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ABSTRACT

Fuel cell systems represent a promising alternative eneaywerter. For the last years, researches have been
conducted for their modeling, control and diagnosis. Thatel should accurately reproduce the behavior without
being too complex. Due to the highly multi-physical intéi@ts and coupling within the fuel cell, using a graphical
representation for developing this model seems well suifiéds paper presents a review of recent literature on
graphical representation of proton exchange membranedekl(PEMFC). Three main graphical representations
are discussed: Bond Graph, Energetic Macroscopic Reptaten and Equivalent Electrical Circuit. Their fields
of application will be shown as well.

1 Introduction

Energy consumption is steadily growing while global fossgources are diminishing. Moreover, air pollution is ohe o
the major challenges of the coming decades [1]. An enertransition has to begin. The fuel cell and especially théqmro
exchange membrane fuel cell (PEMFC) appears as an oppyrtarface those challenges. However, many issues have to
be tackled to make this new generation of electric power exday competitive. In fact, the overall efficiency of a fuellc
system is still quite low, and it's not sufficiently reliabiier mass industrialization [2]. Various progresses stivé to be
made for developing this emerging technology, includingrojzation of overall efficiency and lifespan. These twoase
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require a better understanding of the multiple interactiand coupling within a fuel cell stack. In the past years, enouas
publications have presented analytic fuel cell models. tNbapers focus on designing an efficient fuel cell stack aed ar
based on mechanistic models as summarized by Biyikoglu §]alThe system is usually described by partial differahti
and algebraic equations. Mechanistic models allow folaims¢ understanding the hydration process in the membttame, t
mass and charging transfer as well as the diffusion of gaSksy are used for a quantitative analysis and a monitoring
purpose. They offer a very good description of the intertmisical phenomenon. Springer et al. [4], Amphlett et al. [5]
and Costamagna et al. [6] present PEMFC models taking cateahass and energy conservation laws and provide some
transient responses. The latest, as well as Lee et al. [@]finite difference method to model the fuel cell behavior in a
multidimensional framework. Hontanon et al. [8] show hovetthance the performances of a fuel cell stack by simulating
the gas flow distribution within the device.

In general, PEMFC analytic models suffer from several issugrstly, the PEMFC system is complex and involves
the coupling of many subsystems from different energy daméélectrical, mechanical, electro-chemical, thermaittiy.
The behavior is typically defined by high-order non-linetifedlential equations that are hard to define and hard toyaeal
using analytical or numerical schemes. Secondly, evereiitiodel structure can be derived accurately, numericaksalu
of the system parameters are difficult to obtain, affectigdverall quantitative model accuracy. As part of the daihlie
modeling methods, a graphical model is a structural reptatien of the system topology (showing the existence of the
links between variables) and is adapted for complex muiyisgral systems. Links in the graph connect variable nodds a
equation nodes. The graph structures are independent fremumerical values of the system parameters, so graphical
methods are well suited for qualitative diagnosis or cdramalysis [9] [10]. Furthermore, the graphical model stuve is
general, and accommodates relations that are linear,neamlior even expressed in table format. The purpose of igaph
modeling is to present structurally and / or functionallg #ystem with only one formalism for any physical domain. It
allows a macroscopic analysis and an easier interpretafitine exchange of power (when an energetic representation i
use) which is important when designing an energy managestextegy. This is the reason why this kind of model is well
suited for PEMFC [11].

The originality and objective of this paper is to describd anmpare several graphical representations in the magelin
methodology, energy domain, tools, and application. tt plesents a review of their applications to a PEMFC and mepo
a comparison based on the modeling boundaries, purpose ofiddel and on the modeled phenomena. The first section
recalls the graphical representations available in teeditire and their interests. In the second section, a SovefeMFC’s
graphical representation is detailed. A classification@mthesis of those representations is detailed in the seiction. A
conclusion is given in the last section.

