am 152 202
34 856 01905 60.8 308 0397 L0794 119 159
35 1.086 01702 49.0 248 0314 0627 0940 125
36 1.362 01524 30.7 20m L0250 L0500 0750 100
37 1.680 01397 325 165 <0203 0405 0608 0810
38 213 01245 26.0 BE] 0160 <0320 0480 0640
39 278 01092 0.2 0z R FE] 0245 0368 0450
a0 3.51 00965 16.0 081 00961 092 0288 0384
a 4.33 00864 13.0 066 00785 057 0236 0314
a2 545 00762 102 052 00625 0125 0188 0250
43 Toz R 840 043 00434 00968 0145 0194
a4 B850 RLELY 730 037 00400 00800 0120 0160
45 10.99 00546 5.30 027 00309 00618 00627 0124
a6 1381 00498 440 022 00248 00496 00744 00992
a7 17.36 00452 3.60 018 00194 00338 00582 00776
a8 2.1 00394 290 015 00175 00350 00525 00700
49 27.6 00353 225 0 00150 00300 00450 00600

Table A. 5: Wire table.

6. The core chosen will have an inductance equal tgreater than that required when biased
with the specified dc current. The resulting wirgdfactor will be between 25% and 45%.
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Appendix V:Résume these en langue francaise

Ces travaux s'inscrivent dans le cadre du projebmien CELINA (fuel CEL application In a
New configured Aircraft). Ce projet, porté par deuxlustriels européens, a savoir AIRBUS et
DASSAULT AVIATION, est une étude théorique (pas dimonstrateur) sur les potentialités des
piles & combustible dans les applications aéromaesi. Malgré une étude qui se veut étre la plus
générique possible, la principale application é&adians le projet est le réseau électrique de ecou
qui est utilisé ultimement quand la génération @pale électrique (dépendante des réacteurs) est
perdue (situation tres critique !). Il s’agit notawent de voir si la pile & combustible pourrait réawopr
avantageusement I'éolienne mise en ceuvre actueitefBaviron vingt entreprises et laboratoires de

recherches universitaires sont impliqués dans CBL4Ni a démarré le®ijanvier 2004.

Le profil de puissance typique a satisfaire lordadmission de secours est présenté sur la figure

Mission power profile

Peak value F 70 kW

Mean value = 40 kW

. . . Y . . . .
0 50 100 150 200 250 300 350
Time(s)

Figure 1 : Profil de puissance de la mission a safaire. Source Airbus France.

Ce profil est tres « chahuté » (manceuvres de p#owssentiellement) et fait apparaitre de
nombreux pics de puissance brefs et de valeursmeasdoubles de celle de la puissance moyenne
mise en jeu sur la mission. Afin de ne pas surdsimemer en puissance la pile a combustible (colteux
économiquement et d'un point de vue massiquegnilde judicieux d’hybrider la pile a combustible
avec un élément de stockage. L’objectif d’'une taieociation, dans une vision simplifiée, est gque |
pile a combustible fournisse la puissance moyernéékEment de stockage toute la puissance

fluctuante.

Outre l'aspect surdimensionnement, un autre aspeat justifier une réflexion sur ce type
d’hybridation : le temps de réponse des piles abemtible alimentées par hydrogene et oxygéne de
I'air ambiant qui peut s'avérer limité a cause @émps de réponse des auxiliaires, notamment le

compresseur d’air. Ainsi, certains pics de puissaapides ne pourraient étre satisfaits.

Cette thése traite donc de la conception d'un tésbéectrique architecturé autour d’'une pile a

combustible et d'un élément de stockage pour ealé fonction « groupe électrogéne de secours »
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d’un avion. Le challenge a relever est ambitieusobiématisé sur la figure 2. Il s’agit :

» de définir et d'étudier les architectures électesjupossibles pour connecter un groupe

électrogéne a pile a combustible a un réseau igjeetd’avion.

» de concevoir les convertisseurs statigues DC-D@egant d’obtenir le réseat?70V requis
par AIRBUS.

e de réaliser une optimisation compléte du groupetiglgéne au moins en termes de masse, de

volume et de rendement.

HHl |2

2 22—

Fuel Cell p—

I
[HHI
Storage

Cc?

Figure 2 : Challenge a relever pour la conceptionell'architecture électrique du projet CELINA.

