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Abstract—Proton Exchange Membrane Fuel Cells are promis-  Prognostics and Health Management (PHM) is a main-
ing energy converters that allow to power vehicles or buildings in  tenance strategy aiming at extending the life of a device
a clean manner. Nevertheless, their performance are affectedyd ha11ks to monitoring, diagnosis, prognostic and contro .aA

faults and irreversible degradation mechanisms that are far from ina int t the fuel cell
being fully understood. Consequently, during the last decade, consequence, a growing Inierest emerges among the fuel ce

researches have been conducted on the diagnostic of faults oigh community for this maintenance philosophy [4]. Knowing the
promising converter. Nevertheless, aging was never the subjeof ~ State of Health (SoH) of a PEMFC is crucial at the decision
a particular attention concerning control. As a result, this paper step of the PHM cycle. Indeed, it is possible to eliminate or
proposes an aging tolerant control strategy for Proton Exchage 14 |imit certain faults by the control. For several years the

Membrane Fuel Cells. It aims at generating the load current —
reference taking the state of health into account. Moreover, uag scientists develop Fault Tolerant Control (FTC) of PEMFC

a model inversion of an Energetic Macroscopic Representation Systems. Generally, it concerns the power converters fig], t
with time-varying parameters, the coherent references of input air compressor [6], or the cooling system [7] and aim at

flows of gas can be calculated. Finally, the paper details a eliminating several faults (drying/flooding, defect of th&
Maximum Power Point Tracking algorithm which allows t0  compressor etc.). However, as far as the authors knowledge,
identify the maximum power the fuel cell is able to provide at - .
each fime. only one paper concerning the aging tolerant control has
been identified in the consulted literature [8].Therefdie
Index Terms—Proton Exchange Membrane Fuel Cell, Fault qiginality of this paper is to propose a law of control which
Tolerant Contro!, Energqtlc Macroscopic Representation, Maxi- takes into account the SoH of the PEMFC in order to change
mum Power Point Tracking L ) .
the objective during the aging.
The structure of this paper follows: first, the PEMFC
I. INTRODUCTION technology is introduced with, in particular, a brief déston
of the degradation phenomenon in section Il. Then, a time-
In a context of diminishing fossil energy resources, it igarying model of PEMFC is presented. It is structured in
imperative to start an energy transition that includeswaide the Energetic Macroscopic Representation (EMR) formalism
sources. In order to succeed in this transition, the wordwigvhich allows to develop a model-inversion based control in
community needs to tackle the middle and long terms energgction 1il. Finally, a control strategy for aging PEMFC is
storage issue. One of the possible method relies on using Rgtailed. It allows to regulate the provided power in spftthe
drogen as an energy vector that is transformed into elégtricloss of performance. When the PEMFC is too much degraded,
thanks to a Proton Exchange Membrane Fuel Cell (PEMF@&becomes impossible to supply a certain amount of power. As
[1]. Those converters are receiving a growing interest fromconsequence it is interesting to develop an algorithmatapa
the scientific and industrial community around the globe dugf estimating the maximal power the PEMFC can supply at
to its high energy density and efficiency, what makes it @l time. This algorithm of Maximum Power Point Tracking
suitable solution to replace Internal Combustion Engine f@MPPT) is presented in section IV.
transportation applications. Moreover those convertersible
to provide, in a combined manner, electricity and heat to an
entire building {:-CHP) [2].
Among the bottlenecks of the diffusion of this promising
technology, the lifespan of a PEMFC is still too limited (250 A- PEMFC Description

hours in average under transportation operating condlion A PEMFC is an electrochemical converter based on the
which is inferior to the transport application prereqsitreverse principle of electrolysis, where at the anode, fuieds

[3]. Various means of research might lead to overcome thign is diffused to the electrolyte. At this electrode irdes,
limit: material improvement, optimization of the desigmda the reaction

develo_pment_of a smart cpntrol in order to avoid §Pecific Hy — 2HT + 2~ 1)
behaviors which degrade this converter. For the last pitiist,

required to estimate the degradation (i.e. the State ofthjealoccurs. While the electrons flow through an external circuit,
and then to act consequently on the control. the H' ions are crossing the Proton Exchange Membrane.

II. PEMFC DESCRIPTION ANDDEGRADATION
PHENOMENON



At the cathode, the oxygen reacts with the species descrilmdberved that only two parameters evolve significantly.eBas

previously in an exothermic manner following: on this long duration test,the resistance vaRiéncreases by
1 more than 70% and the limiting curreht decreases of 60%. It
2H" + 502 +2¢” = H50 + heat (2) is noted that similar behavior was found in an other study.[11

Betw the electrodes i ted a diff f ot A bad Wate_r manage_ment, c_au_s_ing dehydration, is the main
etween the eleclrodes IS created a difierence of po en?&!:tor affecting R, while the limiting current value depends
resulting fro”_‘ the C_;|k_)bs free energﬁ_/ which V"flgg depends on the apparent surface of exchange (related with the cataly
on the chemical affinity of the specieBye, = where ?yer) [12]. The reader is invited to refer to [13] for more

. ~ 2F I
2F is the Faraday constant when there is two of mole Qetails on the degradation analysis. Nevertheless, itlghou
noted that by measuring only the PEMFC voltage, it is

exchanged electrons. The operational temperature anslpeesbe
affect this thermodynamical potential as shown by the Ne"]ﬁ'lpossible to discern the impact of those losses separately

equation: RT /Py, P25 (see Equ. 4).
Ey=Erep + — (M) (3) In the same paper, based on the above considerations, an
2F Py,0 empirical degradation model is developed and is descriked a

E, is the maximum theoretical potential that can be reachddllow:
This theoretical potential is diminished by several losses B B B
namely activation, Ohmic and diffusion [9]. Activation kes R(t) = Ro(1+a(®)), In(t) = Iro(1 = a(t)),  (5)
are due to the kinetics of reaction and generate an oveaigm|t at) = ¢ B(r)dr ©6)
subtracted from the potential above. Ohmic losses are due —Jo

to the resistivity of the assembly (dependend on the waighere the speed of parameters deviatiofi &nda is the State

content) and decrease the potential following the Ohm lay peaith indicator and it is responsible of coupling the two
Finally, one can observe a local loss of pressure as theespeg, .ametric deviationsk, andi , are the initial resistance and
are consumed leading to a drop on the Nernst potential. T

: X lﬁiting current density extracted from the first polaripat
phenomenon is named concentration losses. c
Thus, the static voltage of the PEMFC can be describe

urve.
, X ) dDespite the fact that the proposed model has some limita-
with the following equation:

tions (i.e. the speed of degradation is not a function of the
i ) Ri— BT <1 i )) operating conditions), it was successfully used for PEMFC’
— | — R — n(l-—

Vrc =n (EO —ATln ( prognostics which motivated its use in the present work.

20 L

where n is the number of cells; is the input current Ill. TIME VARYING EMR MODEL FORPEMFC GONTROL
density A.cm™1), T represents the operational temperaturg Time Varying EMR Model of PEMFC

(in kelvin), A and B are respectively the activation and 1) EMR for modeling: Among the several graphical for-
concentration constants, R stands for the global resistanc '

o malisms to model a multi-physical system, the Energetic
(membranes, electrodes and connectois)is the exchange . . . :
. : o : .~ Macroscopic Representation (EMR) aims at representing the
current density and;, is the limiting current density. This

S o transfer of energy in a macroscopic manner. It is shown by
relation is also used to model the so called polarizationeur : .
Viraer = (i) two arrows connecting subsystems representing the effort
stack — .

During current transients, electrons accumulate along tFPeOtem'al variable) and the flow (kinetic variable). The

: : . . roduct of these dual variables gives the power= e f.
membrar_le electrode interface acting as a capacitor. This p oreover, two of the strong concept of the formalism are
nomenais called doubleilayer effect. '\"OT?O‘.’G“ o be OlE’drat'(he principle of action-reaction and the representatiorhef
correctly, a PEMFC requires several auxiliaries. Amongrthe

a cooling system aims at evacuating the heat produced by ﬁ?r](%r?ggﬁg\?vg)l?lj]e integral causality (given by the directio

losses and chemical reactions. It is important to specifif th dA‘ set of four graphical elements forms the EMR language:
most phenomenon are coupled (e.g. the voltage drop depends ) ,
Sources (green oval): provide or receive an effort or a

on the temperature and the generated heat is a functiort flow

of the losses). To overcome this issue, one can decompose | le with di
functionally the model for the analysis and control [10]. « Energy storage elements (rectang e.W't an orange di-
agonal): show the energy accumulation with or without

) losses and impose the causality to the others elements.