2 Graphical representation of systems

The common idea for graphical representation is to unifydifferent physical laws within a unique formalism. Graph-
ical modelsG(S A) capture system structure by representing the set of systeéables and system behavior equati§s}
as nodes [12]. The mutual influences between variables amatiegs are represented by a set of edges The main
graphical representations that are often encounteredddeting are:

Bond Graph (BG)

Causal Ordering Graph (COG)

Energetic Macroscopic Representation (EMR)
Equivalent Electrical Circuit (EEC)

Among others qualitative graph based methods, one canlsitebDarected Graph (wher8is a set of inputs, linear state
variables and output variables) [12], Causal Graph (wisdsea set of relations and measured variables), TemporalaCaus
Graphs (TCGs) and Signed Directed Graphs (SDG) [13]. TC@wudlly capture causal and temporal relations among
system variables in a common framework. Temporal evolubfathe variables is represented qualitatively on causaésdg
as integrals or delays between pairs of variables [14]. @necite also Power Flow Diagram (PFD) [15]. This formalism is
derived from the Bond Graph and so can use the analysis tihetddsg developed. All those representations were not use fo
PEMFC modeling and are out of the scope of this paper.

2.1 Bond Graph (BG)

A bond graph is a unified graphical language used to modeli4plysical systems based on power exchange. BG is
a graphG(S A), where S represents physical components, subsystemsttardasic elements called junctions, while the
edgedA, called power bonds represent the power exchanged betwees nThis power is labelled by two conjugated power
variables, named efforg), and flow (f). The key to bond graph modeling is the representation (bgralbof exchanged
power as the product of efforts and floRs= e f, with elements acting between these variables and junstiantures to put
the subsystems together. As shown in Fig. 1 (a), the powdragged between two systems A and B indicated by a bond is
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the product of two variables: a potential variable (e.g.spuee, electrical potential, temperature, chemical fiaeforce,
etc.) called effort (€) and a derivative of extensive vddatalled flow (f) (e.g. volume flow, current, entropy flow, eeity,
molar flow, etc.).

O+—0 [

Fig. 1. Bond Graph representation (a) and causality (b)

One important structural property of the bond graph is itssetity concept. Indeed, the determination of causes and
effects in the system is directly deduced from the graphé&jatesentation. In the bond graph, it is denoted by the «teke
on the right indicating that the effort acts to the right. Bige of the cross-stroke for the flow is in the reverse dioecti
As example in Fig. 1 (a), assigned causality means thatreyAtanposes efforts on B. In the corresponding block diagram
given by the Fig. 1(b), the direction of action is indicateddm arrow on each connection as illustrated. Independently
the causality, the direction of the positive power is intiécbby the half-arrow on the bond. The bond graph uses themoti
of integral causality but, do not consider it mandatory. hié tmodel does not allow the interconnection of two elements
with respect to the integral causality, the BG formalisnersfthe possibility to use derived causality and so remaigec!
to the structural representation of the system. The dérezatusality is specially used for Analytical redundan®@ld®ons
Generation (ARR) for diagnosis purpose while the initiahditions in the real process are not known [16].

In BG, there is a limited set of possible elements to repretbenbehavior of a physical systeég+= {RUCUIUTFU
GYuSeuSfubDeUDf UJ}. Where, the R-element represents a passive energy digsipgdement, while C, and | model
the passive energy storage elements. (Se), and (Sf) areutees of effort and flow, respectively. Sensors are repteddyy
flow (Df), and effort (De) detectors. Finally, J (which candeero or a one junction), is used to connect the elementadnavi
the same effort (0 -junction), or flow (1 -junction). The censtive energy laws are obtained from the latter. The Theldg
stands for a transformer and is defined by the relatioes:={me; f, = m fi}, the gyrator GY is defined by, =r f5;

e =r f1}. The passive elements are described by generic congétatjuations. R-elements (electrical resistor, mechhnica
damper, etc.) are dissipative and they are modeled by agebguations that link the effort and the flow. Potentiatate
energy, C-elements (electrical capacitor, spring stiffpeeservoir, etc.) are quantified by the equation reldtiegeffort
with the integral of the flow (called displacement). Alsoddic storage energy, I-elements (mechanical inertiatritat
inductance, etc.) are described by a dual equation linkiegflow with the integral of the effort (called momentum). All
those elements are summarized and represented in Appendixud bond graphs in thermal and chemical engineering
introduce complex variables like entropy and chemical piid& which do not obey simple conservation laws. Thushsuc
processes are represented usefully by pseudo bond grapée the product of effort and flow variable is not a power. In
the chemical systems the power variables, modeling the ica¢étnansformation of the reaction, and those modeling the
kinetic phenomena of the reaction can be distinguishedaRlatg transformation phenomenon of the reaction, is used t
pair (i, 1) (the effort is the chemical potential (Jmoi~t) and the flow is the molar flow {mols™t). In the convection
thermal energy domain (Lagrangian point of view), is useg@ser variables the pair temperature-enthalpy f(@uwH)

or the pair specific enthalply (J kg~1)-enthalpy flowH. In case of thermal conduction (Eulerian point of view), faer
temperature-thermal flowT, Q) is used. In Tab. 1 is given effort and flow variables used irc@ss engineering.

The power of the bond graph formalism lies in the multiplel$ateveloped: observability, controllability, diagnasti
and dedicated software [17] [18] [16]. Therefore, it makes BG an interesting tool for modeling and then studying the
behavior of a PEMFC. Because of its graphical and structaispéct, a novel formalism named Signed Bond Graph (SBG)
has been presented for transportation [19], PEMFC modelintydiagnosis application [20]. This formalism exploits it
qualitative and quantitative structural properties eimgithe generation of multiple behavior predictions.

2.2 Causal Ordering Graph (COG)

The Causal Ordering Grafh(S, A) is a graphical representation created to model a systenti irefipect to the integral
causality. Srepresents the set of constitutive elements of this graptdaguage, whilé stands for the effort or flow. But
unlike the BG, the Causal Ordering Graph does not use an eiegpproach and not necessary the generalized variables
from Table. 1. The COG formalism admits a set of three elemealled processoiS = {sourceJrigid Ucausall. The
source processor imposes an effort or a flow without beingénfted by the input, so its causality is implicit. The rigid
processor represents the acausal and atemporal relaignspresented by a double arrow within an ellipse). Thebdiu
arrow specifies the reversibility of the relationship. Tleigality depends on other processors connected to it. TUsalca
processor is represented by a single arrow within an ellig®e this latest, the relationship depends on the time aad th
causality is intrinsic to the object. The single arrow refébe non-reversible nature of the relationship in a cauagl[21].
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Domain Effort Flow

Electrical Voltageu (V) Currenti (A)

Mechanical (translation) Forde (N) Velocity v (m s71)

Mechanical (rotation) TorquE (N m) Angular velocityw (rad s

Hydraulic Pressur® (Pa) Volume flowdY (m3s72)

Thermal Temperatur€ (K) Enthalpy flow%—ﬁ| @sh
Temperaturd (K) Entropy ﬂow‘é,—tS J(Ksyh
Temperaturd (K) Heat flow 92 (3 s°1)

Chemical (transformation) Chemical potentigld mol-1)  Molar flow ?T? (mols 1)
Chemical (kinetic) Chemical affinith (J mol't)  Speed of reactiofff (mol s1)

Table 1. Generalized power variables [17]

The coupling between variables can be expressed with aw awanected to two rigid processors. It ensures the
conservation of the instantaneous power. Two couplingseadistinguished: the modulator (similar to transformenpw
the energetic nature is conserved and the gyrator when #rgedic nature is different on each side of the processoe. Th
rigid relations are weighted by a coefficient called respelit modulation factor or gyration factor. The clear vieWtbe
causality allows identifying easily the state variablesjch is the main concern for designing a control architextuBy
applying inverting rules, the control scheme can be eslabtl [22]. The Fig. 2. shows the rigid and causal processats a
its associated control. The major drawback of such apprizaitie loss of legibility in a complex model [23].

Model

Control

Fig. 2. Static and dynamic processors and their associated control [23]

2.3 Energetic M acroscopic Representation (EMR)

The Energetic Macroscopic Representat@®(s, A) is an extension of the COG to more complex physical processes
This graphical representation was initially created to el@dectromechanical systems and then was extended tofatlier
of physics. S represents the set of constitutive elementki®fgraphical language, while A stands for the exchange of
power between those elements. The transfer of energy bettmeesubsystems is represented by two arrows; one carries
the effort -potential variable- (e) while the other stanaisthe flow -kinetic variable- (f). The result of the productioose
two conjugated variables is the power fléw= e f. The EMR formalism lies on the principle of action-reactidar any
action of an environment on a system, the system inducestiae®an this environment. Moreover, when the action is from
a potential nature, it induces a kinetic reaction and irelgrsFig. 3 shows the EMR of a battery (source of effort) which
impose a voltage (action) depending on the load connectiqresaction). The Energetic Macroscopic Representatiso a
uses the generalized power variables (refer to Table. 1§ r@ajor difference with the bond graph concerns the caysalit
The EMR formalism always respects the integral causalitickvis shown by the sense of the arrows.

u

i

Livaa
Fig. 3. A source of effort (battery) in EMR
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The EMR admits a set of four elemei®s- { sources)energy storage energy conversiddenergy distributioh. Sources
(represented by a green oval), can deliver or receive ant&ffa flow and can be perturbed by the conjugated input vari-
able. It is used to represent a natural source (e.g. bawerg)fictive equivalent source (e.g. fuel cell). Energy sjera
elements (represented by a rectangle with its diagonabefjestands for the accumulation of energy with or withouséss
(e.g. reservoir, mechanical inertia, electrical capagittt should be noted that the EMR formalism does not distisiy
the accumulation of potential energy and kinetic energyis EBlement imposes the causality to the others and so, $evera
energy storage elements cannot be directly connectedsutiiiese is no conflict of causality. The formalism admits sule
to avoid this conflict of causality [24]. The energy converselement (represented by an orange square for monophysica
conversion and an orange circle for multiphysical conearsensures the transfer of power without loss or accunaulati
(equivalent to the transformer and gyrator from the bonglgfarmalism). This element can have a tuning vector (e.ty du
cycle for a DC chopper). The energy distribution elementdsd squares for monophysical or circles for multiphykica
which intersect) can be considered as a plurality of cowermlements that share a common physical resource. Onergath
energy from several upstream channels to a common downstthannel (e.g. a field winding DC machine). The dual
element distributes the energy from an upstream channevieral downstream channels (e.g. a mechanical diffefgntia
Those elements are presented in appendix B.

The strength of the EMR lies in an extension called Maximumt@s Structure(MCS) [25] [26]. It allows designing
architecture of control based on model inversions. Thegnalecausality does not allow the direct inversion of acclative
elements. Therefore, this problem is solved by using ctore®r observers. To remove the unrealistic measuremadts a
to take into account the limitation of the model (validatramge), one can use the Practical Command Structure (P6) [2
The resulting control structure is implementable on reaktiand shows the necessary sensors. This is one of the reasons
why this formalism is used for PEMFC modeling.

2.4 Equivalent Electrical Circuit (EEC)

The Equivalent Electrical Circuit represents a system legtetal formalism based on the Kirchoff’s laws; energy,
charge, and matter are always conserved. Those fundanpeintzibles can be extrapolated to other physical domaih suc
as hydraulic or pneumatic [27]. Every elements of a systemapeesented by an equivalent electrical circuit (e.g.tetd
current and fluid flow is expressed by a similar mathematmathfila). The integral causality is respected. This repriase
tion is well suited for a system approach, especially whémcitides electrical equipment [28]. This formalism is neastl
by many, contributing to its deployment in the fuel cell coomity. Small signal models only show the dynamical behavior
for a specific operational point and are out of the scope sffibper. Only large signal models of PEMFC will be discussed.

3 Literaturesurvey of graphical representation of PEMFC

For many years, the modeling of PEMFC attracts experts ifowarfields. The objective of this modeling can be
multiple. The modeling can be performed for the simulatibthe system, for the design, for the control or the diagmosti
as well. It follows that the granularity of the proposed mddecorrelated to the purpose. A simulation model must take
into account all the phenomena involved in the PEMFC, whiteatrol-oriented model should be simple enough in order
to reduce the computational complexity and enable on-limglémentation. This section presents a literature survey o
graphical representations for PEMFC stacks and systems.

3.1 Description of aPEMFC

A PEMFC (Fig. 4) is an electrochemical converter which catsséhe chemical energy of hydrogen and oxygen into
DC electricity flowing in an external electrical load. It isaded on the reverse principle of electrolysis. At the antue,
hydrogen provided through the channels of the bipolar plaeliffused through the Gas Diffusion Layer (GDL) to the
electrolyte, where the reaction

Hy —2H" +2e”
occurs. The proton exchange membrane is designed for trtimgptheH ™ ion to the cathode while the transfer of the other

species is limited. The cathode compartment brings thralglGDL to the reaction interface the oxygen necessary for th
following exothermic reaction:

1
2HT + 502 +2e = HyO+heat

Both reactions create a potential difference between tbestectrodes. This thermodynamic potential results froeGibbs
free energy G, and is calculated based on the chemical gftihithe speciesEQ = *n—AFG where F is the Faraday number
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and n is the number of moles of electron exchanged. This patéscorrected in temperature and pressure by the Nernst
equation:

Pr, PS,
oF

Ph,0

This is the maximum theoretical potential that a PEMFC cathe However, the kinetics of reaction cause losses named
activation losses and generate an over-voltage which isagibd from the theoretical potential (calculated abokeyther-
more, the resistivity of the membrane electrode assembiAMiecreases the operational potential by ohmic effece Th
resistance value depends on the degree of humidificatidreahembrane and on the temperature. Finally, species are con
sumed and implies a loss of partial pressure on the reaatidaices and therefore significantly reduces the Nernshgate
especially at high currents. This phenomenon is calledisiifin / concentration losses.

Membrane

Cathode compartment | Anode compartment
ey, ||, & >
£ > € >

Cathode bipolar plate
Anode bipolar plate

A.a: Active area
D.a: Diffusionarea

Electrical load

Fig. 4. Principle of operation of a PEM

These losses and the chemical reactions generate heatusabenevacuated by means of a cooling system. Moreover,
during transients, one can observe an electron accumulalimg the membrane electrode interface. It is the doulker la
capacitance effect [29]. It is important to note that mosthef phenomenon described above depends on one another (e.g.
the over-potentials depend on the temperature, and theetamope depends on the heat created by the losses and also on
the behavior of the cooling circuit). Because of these dagpl it is interesting to decompose functionally the PEMFC
model [30].

3.2 Bond Graph (BG) model of a Fuel Cell

Peraza et al. [31] present a static model (potential stophgaomena, represented by C BG element and inertia phe-
nomena given by | elements are not considered) of a PEMF®.stduis representation (Fig. 5) shows the activation losses
Vact in both anode and cathode (using the Tafel's equation), ithesibn lossVyis ¢ at the cathode (Butler-Volmer's law) by
modulated sources of effort Mse and the ohmic losses by stikeselement R.

lo
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with A andB, the Tafel constantsg the exchange current density, the limit current density andthe load current. The
paper considers no pressure losses, a constant tempesatliie well-maintained humidification of the membrane. The
model is validated using the dedicated BG software 20-Sidnesinexperimental polarization curve of a commercial ful ce
is provided. This model is simple but represents well thespta} structure of the fuel cell. It predicts the static beba
with an average error of 1,18%.

Merbane
= T [z =
Met Ji Mse2
1

et ok MSe I0—1—0 —A1k— 0k— 1k—Okk—— MSe
M4 I M3
MSF

is—— W
e

Load

Fig. 5. Bond graph of a PEMFC stack [31]

Rabih et al. [32], describe thanks to BG the hydraulic pa# fufel cell. The channels that bring the gases and water can
be modeled by dissipative and capacitive elements. Beadise viscosity, the flow of fluids creates friction and felithis
law: AP = Rhyd,aV whereAP is the pressure losBqyqra is the hydraulic resistance (it depends on the geometraralpeters
of the channels and the viscosity of the gas). The capa@tement C represents the storage of gases under pressere. Th
tank and pipes feeding the fuel cell with gases are also septed by an hydraulic losses (R element) and mass storage (C
element). This model (Fig. 6) was included in a global modedtudy the influence of the current and temperature on the
pressure losses. Finally the paper shows the influence ahehdimensions on the pressure losses, and uses the model fo
designing the channel diameter.

R Poeinpine ¢
N :plats bipolars Fl
P b ls \ W @ars)
MSe—| o— 1 —0 —_— TFA 0
Flow Py Flow [P gy
mis mls AP
C C 1B R
Tank Plpe Fols
Pgar; P is
Flow, s,
Chanel m’/ 5
Equi\alemc : '0
Fluw Pm,)
Thermalpart T 71 Gnolls),
r} Chemical part
TAS(J/KE) C (j mo)

Element C_ Multiports

Fig. 6. Bond graph of the hydraulic part of a PEMFC [32]

Saisset et al. [33] describe a separated electrodes bopt gradel of a PEMFC stack (refer to Fig. 7). The model
includes hydraulic phenomenon but the pressure loss inupels channel is not considered. The thermochemical model
allows calculating the Gibbs free energy which is transfedrimto a chemical potential thanks to a transformer elemMEnt
on both anode and cathode. This theoretical potential iscextiby the activation and diffusion loses. They are repitese
by the Butler-Volmer and Fick’s lawid; within a non-linear dissipative element RS (A resistance&tvhyenerates a thermal
flow).

Ni = —cDij v X

whereN; is the mass flux of the spedigc is the total molar concentratioB), is the diffusion coefficient and; is the mole
fraction of specié. The ohmic losses depend on the membrane hydration levelhuwadhdetermined by an empirical relation.
Moreover, the double layer phenomenon is modeled at eactr&de by adding an energy storage element C. Finally all
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losses previously described generate heat that is injétteé thermal model. This model is composed of few assariati
of (R, C) elements representing the thermal propertieseoéiternal sink, the terminal plates, the electrodes anifas.

The model has been validated with experimental data comorg & 200 W commercially available stack. The authors use
the BG model to study the effects of high ripples current anfttel cell.

Plate

Pu2
Du>

i

Thermochemical

L | Emox

c-—(o«—u%—le,

MEA

Terminal
Plate

Po2
Do>

Extern sink

Thermochemical

———————— e i

Fig. 7. Bond Graph of PEMFC [33]

Hung et al. [34] present a control-oriented model of a PEMB&Ed on a bond graph approach. It describes the fuel cell
in two main subsystems: thermofluidic and electrochemitake BG model of the first subsystem includes the mass flow
rates of hydrogen, oxygen and water vapor at both anode @indd=a Moreover the back-diffusion and electro-osmotagdr
effect are taken into account. This thermofluidic model isdabon mass and energy conservation laws and is composed by
an isotropic nozzle (4-port R element), a thermal accuroul@:-port C element) and a Gibbs free energy reactor (44ort
element). The first element represents the difference aispre and temperature between the up and downstream of every
species which follow a nozzle-like law. The second elem#atva computing the instantaneous pressure and temperatur
at both electrodes. The last element computes the chenmotehtrl of species depending on the operational condition
This element is connected to the electrochemical part ofutblecell model (refer to Fig. 8) where the chemical potdritia
transformed into an electrical potential with a transforglement TF (Faraday’s lan).”

LN
' aF

with n; the molar flow of specig | the load currentiN the number of cell of the stack, the amount of exchanged electrons
per mole and- the Faraday constant. This theoretical voltage is dimaddby the different losses, respectively activation,
diffusion and ohmic ones. They are all represented by nuali resistive elements. The two BG models are mutually
connected and both exchange power with a thermal part (edihglement representing the heat capacity of the fuel.cell)
The BG formalism shows explicitly the state variable andwad the systematic generation of a state-space system. That
model was simulated in order to study the transient resgooisthe voltage, pressure and temperature to a current&bep.
authors show that it is possible to predict accurately asteant fuel cell behavior with a low computational load. Thand
graph model can be used to provide a feedback of the stashieafor a fuel cell controller in real-time.

McCain et al. [35] develop a discrete model of the Gas Ditindiayer (GDL) of a fuel cell in the Bond Graph formalism
(Fig. 9). The aim is to study the necessary spatial disattiz of the GDL to predict accurately the flooding in a fudl ce
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Electrochemical Reaction Electrical System

VR,,,. N ~ N rr, lélA’ ugEs
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’ﬁ \H Ql TF v, :

—/. e .
Tllu;;:::::::d . S“: S ey ;<| I%IRD/HVF:

_.;l IC:Gibbs,,

7 conc
0 4| TF:v, _,;|14|TF -

..............................

Fig. 8. Bond graph of PEMFC [34]

.....................

stack. This model considers water under liquid and vapos@liaside three GDL sections on the anode and cathode side.
The gas concentration and the liquid phase water storagepm@sented by accumulation elements C. The gas diffusion a
the liquid water transport, because they cause frictiohiwithe GDL, are represented by passive elements R. On@ecti
of GDL is composed by a (R, C) association for each of the filleviang speciesH;, Oz, Ny, liquid and vapor water. The
bond graph structural properties allow connecting in sesveral GDL sections. The authors could obtain a three laye
discretized GDL. Because BG is an energy-based formalisenatithors used an energy-based reduction method named
MORA to evaluate if the bond graph elements of the model devaat and if they have to be kept in the model. That
algorithm evaluates the activity of every elements of theleholt has shown that the oxygen and hydrogen gas flow require
only one section of GDL to model accurately the behavior. sThine complexity of the model was reduced by 20% and it
still predicts accurately the water dynamic within the cell
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Fig. 9. Bond graph of PEMFC with a discrete GDL [35]

Chatti et al. [36] present a dynamic bond graph of a PEMFCkstadke Saisset et al. [33], transformers allow the
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transition from the chemical to the electrical potentialheTactivation, diffusion and ohmic losses are also repteden
by non-linear resistive elements RS. But unlikely [33],tth@odel (refer to Fig. 10) does not include any electrical or
thermal dynamics. Moreover, a resistive element R reptedba inlet hydrogen valve. The paper also presents a gralphi
representation emanating from the BG named Signed BondhQ@BG). The aim of this formalism is to conciliate a
qualitative and quantitative reasoning for a diagnostippse. This PEMFC’s SBG model allows the systematic geioerat
of residuals and a diagnostic is performed. Using this fdisma the flooding and drying of the membrane can be isolated.
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Fig. 10. Bond graph of PEMFC stack [36]

Schott et al. [37] present a fuel cell model based on the BGaotketiogy. It consists of a semi-empirical electrochemical
relation (not graphically represented), a hydraulic magehposed by a one-dimension channel (each mesh is reprdsent
by a (R, C) association) and a dynamical electrode model (A} It allows the computing of the species consumptions,
the water production (under liquid and vapor phase) and ