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Abstract—This paper deals with the corrective action with a distribution. Moreover, very long stack might lead to
power converter for a 100kW multiple fuel cells (FC) generator mechanical problems that may cause gas leak. Furthermore,
under fault and used for vehicle propulsion, or high power fluidic problems may cause local sub-stoichiometry or can
onboard electrical assistance. The objective is to permit, through affect the water content in the fuel cell causing flooding or
the power converter and its control strategy, a soft shut-down of drying. All these problems could result in a dramatic power
a FC stack in fault and guarantee a continuous of operation at a |oss and even worst in permanent damage. High power and
reduced power, acceptable by the specifications. The power ejigple fuel cells are needed, particularly in transport
converter should also realize the power management during the - 55jications. Thus the association of multiple ‘small scale fuel
degraded working situation. Two power system architectures are  .ois'in order to deliver high power seems to be a good way to
studied and compared by numerical simulation. get in [4]. Consequently a great deal of FCs connection is
Keywords- Fuel cells, redundancy, continuous operating, conceivable. Thanks to the multi-stack association, if one stack
operational reliability, degraded working mode, power managment. gets out of prder it can be shut down allowing th.elother fuel
cells to continuously deliver the load power. Thus, it is possible
to build a fault tolerant generator. Hence, the system designer
l INTRODUCTION has to evaluate all the series and/or parallel associations in
In the current economical and environmental context, mangrder to find out the best electrical architecture and conceive
researches are focused on clean energy or clean vehicle. Fthed related coupling power converter.
cells (FC) fed by hydrogen/air are an alternative for electricity Finally. i der to desi fault tol t fuel I
generation for different applications: stationary, embedded inatly, In order to design a laut folerant fuet ce

transport and APU. Fuel cells produce only electricity, heat anarchitecture, on-line fault detection_on the _fuel cell generator
water. which make.them very environment friendly ' needs to be performed. Many techniques exist based on the fuel

cell impedance measurement thanks to electrochemical
Generally speaking fuel cells are low voltage, high currenimpedance spectroscopy (EIS) analysis, cyclic voltammetry
electrical generator. Moreover FC voltage drops significantl{CV) and current interruption (CI) [5-8]. They provide good
while its current increases (the FC voltage at its rated currentiisformation about the FC state of health (SOH) but are long to
roughly half of its open circuit voltage). Most applicationsperform. To achieve very fast fault detection, a voltage based
require a power converter in order to increase and regulate thdetector can be a good agreement. Indeed, some faults can
output voltage. In transport applications, FC is evaluated as arccur in localized areas of the stack. Thus, a judicious
energy conversion source. In order to deliver power tractiomonitoring using only a few numbers of cells allows the
demand, FC can be hybridized with batteries or ultracapacitodetection of the fault. The authors propose in [9] fault detection
[1] and prototypes of car, bus or train have already beethanks to localized voltage measurements. With this technique,
designed [2-3]. named the differential technique, it is possible to quickly detect

Currentl olvmer electrolvte membrane fuel celis® fault. This technique can be monitored on-line, used only a
y POl W wa sensors and is non-intrusive.

(PEMFC) seem to be the best technological solution for fue
cell integration in vehicle. Many reasons can be listed to The article is organized as follows. First it presents
explain this choice. Among them its solid electrolyte, wellspecifications of the multi-stack fuel cell system including the
adapted for transport and vibrations, its high power density ardkfinition of the degraded working mode. This part contains a
its low temperature (resulting in a rapid start up) can bstate-of-the-art part focused on the feedback experience for FC
outlined. Nevertheless, power generation for tractiordemonstrators in the transportation domain; the problematic of
application requires high power generator. For this purpose, FBe optimal configuration for FC architecture used in
manufacturers need to design specific FC with large membrameansportation, and a FC model is presented. After that, two
electrode assembly (MEA) and an important number of cellgechnological solutions are successively detailed: The use of
But high power stacks have technical limitations. They ar@ne single converter for multiple stacks is evaluated. Then the
difficult to operate because of an inhomogeneous fluidicase of one converter per stack is analyzed. All the cases are
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studied and compared by simulation using MatlabtBirk
software.