B. Degradation Phenomenon « Energy conversion elements (yellow square and circle

In a previous work, a study on the effect of aging on the for mono and multiphysical conversion respectively): are
parameters value of Equ. 4 is carried out using experimental responsible of the transfer of energy without loss nor
data from a long duration test under variable load. An 8 accumulation. The conversion can be modulated using
cell stack, provided by the French "Commissa@atEnergie a tuning vector.
atomique et augnergies alternatives” (CEA), was subjected to « Energy distribution elements (several squares or circles
a u-CHP power profile during 1000 hours as the polarization  which intersect for mono and multiphysical distribution):
curve was recorded periodically. From these curves, a set of exhibit a similar function as the conversion elements
model parameters is extracted using a fitting techniques It i  when a common physical resource is shared.



Those graphical elements are presented in the appendix. culating the voltage drop causes by the activation, ohmét an
Moreover, an extension to this formalism called Practicabncentration losses. Moreover, this model is able to ptedi
Control Structure (PCS) allows to design a model-inversighe flow of entropy produced by the PEMFC. The generated
based control [15]. Since, the integral causality is alwanes heat is evacuated by a cooling system which is modeled as
ferred, a direct inversion would lead to a derivative catsal a first order system (accumulation element associated with a

Thus, correctors (or observers) are used to estimate \@siabconversion element, controlled with the volumetric flow of
In PCS, the unrealistic or costly measurement are replacadter cooling). A source element is imposing the tempeeatur
and the limitation of the model is included in the contropf the cooling water. In [10], the model is also validatedngsi
design. The control structure shows the required sensats aata from a 20 cells PEMFC.

is implementable in real time. As a result, EMR and its For the needs of this work, the parameters of this model
associated PCS are successfully used for PEMFC modelisge Fig. 1) has been identified using data from a 8-cell stack
and control [16]. as detailed in [17].

2) Stationary model of PEMFC:The developed time- 3) Time varying parametersn this section, the parametric
varying EMR model used in this work is based on the quagivolution seen in section II.B is included in the PEMFC model
static model presented in Hissel et al. [10] for which thi order to develop a control structure. Indeed, this patame
electric dynamics (related with the double layer effecty haleviation has a slow dynamic compared with the transient of
been ignored. This hypothesis can be done once that the s PEMFC, i.e. about an hour. Nevertheless, it has a strong
dynamics is predominating. impact on the control performance [18]. It is reminded that

This dynamical model includes the hydraulic dynamics withie resistance and the limiting current evolve for more than
pressure losses and it is represented by a pair of convéisers 60% compared to the initial values, affecting significarttig
the input and output) and an accumulation element. Througtin@del accuracy.
distribution element, the partial pressure on the membcane In order to take into account the aging in the model, the
be computed at both anode and cathode. A converter complR&MFC is now modeled as a time varying parameter system
the electrical potentiak,..,, which is diminished following the in the EMR formalism, following the methodology proposed
Nernst law in a multi-physical coupling element (using thBy Wankam et al. [19] which is shown in Fig. 2.
partial pressures). One coupling element is responsibledie This extension of the EMR formalism to non-stationary

systems allows to model a non-linearity (dependent on state
variables), a variation due to the environment or a paramete
mes v evolution that depends on the process. It is represented by a
< classic fixed parameter EMR model (the yellow rectangle of
Fig. 2). Then a block of orange color is in charge of calcafati
the variation of the parameters and it is injected directly o
the fixed parameters EMR model.

In our study case, the resistance and the limiting current
of the multi-physical conversion element are now functiofis
the SoH of the PEMFC such as described in Equ. 5.

The variant nature of the parameters is graphically repre-
sented by the arrow which crosses the block of conversion as
shown in Fig. 1. The law of evolution of the SoH (Equ.6)
is included in the crossed orange block (the relation is time
dependent). It should be noted that the degradation profile
is coming from [13] and was accelerated for the needs of
the simulation. In a concern of generality, it was chosen to
represent the block of parameters variation as a functigheof
input current even if the model of degradation does not fevea