Le manuscrit est composé de quatre chapitres ouiétoe succinctement résumes :

- Chapitre | : Cadre du projet européen CELINA ethodes génériques de dimensionnement.
- Chapitre Il : Etude des architectures électriques

- Chapitre Il : Conception des convertisseurs stiretiq

- Chapitre IV : Etude de I'optimisation du systémentparaisons des architectures.

CHAPITRE | : Cadre du projet européen CELINA et méthodes génériques

de dimensionnement

Les axes de recherches autour de I'hydrogéne gpitbssa combustible de I'Union Européenne
sont tout d’abord présentés : production et distidm d’hydrogéne, recherches fondamentales sur les
piles a combustible, applications stationnairesigides et transports. Le projet européen CELINA,

cadre de cette thése, s'inscrit pleinement darsiqalts de ces axes.

Toutes les méthodes de dimensionnement décrites arsuite du chapitre partent de la

connaissance du profil de puissance a satisfaid, du long de la mission, pour le composant
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concerné. Le profil fourni par le cahier des chargst celui que le systéme dans sa globalité doit
satisfaire. Il s’agit donc, dans le cas d’'une hyétion de deux sources électriques, d'étre capddle
définir pour chacune de ces sources le profil dissamce a satisfaire partant du profil global.
Plusieurs solutions sont proposées dans le mahusais une solution a été retenue : le partage de
puissance par une approche fréquentielle. A notéif serait intéressant dans de futurs travaux

d’évaluer les autres solutions proposées.

Cette méthode (figure 3) consiste a appliquerdadfiormée de Fourier au profil de puissance
global requis. Une répartition spectrale de la ganse est alors obtenue. L'étape suivante corsiste
définir une fréquence de filtrage (ou fréquencecdapure) qui fixera le domaine fréquentiel pour
chacune des deux sources. L'idée directrice étapt lg pile a combustible gére la composante
continue de la puissance et les harmoniques b&gspgences et I'élément de stockage le restant du
spectre. Les harmoniques étant répartis, il ess gdossible, par une transformée inverse de Fourier

(FFTY) d’obtenir les profils de puissance temporels phacune des deux sources.

P
FFT
>
- f
=
Filtering
N frequency
pSD choice
P

P 4 Mission profile

—V

AR IVRENETE AYER" - Filtering
1 t frquency
P FFT- :
FC |
< ao Lk > £
> FC supplied SD supplied
power power

Figure 3 : Partage de la puissance partant d’'une atyse fréquentielle (FFT) du profil de puissance di&a

mission globale.

La suite du chapitre est ensuite consacrée a larigésn de « méthodes génériques de
dimensionnement » d’un stack pile & combustibld'@t pack de supercondensateurs. Ces méthodes
de dimensionnement sont appelées « génériqueselleame prennent pas en compte les couplages
qui peuvent exister au sein d'un systéme. Ellespeavent étre appliquées que si la source est
connectée directement a la charge et si aucungm@avec une autre source n’existe. Les interastio
sont traitées dans la suite. Notons que les bastere sont pas considérées dans ces travaux car des
études internes menées chez AIRBUS ont prouvé egisupercondensateurs sont mieux adaptés au

cahier des charges du réseau électrique de secours.
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De fagon simplifiée, un stack pile a combustiblé @&fini quand son nombre N de cellules
empilés en série et la surface S de chacune detesedont définis. La méthode suppose que lelprofi
de puissance a satisfaire pour la pile & combestbété défini. Le dimensionnement d’une pile a

combustible est proposeé sur la figure 4.

----------
ma)( power FC)
| FC max Vi
Il FC min
FC max J

FC max
@ VEc min

| inS
E 77|chax A|H[M+Jj

isS

> o

YES .
o R JecS+igS
’ Not Valid Opeartion Area ? § Psrack=Jrc SN [E" ~gJkeS™ Aln(im. ;'" J]

lo

Sizing criteria NO

modification? 'E

Figure 4 : Méthode de dimensionnement proposé poua pile a combustible.

Le principe de dimensionnement proposé consisgangr une tension minimal-cmindélivrée
par la pile & combustible, sur toute la missionfad®n a toujours placer le convertisseur statigue
aval dans de bonnes conditions de fonctionnemiestadit en outre de ne jamais dépasser la densité
de courant maximal@ercmax prescrite par le fabriqguant de piles a combustiblee courbe statique
tension-courant de référence est nécessaire dallétre fournie également par le fabriquant despi

a combustible.