Il.  SPECIFICATIONS

A. Feedback experience for FC vehicle demonstrators in
transport applications — an overview

Fuel cells have already been tested and evaluatethny
transport application as demonstrators around tdvfUSA,
Canada, Europe, Japan...). The European Commissiautse
to develop and demonstrate an emission-free andnloise

transport system with the CUTE project (Clean Urbarapplication

Transport for Europe). For this aim, 27 Hydrogeweied fuel
cell buses were built and used in 9 European ditie? years.
Fuel cell maximum power is 200kW and the averageomed
power during their 7000hrs of service is 73.5kW][1
parallel the ECTOS project (Ecological City TranspO
System) was led in Iceland. It demonstrates the afs&
hydrogen fuel cells buses in regular transport ipufilhe fuel
cell is a 250kW PEM system from Ballard [10]. Inli@ania
many fuel cell buses were tested since 1999. Theedu
company AC Transit and SunLine Transit Agency astirig
buses equipped with a 120kW fuel cell generator-12]L
Since December 2009, 20 buses powered by a 1506l
power system are operating at Whistler, Canadathi®r2010
winter Olympic Games and will continue afterwartiss the
largest hydrogen fleet of fuel cell buses in oragit location
[12]. In France, the GENEPAC project was run ineortb
design and build a fuel cell for automotive apglmas. It
focuses on the development of a compact fuel tatlkswith
high output dynamic performances [13]. The Freretearch
project SPACT-80 was led to design and manufaauabust
and durable air/ll 80 kW PEM fuel cell-based system,
specifically developed for railway and road appimas.
Generic tests have been performed over several dakl
modules which power is ranging from a mini-stackatd0kw
air/H2 power stack [14-16]. Fuel cells have beeal@ated on
hybrid locomotive demonstrator [17] and on the faleel-
drive hybrid demonstrator truck “ECCE” (“Evaluatiomes
Constituants d’'une Chaine Electrique”). As othearegles of
the application of FC in the railway area, a fuell twybrid
locomotive is presented in [18]. Powered by 2 FaClst which
deliver a continuous power of 250kW, the locomotizan

produce a transient power up to 1MW thanks to the

hybridization. This makes the locomotive the hestvand the
most powerful fuel cell land vehicle. In Japanest running of
a railway vehicle equipped with 100-kW fuel cellashbeen
also performed [19].

B. Optimal configuration for FC generator architectuused
for transport application (for continuous operating

As a practical specification example representatdfe
transport application, the electrical generatorusthde able to
deliver a power of at least 80kW, with a DC voltdges of
540V. For this study, a set of 4 fuel cells modugetaken into
consideration. Each module can deliver a power 82 in

circuit voltage (OCV) is 92V. No matter how is theel cell
association is realized, we consider that eachtB€kas its
own gas regulation. In order to increase the outplibge, the
FCs are connected in series. Hence the rated eoldghe
whole association is 240V and the total open dircoitage is
368V. Consequently the elevation ratio of the resli
converter varies between 1.4 and 2.25. A classiostho
converter is well adapted for these voltage amgdisy and
there is no need of a transformer. In [20], threaverter
topologies are described and compared for powdicappn.

Taking into account degraded mode in a transport
is fundamental. Since the auxiliary pow
consumption is about 25% of the rated power a diesgranode
can be considered. This means that during theréadtia FC,
not all the nominal power has to be delivered.His mode,
only a minimal power is required in order to powanly
critical devices like propulsion system and allcavsontinuity
of service. Then as the SPACT-80 project already, the
operation under degraded mode is specified as &psupply
reduction of no more than 75% of the rated powethis case,
it means that the load tolerates the loss of otieeestack.

In the system there is a supervisor. Its aim isdtfy to
other system devices that a fault occurs. In ogecafter fault
detection, the supervisor will limit the power canged by the
system according to the power loss of the genelatdimiting
the current reference of the non-critical devidése supervisor
can act on the converters depending on the FC iatisoc
topology. Fig. 1 scheme shows the different comptme
involved in the system (FC, power converters, stiper) and
outlines the problematic of the suitable coupliregween the
FC source, the power converters and the superviiber figure
presents the fragmented synoptic of the multi-stugh cell
electrical generator.
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Figure 1. Fragmented synoptic for an optimal configuratiorahultiple
FCs generator, power converter interface and sigmersystem.