Process 1+ Progdss 2
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/ Control 1 /,L/ CNI 9 [, References
<
Fig. 1. Time varying parameters EMR model of PEMFC and assatiate

control Fig. 2. EMR model structure for adaptive control




it explicitly. Indeed, it is experimentally shown that theeed Therefore the algorithm of state estimation can be expdesse

of degradation depends on the current value and dynamics ast[20]:

a law of evolution could not be clearly established.
In order to control the power, it is necessary to act splgorithm 1 Extended Kalman Filter

multaneously on the load curreti, on the flows of gas 1: procedure

qH2ref, qo2ref, and also on the flow of cooling wateizg. 2 Initialization

The latter is only used for the regulation of the temperatire 3: g0 = E[z(to)]

the PEMFC and not to act on the output power. The volumetrié:  Pojo = Var([z(to)]

flows grrare @andgoare ¢ allow the correct feeding in reactives

to obtain the requested power. On the EMR model of Fig. 15:  Prediction

it can be noticed that the phenomena are strongly coupled: Thik—1 = ATp_1p—1

However, because there is no action on the flow of cooling: Pyjj—1 = APp_1je—1 AT +Q

water qg20 for the power regulation and because the EMR

rules allow the decoupling, it is possible to invert the mode 8: Correction

for the design of a Practical Control Structure [15]. 9 Ky = Pyp—1H (HpPrp—1 H{ + R)™*

10: with Hy, = %kl’(uk)

1 Py = (I — KpHy) P

T = Tpj—1 + KVt — g(an, up))

B. Control by model inversion

12:
By following the procedure of adaptive control introduced
by [19], the PCS is defined by the rules of inversion of the

EMR model with fixed parameters (rectangle of blue color on . . ) o
Fig. 2). Then, the measures that are not easy to access coulfn® chosen degradation profiie(¢) and its estimation by

be replaced by observers such as described in Boulon ettBF. E'KF can be found in Fig. 3. This 'time evolution used for
[16] and seen in Fig. 1. this simulation comes from the analysis of real data on all3-ce

To this nominal parameters control is added a block GEMFC under a-CHP profile of current as found in [13].

adaptation (represented by a purple rectangle) which allolevertheless, for computational consideration the dediaal

the on-line identification of the variants parameters. Im off@S Peen accelerated sixty times .The variation of the slope

case, this identification is performed by an Extended Kalméh related with the change of current profile (the simulated
Filter (EKF) developed in a previous work. It allows the jbinseasons). For a more detailed description of the estimafion

estimation of the health indicator at each instant;, and the the SoH using an EKF, the reader is invited to refer to [13].
associated derivativg, . It is based on the discrete non-linear Fi9- 1 shows the global time varying parameter PCS of a
state-space system: PEMFC, where, the dark blue parallelogram represents the

control strategy which is presented in the following satti

T = Axp_1 + wi_1 (7) allows defining the current reference in order to regulage th
power the PEMFC has to provide. In practice, this reference
Yk = 9(k, up) + vk ®)  current is given to the controller of the DC-DC converter

The state vectorz;, represents the variables to estimat€Symbolized by a controlled source in the model), neveetzl
(a B1). The inputs (current and temperature) are includdf€ Presented study is limited to the fuel cell core.

in the vectoru, while the output voltage is described with

yr. The state and the output are tainted with process agd Model limitation

observation noises considered gaussian with zero-medn [20 | is 5 qyised to remind the limitations of the fixed parameter

h Fron|1 the dEMIZ modhgl hof F(ijg. 1, Oﬂe Ican notifce hth"’\InodeI. In particular, all the parameters of the model are-ide
the voltage dropAV” which is due to the losses of ohMygay for certain operating conditions, what limits the daim

activation and co_nc_e-ntratlon is not physmally reachabe. of validity (temperature lower than 80 degrees, pressute an
a consequence, it is chosen to estimate the state from the

measured output voltagér-. This voltage can be described
by the state of health dependent expression:

©
~

g(xk, ug) :n(EO — ATln(Z:—k) — Ro(1 4 ag)ix

) ©)
- BTln(l - m))

o
w

State of Health «
o
N

which is based on Equ. 4 expressed in discrete form for a 01 —simulated o
sampling period fixed of; = 1 sample per second. —estimated o
Supposing the speed of degradatidieing quasi-constant 0 : : : :

PROSINg P g ® g4 0 100 200 300 400

on a period, one can deduce the matrix of transition: Time ()

1 T
A= { 0 15 ] (10) Fig. 3. Estimation of the Soldy, by an EKF



relative humidity close to the nominal, stcechiometries ,6f 1 Level 3

and 2 for the anode and the cathode respectively). However, Supervision

since our control structure implies the use of estimatdrs, t

lack of accuracy on certain parameters value of the model is e Decision Foult
eve

compensated in the control loop.