Concernant le pack de supercondensateurs, il sthgitiéfinir sa capacité faradique C et sa
tension de précharge initiale. Une nouvelle ftasméthode suppose que le profil de puissance a
satisfaire pour le pack de supercondensateurs aéfiidi (exemple sur la figure 5). Ce profil de
puissance est intégré pour obtenir les variatioasimeles positive et négative au cours de la missio
A partir d’'un cahier des charges donnant la tensiarimaleVycmaxdu pack de supercondensateurs et
la profondeur de déchargktolérée, et des contraintes énergétiques maximddéegifiées pour la
mission, il est alors possible de dimensionneréeatnent le pack de supercondensateurs. Une fois ce
premier dimensionnement effectué, il s’agit d’effes un choix technologique pour réaliser le pack
qui sera composé de branches en série (tenir $#otemaximale requise) et de branches en paralléle
(délivrer le courant maximal requis). La prise eempte des pertes dans les supercondensateurs,

jusque la négligées, est finalement discutée ésééa
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Figure 5 : Exemple de profil de puissance a Figure 6 : Variation de I'énergie dans le pack de

satisfaire pour le pack de supercondensateurs. supercondensateurs au cours de la mission.

Chapitre Il : Etude des architectures électriques

Les méthodologies générales de dimensionnement éi@proposeées et décrites dans le chapitre
[, nous nous intéressons dans ce chapitre auxretitigs architectures électriques possibles pour le

groupe électrogéne de secours partant de la flgure

Si I'on cherche a minimiser la masse, le voluma etaximiser le rendement, il semble logique
de réduire le nombre de convertisseurs statiquas ifrfaut veiller a satisfaire les critéres éteptes
par le cahier des charges. Ainsi, aprés une étugleminaire de toutes les solutions possiblesstroi
architectures candidates sont retenues :

* «SOLUTION D »: l'architecture avec deux conves#igrs statiques (un par source)

connectés parallelement sur le bus contiadOV (figure 7).

* « SOLUTION E » : l'architecture avec une connexdrecte entre la pile a combustible
et le composant de stockage suivi d’un convertisdewconnexion au bus contie@70V
(figure 10).

e « SOLUTION F » : l'architecture avec un convertigsassociée a la pile a combustible

et le composant de stockage directement connediésacontinu270V (figure 11).

Considérons ces trois architectures les unes &saaitres en décrivant leurs caractéristiques.

« SOLUTION D » : l'architecture avec deux conversisurs statiques (un par source) connectés

parallélement sur le bus contind270V (figure 7) :
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+270 V =270 vV
DC BUS

DCIDC FC
converter

| —
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DC/DC STO
converter

IHH]

Storage

Figure 7 : Architecture avec deux convertisseurs.@ution D.

La solution D posséde deux degrés de liberté pgrarites deux convertisseurs. Le convertisseur

associé aux supercondensateurs en permet une bidlisagion en terme de profondeur de décharge.

Cependant le prix a payer pour disposer de ces degxés de liberté est I'obligation de

développer une gestion énergétique permettant dpenser les pertes du systéme. Effectivement,

sans la mise en place de cette gestion énergétiguesomposant de stockage se décharge

anormalement en fournissant les pertes du systenuisant probablement a I'arrét du systéeme.

Y

Le principe de base de la gestion énergétique stensi contraindre la pile a combustible a

compenser les pertes du systeme. Deux stratégiessasagees :
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La méthode dite de la « tension de référence diyposanmt de stockage » (figure 8) qui
peut étre appliquée a tout composant de stockaige ld tension est une bonne image de
son état de charge. Cette méthode consiste a cemperdirectement les pertes du
systéme en forcant une recharge permanente (ebra putét lente) du composant de
stockage grace a un régulateur : la tension aurelsodu composant de stockage doit
toujours tendre vers sa référence. Le principalntage de cette méthode est la
simplicité. Néanmoins, le dimensionnement du régulaet de la tension de référence

n'est pas trés facile.

La méthode dite de I' « estimateur des pertesgui@ 9) qui consiste a estimer les pertes
du systéme a partir de modeéles prédictifs. La aiffé majeure est naturellement de
disposer de modeles prédictifs valides particufigmet pour le composant de stockage.
En outre, le principal inconvénient de cette mééhedt sa complexité et le temps de
calcul requis. Cette méthode a été fort peu étudlidetre connaissance ; une validation

expérimentale est donc recommandée pour le futur.