It should be noted that the multi-stack PEM fudl sgstem

delivers whole power to the load. No hybridizatwinthe FC
generator with additional energy storage deviceshése
considered. However for an extended problematimgakto

order to obtain a maximum power of 112kW. One stackaccount energy recovering for improvement of thergetic

consists of 90 cells with an active area of 500cRéted
voltage of one stack is 60V for a current of 400&; open

efficiency, fuel cell assistance during fast transs, or even



global energy management, the use of storage etemeriwo kinds of faults: the accumulation of nitrogaméor water

(battery, supercapacitors, etc.) would be essential

C. Fuel cell modeling

As the FC voltage is highly dependent of its curifuel
cell model is required. The same cell model thgnidused,
and is based on the static voltage equation:

Veell = E—=#act = lohm = #1conc 1)
Where E (V) is the electromotive force,

nact the activation voltage which represents the faet th
some energy is heeded to generate a reaction roduc

Nact =(R Tic) / (2o F). In((I+3)/ o) )
J is the fuel cell current density, the leakage current

in the anode and an important drying. Thus the madeds
only the voltage and the current as inputs in otdedetect a
fault. [27] presents another model based fault afiete. The
detection is based on computing residuals deriveth fa state
observer. In [28] the instantaneous load currerite t
temperature and fuel/gas source pressures of tecéll are
measured and constitute the inputs of a dynamicemdm this
work, the authors make use of the Hotelling T2istiafl
analysis to detect a fault. In [29] another apphoagnsists in
building a data-base of fault records, as a pratmyi work.
The characteristic variables are then analyzedyusiBayesian
network for fault diagnosis purpose.

Flooding or drying fault detection is proposed B@][thanks
to EIS measurement. The author shows that dryindifias

density, d the exchange current density, R the perfect gathe FC impedance over a large frequency range abese

constant, § the cell temperaturep. the charge transfer
coefficient and F the Faraday’s constant.

nonm the ohmic voltage which idue to the resistance for
both electronic and ionic currents.

Hlohm= Rmem. J 3)

neone the concentration voltage which due to a mass
transport limitation at high current density.

Nconc = M. exp(n J) (4)

Many faults can occur in a fuel cell, but we witictis on a
reversible fuel cell fault (i.e. a fault that dokgmermanently
damage the fuel cell). A fuel cell during a revielesifault can
be restored with an action on fuel gas and/or waittelectrical
action. Reversible faults are flooding, drying aaene cases of
poisoning. Flooding, due to an excess of waterhim ¢ells
inhibits gas transport to the reaction sites anduces the
surface area of the catalysts [21]. It virtuallguees the active
area and is simulated by a modification of the seiface &.
On the contrary, a drying situation results in acréase of the
membrane resistivity [22]. It is simulated by anrgase of the
membrane resistance. Poisoning is owing to theitguaf

gaseous hydrogen gHor air. If contaminants are present in the

gas then they cause performance degradation ofutiecell

[23]. As already mentioned, a failure does notdftbe entire
stack but only some localized cells or group ofscefhus a
flooding occurs in the inlet or outlet of the steakd a drying
will occur in the middle of the stack [24]. Thisies that the
stack voltage will not be much impacted during lileginning

of such faults. In the following section a floodifejlure will

be simulated but a drying would induce the sameébailo
voltage change [25]. A voltage drop in the faulgll€ occurs
and thanks to the differential technique, a voltag&asurement
of groups of cells located in the inlet, center andlet, the

fault is quickly detected [9]. During a failure,igtimportant to
reduce the current through the cell in order tordmse its
voltage. Furthermore, it prevents of the failedsceVerheating.

D. Fault diagnosis techniques: a review

Lots of researches are carried out on the fauljraiais of
PEMFC. In [26] the authors propose fault detectianks to a
fuzzy diagnosis model. It is designed to detecprieference

flooding modifies FC impedance only in low frequgnc
bandwidth. Then measuring a high and a low frequdrad
allows a detection of these two faults. Thanksvo ¢quivalent
models of the fuel cell impedance, the author8ir propose a
detection of flooding, drying and catalyst poisanfaults. The
first model describes the behavior of the PEMFCinduits
normal operation and during a flooding. The secomsbel
describes the two other faults. A fuel cell impexamodel is
also used in [25, 32] and allows detecting reaktifooding
and drying.

In [33], the authors use pressure drop in the &l to
detect flooding faults. The authors in [34] propdkmding
fault detection with cell monitoring. In low curredensity a
current spike of at least 0.5A/cm? is performederafards if
measured voltages cell differ from the median eeltage
anode flooding is suspected. Voltage monitoringrisposed
by [35]. Cell voltage monitoring is an appropriafault
detection, but is not enough precise for identifyaiearly the
fault. Finally in [9] voltage based fault detectienpresented.
Thanks to three localized measurements (in the, ithle center
and the outlet), a flooding or a drying can be clei

I1l.  ONE CONVERTER FOR MULTIPLE STACKS

A first study is carried out with a direct conneatiof the
four fuel cells in series. Series connection alloavdhigher
converter input voltage. Voltage bus (Y is regulated to
540Vbc and the load is set to a constant power of 80kW.
Voltage regulation is implemented with 2 imbricatiedps.
The inner loop is a current loop, it regulates [E@&s current,
and the outer loop is the voltage regulation loBjg. 2(A)
shows the synoptic of the system with supervisor.

A flooding is simulated in the inlet cells of onack. As
only a few numbers of cells are impacted in a stduk stack
voltage decrease is not significant. When the fesuttetected,
the supervisor can only intend to reduce the ctrrcdnthe
faulty stack. This decrease aims to protect thekstad helps
to prevent the failure progression. In additionadfc action
on the fuel cell will allow the stack to recovehealthy state.

Nevertheless, this topology faces a drawback. Asidahe
FCs are in series, reducing the current of onekgtesults in



decreasing the current of all stacks. Thus thisrgemey action

relieves the failed stack but also the healthy oAssa result
the load has to face unnecessary power loss. Forthe, due

to the specifications, the supervisor can’t redtlee power

under 75% of the generator power which implies thatstack
current can’t fall under a certain value. So thosld prevent a
fast restore of the faulty stack. Finally, if thauk is not

corrected and expands, the stack needs to be aivatid order

to be protected. In this specific case the entingegator has to
be shut down because of the series connectionréwept this

drawback a derivative circuit is needed, which eansl to the

second topology.

IFC I\oad
- Vbus
n f—

Load

lrc
Voltage regulation
]

X>[P1PX)
’7 | I
....... Vbus (ILoad)ref
(Voushrer

B G

FCs Fault

detection

— Gives corrective actions +1

— Manages degraded mode

max

.‘ Supervisor

[ — > Changes fuel cell fluidic

Switch command

Figure 2. Synoptic of the one converter architecture (AJuélFCells, (B) 4
Fuel Cells with by-pass circuit).

The previous topology is upgraded by adding oneguow

switch in series and one diode in antlparalleletorestack (Fig.
2(B)). With this second topology, the previous @pien
remains achievable, but it is also possible to égspthe faulty
stack [36]. When a fault occurs,
instantaneously shut off and its current is disety-passed
through the diode. As the faulty stack delivers auyrent
more, it could easily restore a healthy state. @frse, while
by-passing the faulty stack, the supervisor hdsrib the load
power to remain the energy balance and preventbilse
voltage from dropping. Fig. 3 shows the failed ktaoltage
and current during a by-pass, a healthy stack geltahe
converter output voltage and the load power. Atfeulletected
at 2.5ms, the load is decreased from 80kW to 60&kd, the
faulty stack is by-passed. One advantage of tluknigue is
the step current interruption that can be obseorethe faulty
stack. Indeed, FC is electrochemical converter aralirrent
interruption allows to measure fuel cell impedatitanks to
the voltage response. This way it is feasible tecigely
indentify whether the fault is a drying or a flondi[5].
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Figure 3. Voltages and currents during faulty stack by-pagsin