Besides, in the original work the objective is the regulatio
of the PEMFC'’s voltage for a constant value of power, what == .
can turn out as a over-consumption of hydrogen. This problem Level 1 4.1 el Tl
is by'passed here by the Degradation Tolerant Contmbg!’at ref —{Controller»——%A(:tuatorsH PEMEFC H Sensors %
which allows the deduction of relevant reference of curesmat
voltage during the aging.

It is also necessary to remind that towards the original
model, the electric dynamics due to the double layer capzféq'
itance is ignored in this work. This has a direct impact on

the inversion-based control. Indeed, this unknown dynamigferences in the strategy block (purple parallelogramignlfy
is seen by the control as a disturbance. Therefore, it begorgg, 5 requested power. The resultant power of a PEMFC
necessary to add an estimator in the control strategy inror@gpends strongly on the load current in a non-linear marer a
to compensate this model simplification. Equ. 4 shows. Therefore, to deduce the voltage and the ¢urren
The authors of the nominal parameters model specify thg a reference power is not a trivial task. It is proposed in
an experimental validation of the control is necessary amgis work, to approximate the current reference based on the
that the range of validity must be widened to other operatifgitial characterization. Indeed, thanks to the polai@aturve
conditions. Nevertheless this model allows the controlhef t Ve (i), one can deduce the power as a function of the current
output voltage of a PEMFC for the studied domain of validityp,...(;) = V¢ (i)i. By inverting this curve (in the form of a
In [10], it is intended to rely on this control to maximizeiaple), the nominal current is estimated. Nevertheless, tdu
the efficiency of the PEMFC system or to optimize its lifghe |oss of performance, a reference adjustment is regirired
expgctancy. These issues are partially treated in thewmld order to maintain the poweP,,., to the desired leveP,.;.
section. This step is realized with a PI corrector as shown in Fig. 5.
The voltage reference is calculated for a given currentgusin
IV. AGING TOLERANT CONTROL OFPEMFC Equ.9 and the SoH estimation of the EKF.
It is noted that other control scheme could be used such
as passivity-based control. Fig. 6 shows the referencecurr

This section describes a strategy aiming at controlling g%nerated for a power demand of 550W, and Fig. 7 shows the
PEMFC in spite of the aging. First, a strategy of constajt power the PEMFC provides.

power regulation is presented. It allows generating theetir 5 can notice on Fig. 7 that the control strategy is able to

and. voltage references for the PCS in order to obtain tl}‘@gulate efficiently the PEMFC power in spite of the aging.
desired power. __ _ltis also noted at = 420s that the PEMFC is not anymore
~Secondly, once the performances of the PEMFC diminisly e of providing the requested power (with our accelerated
with the aging, the converter will not be able, at a momentyingy |t shows that a high level of degradation impacts the
to supply the desired power. Therefore, an estimator of H&faty of the system and thus, must be avoided. This is the
maximal power the fuel cell can provide is also presented. o450 it is interesting to know the power the PEMFC is able
[21?_ order to design a FTC, two steps must be carried offf nroyide at each instant as presented in the next section.
« First, a diagnostic module allowing the detection ang \ippT for an aging PEMFC
isolation of faults is designed. When a fault occurs, a
signal is sent to a supervisor.

4. Fault Tolerant Control architecture scheme

A. Degradation Tolerant Control framework

A Maximum Power Point Tracking algorithm (MPPT) is

« The supervisor is responsible of taking decisions in ordgﬂ est|mato.r able to pr_ede the maximal power a de\_nce IS
to cancel or diminish the effect of the fault. This caff le to provide. It was historically developed for photdiats

be done by reconfiguring the system architecture Ianels and windmill but it can be generalized to every non-

by adapting the requested load current (changing t gear source of energy [22]. It usually requires a relation
expressing the power as a function of several input variable

objective).
Blanke and al. [21] proposes to schematize the FTC in a
three levels architecture (see Fig. 4). Vref Table: Pref
« ‘