% THD—| Vb us lload

FuelCell

IAHI

Storage

Figure 8 : Boucle de compensation indirecte des peis du systeme basée sur le maintien de la tensiumx

bornes des supercondensateurs a une tension de réfice souhaitée.
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Figure 9 : Boucle de compensation directe des pestdasée sur une estimateur des pertes.

« SOLUTION E » : I'architecture avec une connexiodirecte entre la pile & combustible et le

composant de stockage suivi d’'un convertisseur dernexion au bus continut270V (figure 10) :

Cette architecture est une architecture originale gere intrinséquement les échanges

énergétiques au sein du systéeme. Aucune stratégjestion énergétique ne doit étre implantée.

Néanmoins, il est démontré que le partage de puisssouhaité entre les deux sources ne peut
étre que partiellement mis en ceuvre. En effet, mdmontrons que cette association directe se
comporte comme un filtre passe-bas du premier oviré-vis de la puissance demandée par la
charge. En d’autres termes, c’est le meilleurdije de la puissance requise par la charge qu'il es

possible d'offrir pour la pile a combustible damstgpe de connexion directe.

Si nous nous intéressons aux pertes au sein densysil est possible de constater qu’elles ont un
impact différent suivant leur nature. Les pertes sain du convertisseur peuvent étre vues
« simplement » comme une puissance additionnellprafii de mission que doit satisfaire la pile a

combustible. Les pertes internes du composantatdkaye, quant a elles, peuvent étre assimilées a
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une source de perturbations harmoniques pourdapiibombustible. La pile & combustible ne peut étre
ainsi complétement protégée contre des variatiapsdes de courant dans une telle association
directe. Cet effet peut étre limité si la résisamtectrique équivalent des supercondensateurs est

beaucoup plus petite que la résistance électriquiz@ente de la pile & combustible.

210V 210V
[ st | DC BUS
..... - -
“aine -
A E
Auxiliaries DCIDC bus
DCIDC AUX { converter
converter
0
—— —
Fuel Cell
Storage

Figure 10 : Architecture avec un convertisseur. Qaplage direct des deux sources électriques. Solutié-.

« SOLUTION F » : l'architecture avec un convertisge associée a la pile a combustible et le

composant de stockage directement connecté au basiru #£270V (figure 11) :

Cette architecture présente des similitudes avecsdmtion D. Elle requiert également
I'implantation d’'une gestion énergétique pour avitedécharge compléte des supercondensateurs due

a leurs pertes internes.

En outre, cette architecture ne permet pas le @endu bus contintt270V qui est imposé par le
composant de stockage et donc nécessairement leartab effet, le composant de stockage étant
imparfait, une marge de variation de tension du darginu doit étre impérativement autorisée pour

permettre la charge et la recharge des supercoaigens.

Le principal avantage de cette architecture ested@résenter qu'un seul convertisseur traitant
« seulement » la puissance moyenne requise paalge. Cela doit permettre de conduire a de bons

rendements et & un systéme léger.

270V 210V
< DC BUS
e
H . T
2 i
Auxiliaries DCIDC FC
Dg:\iﬁgrx converter
| E—
il -
—— _
Fuel Cell |
Storage

Figure 11 : Architecture avec un convertisseur. Coiposant de stockage directement connecté au bus

continu. Solution E
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Aprés avoir détaillé les trois architectures précgeds, les auteurs reviennent sur le

dimensionnement du systeme.

Un point commun est mis en évidence pour toutes deshitectures en terme de
dimensionnement : si les méthodologies générigaeedirdensionnement (chapitre I) sont directement
appliquées pour dimensionner la pile & combusébles supercondensateurs, le systéme dimensionné
ne pourra respecter les criteres de dimensionneragnis. L’explication est le partage initial de la
puissance requise par la charge entre la pile &uastible et le composant de stockage ne prend en
compte les couplages au sein du systeme, les atités pertes du systéme, la stratégie de gestion

énergétique...

Pour résoudre cette importante difficulté, les atg@roposent une méthode de dimensionnement
itérative, identique pour toutes les architectugie est schématisée sur la figure 12. L'idéedest
modifier de facon itérative les profils de puissaegigés pour les deux sources tant que les ithre
dimensionnement ne sont pas satisfaits en relardesmtsimulations du systeme global avec les
dimensionnements réajustés des composants ennhclnanaximum d’aspects comme les pertes et

la stratégie de gestion énergétique.