Nonetheless the major drawback is the restart ef th

previously faulty stack. Once it has recovered athg state, it
needs to be reconnected to FC system. Fig. 4 skoltage
and current of the reconnected stack while the loader is
kept to 75% of the rated power. When the switatiased, the
current takes place instantly in the fuel cell. &ese of
external auxiliary devices for gas regulation, foell response
time is wide compared to electrical response. Insequence
step current could damage a FC [37]. For this medsard
restart is not conceivable and can bring the fe#lllzack into
fault. A soft restart of the fuel cell is needeudl this context, a
soft restart implies a shutdown of all the stacksictv is
unacceptable in view of the transportation speddins.
Considering this second topology, restart operafgtarting
again a stack after removal) is a trouble; the &gspmethod
could be grueling for the FC. That is why anotteggology is
suggested; this topology allows an
regulation of each stack.
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Figure 4. Voltages and currents during a restart of the yae@@ stack.

IV. ONE CONVERTER FOR EACH STACKS

This third topology associates each stack with oen
converter. This architecture allows each stackeadmntrolled

independent powe



independently. Two levels for the power regulatiare
considered: a preliminary level only consists irargig the
power between the stacks when a slight differeppears. A
second level, following fault detection, leads tgngficative
power reduction for the faulty stack by acting be woltage
references. This action is performed simultaneowsith a
corresponding load reduction. We briefly describe two
methods hereafter.
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For the first level of regulation, each convertemtcol
references are calculated according to the fuélvlages.
The aim of this method is to slightly reduce thewgo
delivered by a stack when its voltage drops contprethers.
Thus, power delivered by the other stacks is Idlyi¢gacreased
in order to compensate the light unbalancing. Aryefault
does not impact significantly on the amplitude loé¢ tglobal
stack voltage in particular when the stacks amgelames. That
is why a voltage representative of the FC stateeexded. The
FC stacks are already instrumented in order toperthe fault
detection and identification, as presented in [Bjus 3
localized voltages per stack are available. Thesmlired
voltages are also used for generating the convedetrol
references. These 3 voltages are summed and th# igs
named V}; (with i=1, 2, 3, 4, corresponding to the 4 FC4)ju§
converter voltage referencey, ) is calculated as follow:

4
(Vconvi)ref :Vbusref 'Vpi zvpi (5)
i=1

This first level of regulation could prevent thecamence of a
fault, but remains not sufficient. The second lexfalegulation
is therefore involved. If a fault is detected thento the
differential technique, then a significant poweduetion is

induced on the failed stack. Reduction could beot/thore of
the stack nominal power. This relevant power desgrésa done
on the faulty stack in order to restore it in aebtime and an
action on the fuel cell fluidic could be performed the same
time. Consequently to this power reduction, loadvemo is

simultaneously limited according to the power reuucof the

failed stack. As an example, in the case of staoiep

reduction of 1/2 then load power has to be limited/8 of the
maximal power. Fig. 6 shows the current and voltafi¢he

failed stack and of a healthy stack illustrating #econd level
of power regulation. The current of the failed kt&creduced,
which allows a good recovery of the failed stack.
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Figure 6. Stack voltage and current during power reduction.

This electrical topology allows less power reduttiban the
previous one presented in section Ill. Moreoverwegro
reduction is fully controlled compared to the tamp/
involving a by-pass circuit where all the stack pows
instantly lost. Finally, unlike the by-pass topagtoghen the FC
stack has got back to its healthy state, it iseedsirecover the
full power.

V. CONCLUSION

This paper has addressed to the problematic oframis
power delivery for a multi-stack fuel cells generatised for
transport application. It has taken into account flault
occurring in one of the fuel cells and the correctaction
performed with the power converter in order to nggEnghe
fault and allow operating under degraded workingiendrwo
electrical topologies for the FC generator and ptswer
converter interface have been presented and amwhlpze
numerical simulation. The first topology concerrge tFC
stacks in series with only one converter, addisg al by-pass
circuit. The second one includes one converter giack,
which authorizes an independent power regulationefach
stack and permits a softer shut-off then a bettealth
recovery state in this case.
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