-

— Pmes

«
e
V(LO‘) [(P)
B. Power regulation of an aging PEMFC i ‘—‘ -
_Iref + PI

The control by model inversion presented in section Ill.B. ~
allows to compute the reference of gazes flow for a given
current and voltage. Nevertheless it is required to defineeth Fig. 5. Current and voltage reference generation scheme
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600 In this paper, the load current corresponding to the
550 | maximal power is given by an iterative gradient descent as
_ shown in Algorithm 2.
2 500 — y ]
g measured power Algorithm 2 Maximum Power Point Tracking
S 450 — reference power B
a 1: procedure
400 f 2: Initialization
350 : : : : s =0
0 100 200 300 400 4: X5 = lstart
Time (s)
i ) Estimation
Fig. 7. Simulated PEMFC poweP,,.s for a power reference of 550W . .
: while j < Ny OF [2j41 — ;] < 6 dO
OPpac, (z;
7. G‘7 = 7pazi(lj)
When an input is considered unknown (i.e. direction of thes: Tjp1 = x; — vGj
sun or speed of the wind), the MPPT is implemented using &: j=Jj+1

"Perturb and Observe” method for instance [23]. Otherwise,
a classical optimization techniques, as a gradient descant

be used.

Wherej is the counterjg,,; is the initial guess; is the

Under the assumption that the estimation of the SoH estingradient of the PEMFC power andis the learning step.
tion a4, can be obtained by the EKF in real-time (see Fig. 3), The convergence for which the maximum power and asso-
it is possible to forecast the power the PEMFC can provide eimted load reference are obtained is given by the tolerance

a function of the load current at each instant following:

Ppoc, (i) =nig (Eo — ATln(i) — Ro(1 + agr)ix

; (11)
_ BT1n<1 “ i - ak\k)>)

§ (lzj4+1 — z;| < 0) or a maximum number of iteration

j < Npae- Fig. 9 depicts the maximum power estimation

in our simulation case. It can be noted that at titne 420s,

the PEMFC is no longer able to provide the requested power

of 550W and should be put to safety as predicted on Fig. 7.
As a drawback, the accuracy of the maximum power esti-

From the equation above, it is possible to estimate tf@ation is strongly dependent on the performance of the EKF
maximal power point of the aging PEMFC as shown on Fig. gstimation ofo .. Nevertheless, this algorithm of MPPT for

0.5
F‘E 0.4
L / T~
2
g3k
=y
2
302 —— reference power
5] power at t0
% 01 power at t250h
i —— power at t500h
0 L L ! L |
0 0.2 0.4 0.6 0.8 1

Current density (A/lcm?)

Fig. 8. Power density through aging

aging PEMFC can be applied in a multi-source system where
the individual and overall power can be estimated, allowing
modulate the requested power to each sources (in particular
for the most damaged).

V. CONCLUSION

The FTC of PEMFC system is a very young research subject
which allows to eliminate or to limit diverse faults. The wor
proposed in this paper aims at taking into account the aging i
the control loop. First of all, a time varying parameters tiaul
physical model of PEMFC in the EMR formalism is presented.
The degradation which affects the electrochemical pararset
is integrated in this model to take into account the aging.

A PCS is then developed by inversion of the EMR model
where the not reasonable measures are replaced by essmator



An EKF estimates the SoH in order to adjust the parameters
of the control. Furthermore, a strategy of aging toleranfl]
control for a given power reference is proposed. It allowes th
regulation of the power the PEMFC provides in spite of 6}2]
performance degradation.
When the degradation is too important, the maximal power
the PEMFC can provide becomes lower than the referendd
power. This motivated the development of an algorithm of
MPPT by using the SoH estimated by the EKF. This algorlthm
is based on a descent of gradient. [4
These algorithms were not able to be experimentally val-
idated but we can already imagine that their performancg8l
could be improved before implementing it on a real system.
Indeed, the reference current has a direct impact on the]
degradation speed of the fuel cell and thus should be taken
into account in the control. Improving the performances of7
the SoH estimation will allow to obtain better performances
for the FTC. Moreover, it could be interesting to develop a[8]
multi-sources strategy to modulate the requested powdreto t
most degraded sources in order to extend the availability of
the system. Nevertheless, this paper puts the bases fae futy

works. [1[?)]]

[11]
APPENDIX

ELEMENTS OF THEEMR AND PCSFORMALISM [12]

(13]
Source of energy

Multi physical [14]

domain converter

Control block

without controller (15]

— > >
p— «— Mono physical [16]
T domain converter
. [17]
—> —> Element with energy
I [ accumulation

[18]
Control block with

controller [19]

Multi physical
domain coupling
device (energy
distribution)

(20]

[21]
Mono physical
domain coupling
device (energy
distribution)

[22]

(23]

Observer

] M. Jouin, R. Gouriveau, D. Hissel,
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