Mission power profile

I FFT Analysis

UC and FC power profiles

sizing___,| UC gr)d FC
criteria SiZing

New UC and FC
Global system simulation -
power profiles

. . ) NO
Sizing Criteria Fulfilled ?? -
YES
x>

Figure 12 : Méthode itérative de dimensionnement mposée.

Chapitre Ill : Conception des convertisseurs statiges

Airbus impose le cahier des charges suivamt bus continu de270V a partir d'une seule pile &
combustible, la borne négative de la pile devarg &liée a la carcasse de I'avion qui constitue la

masse électriqueCe cahier des charges impose clairement le déwetopnt de topologies de
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convertisseurs continu-continu spécifiques. C'astgment I'objet de ce troisieme chapitre.

Tout convertisseur associé a la pile & combustibleequiert pas d’étre réversible en courant. En
revanche, tout convertisseur associé adidlément de stockage doit étre réversible emantt (cas de

la solution D).
Deux solutions de conversion statique sont proosée

+ De «classiques » convertisseurs statiques isolissés sur la topologie de type push-
pull mettant en ceuvre des transformateurs haudgadnces. Un exemple est proposé sur
la figure 13. Outre leur complexité, il n'est paséade rendre réversible en courant ces

structures.

+270V

i -270V
T\ T2

Figure 13 : Pushpull alimenté en courant proposé pour satisfaire
le cahier des charges AIRBUS.

+ Des associations originales de convertisseurs conticontinu élémentaires Le
principe consiste a associer un convertisseur moontinu  (de type boost, buck ou
buck-boost non inverseur en fonction de la gammeedsion délivrée par la pile a
combustible) qui crée le pble continu +270V aveccanvertisseur de type buck-boost
qui crée le pble continu -270V. Les associationgedéposant un double traitement de
la moitié de la puissance, les associations pégall&’'imposent pour garantir des
rendements satisfaisants. Un exemple d’associptiaallele est proposé sur la figure 14.

L'avantage de ces structures élémentaires estlgsi’pbuvent étre rendues réversibles

aisément.
Ls

D

8288 ‘ MB L+27ov

TBI TCB R |V,
.
VFC ?j TB—B = DB-B =

[
™ -270V

Css

Les T

Figure 14 : Topologie globalement « boost%270V. Association paralléle.
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Seule la seconde solution a été étudiée dans wailtde thése, la premiere ayant été évaluée
(dans sa version non réversible) par un autre mairee (THALES AES) impliqué dans le projet
CELINA.

Les trois combinaisons possibles pour créer le péiginu +270V sont analysées en profondeur

en termes de dimensionnement et de performances.

Au regard des puissances a traiter (de I'ordreGi&\pour la puissance moyenne a fournir pour
la pile & combustible), chaque convertisseur cra@anmpble sera concrétement composé par plusieurs

branches identiques en paralléle et entrelacésldifrir des rendements et des masses satisfaisant

La premiére idée consiste ainsi a fractionner lésganceP a traiter en parallélisani
convertisseurs identiques traitant chacun une gogss réduite d®/N. Ces « petits » convertisseurs
parallélisés offrent clairement un rendement pllesé comparé a la solution avec un seul « gros »

convertisseur traitant toute la puissaRce

La seconde idée est de tirer avantage de cettdgbiaadion de « petits » convertisseurs pour
réduire la masse des composants grace a la teehdigotrelacement des commandes. En effet, cette
technique d'entrelacement permet de relacher latr@giote de dimensionnement en termes
d’ondulation de courant pour chacun des convedissparallélisés tout en garantissant I'ondulation
de courant requise pour la source d’entrée (spdoiht pour la pile a combustible). Cette technique
d’entrelacement des commandes conduit effectiveraam filtrage actif du courant dans la source
d’entrée qui est la somme de tous les courantsalegertisseurs parallélisés. L’ondulation de cotiran
pouvant ainsi étre réduite dans chaque brancmeluitance concernée peut étre fortement réduite et

par conséquent sa masse et celle du convertisseur.

Interleaving influence in the source current ripple in a BOOST converter

T T T T T T T T
10 — 2BOOST |4 10
—— 3BOOST
—— 4 BOOST |7 9

Interleaving influence in the source current ripple in a BOOST converter

Cument ripple (%)

—— 1B00ST
[ | ——2B0O0ST
— 3BO0OO0ST
L L L L L . L L —— 4 BOOST
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Figure 15 : Ondulation de courant dans la pile & Figure 16 : Ondulation de courant dans la pile a
combustible en fonction du rapport cyclique et combustible en fonction du rapport cyclique et
du nombre N de branches entrelacées. du nombre N de branches entrelacées en

supposant une inductance variable aven.

- 277 -



Néanmoins, cette stratégie de parallélisation patitement conduire a un fonctionnement en
conduction discontinue. En effet, si la valeur 'dellictance est réduite, la zone de fonctionnersent
conduction discontinue est accrle et peut étréefaeint atteinte si le niveau de puissance requitapa

charge décroit. Si cette zone est atteinte, ler@lentlu convertisseur statique peut devenir délicat

300 T T T T T T T 300
Discontinuous maode contirious mode
250+ —
alpha = 0.5 —
52 alpha = 0.3 s 2004 Hﬁ\\ .
. alpha = 0.2 w /«‘
3 £ P
‘%— alpha = 0.1 é /_///
£ - -
n=1
Continuous maode n=32
50 n=3
discontinuous mode -n=4
3 y 5 5 7 r % E w0 & Y o
Qutput current lo (A) Qutput current lo (A)
Figure 17 : Frontiére entre les modes de Figure 18: Evolution de la frontiére entre les
conduction continue et discontinue. modes de conduction continue et discontinue avec

le nombre de branches entrelacées.

Pour éliminer (ou réduire fortement) cet inconvéahigui peut étre trés marqué si la plage de
fonctionnement varie fortement, une stratégie pélgi de contrble des convertisseurs a été proposée
la technique dite « d’extinction de branches »pkiacipe de cette technique consiste a éviter el’étr
dans des conditions conduisant a un fonctionneercbnduction discontinue. Ainsi, une branche est
éteinte chaque fois que la puissance requise pelidege décroit et conduit le convertisseur dans la
zone de conduction discontinue. La puissance exéagtealors partagée en un nombre réduit de
branches repoussant la limite de fonctionnementcemduction discontinue pour les branches
restantes. Méme si cette technique donne de tnés fgsultats en simulation (figures 19 a 21), une

validation est recommandée dans les travaux futurs.

La suite du chapitre Il est ensuite consacréeeaéinde trés approfondie des rendements et des
masses des solutions non isolées proposées. Urpkxest donné sur les figures 22 et 23. Il est
prouvé gquantitativement que la technique d’extorctde branches améliore significativement le
rendement du convertisseur. Les convertisseursopéspne présentent pas au final un excellent

rapport masse/rendement ; cela s’explique prineipaht par le plus faible rendement de la partie
« buck-boost », réalisant le pole -270V.
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Figure 19 : Simulation de la technique d’extinctio de branches.
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Figure 20 : Extinction d’une branche. Figure 21 : Extinction de deux branches.
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Figure 22 : Distribution des pertes au sein Figure 23 : Distribution de la masse au sein
topologie globalement Boost (40kW ; 70V). topologie globalement Boost.
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Chapitre IV : Etude de l'optimisation du systeme. @mparaisons des

architectures.

Ce quatriéme et dernier chapitre traite de I'épineuobleme de l'optimisation du systéme
global. Le groupe électrogéne développé étant rdeséi étre embarqué dans un avion, cette
optimisation vise la minimisation de sa masse etafevolume et la maximisation de son rendement.
Dans cette étude, la masse et le volume sont gamésidomme évoluant dans le méme sens, étant liés

par la masse volumique.

Dans les chapitres précédents, trois architecilezdriques, des topologies de convertisseurs et
des stratégies de gestion énergétique ont été sgepaet étudiées. L'optimisation du systeme global
doit permettre de comparer et classifier touteptessibilités offertes dans le but final de séteutier
la meilleure solution en termes de masse et rengierfieus les modeéles précédemment développés
pour calculer les masses et rendements des dif§éreomposants (pile a combustible,

supercondensateurs, convertisseurs statiquesicsptginement exploités.

Le systeme étant complexe (nombreuses variablesinoes et discretes et multicritere
d’optimisation), le recours a des techniques diojgation avancées s’est rapidement imposé. Ainsi,
un algorithme génétique a été implanté. L’architextde I'outil d’'optimisation développé est proposé

sur la figure 24.

De nombreuses optimisations on été réalisées. @loeat, les résultats sont plus ou moins

surprenants.

Iterative sizing method

Viinrcy |
Jmai' S _, No
f »
Vimaxue N
Genetic > o
; uc ,| System System ng
Algorithm g y . . yl . — criteria
NSGA-II k| Sizing R e Simulation fulfiled 2
Vit 3|
Do ) Cuc
f > Yes
Slcodg MatLab Simulink

Technological
constraints » > <

5 Validated results?
fulfiled ? "

Weight

Hydrogen consumption

Not valid solution ?

Figure 24 : Schéma de I'outil d’optimisation dévelppé.
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Figure 25 : Front de Pareto pour les trois architetures électriques retenues.

L’architecture avec le stockage directement cordnaatbus continu (solution F) apparait étre la

meilleure en termes de masse et de rendement€figfly. Cette architecture offre un convertisseur
|éger qui ne traite que la puissance moyenne.

L’architecture avec deux convertisseurs (solutigrs@mble étre la meilleure seconde option. Si
cette architecture conduit logiquement au packupercondensateurs le plu léger, le recours a deux

convertisseurs est préjudiciable en termes de maasse le systeme global comparativement a la
solution précédente.

Enfin, I'architecture avec connexion directe deila a combustible et des supercondensateurs ne
semble pas étre une bonne option pour notre cdbecharges. Un convertisseur lourd qui doit traite

toute la puissance requise pendant la mission etroauvaise utilisation des supercondensateurs
rendent cette architecture non adaptée comparédeaxxautres.

Tout au long du chapitre, I'outil d’optimisationfzgrait, au travers des nombreuses illustrations,
ne pas étre seulement un outil d’aide a la décisimis également un outil de compréhension et

d’analyse. Nous avons pu en effet tirer plusiemsegnements des résultats d'optimisation. En voici
les principaux.

Les premiers résultats intéressants sont les teedachiffrées pour les nombreux parameétres
difficiles a fixer a priori : la fréquence optimatle coupure pour la répartition de la puissancedes
deux sources, la tension minimale de la pile a awmstible au dessous de laquelle il ne faut pas
descendre (figure 26), la densité maximale de eawptimale pour la pile a combustible (figure 27),

le choix de la technologies pour les supercondensstla fréquence optimale de commutation pour
les convertisseurs statiques...
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Figure 26 : Tension minimale de la pile a Figure 27 : Densité de courant maximale de

combustible en fonction de la masse du systeme. la pile @ combustible en fonction de la masse du

systeme.

Méme si les trois architectures ne conduisent pda méme masse globale et la méme
consommation d’hydrogene, I'évolution des varialdlesdimensionnement le long du front de Pareto

semble plus ou moins la méme pour toutes les athites. Quelques particularités existent, mais les
tendances sont bien les mémes.

Un des plus surprenants résultats (figure 27) esties systémes les plus lIégers ne mettent pas en
oeuvre une pile a combustible fonctionnant a lasdénde courant maximale autorisée pour
I'optimisation & savoir 0.8 A/ctndans notre cas. Pourtant, pour une puissance epumé pile
fonctionnant & 0.8 A/cfest clairement la pile & combustible la plus légpossible dans cette
optimisation. Ce résultat d’optimisation s’expliquependant par le fait que de hautes densités de
courant conduisent a des pertes élevees, et dodes &onsommations d’hydrogene plus élevées
augmentant alors la masse globale du systeme.

Pour prouver cette hypothese, la méme architeetl&gg® dimensionnée pour deux missions de
durées différentes (4 heures et 15 heures). Laoniss plus longue conduit a des piles a combuestibl
fonctionnant a de faibles densités de courant, mdiss rendements élevés, pour éviter un surp@ids d
au stockage d'une plus grande quantité d’hydrogéne.

De plus, les solutions dimensionnées pour des omsdiifférentes (longues et courtes) ont été
comparées pour une mission identique de longueeddfeheures). Dans ce cas, les solutions avec les
piles fonctionnant a de faibles densités de counaiais a des rendements élevés, sont clairement
préférables a des piles fonctionnant a de fortesitées de courant.
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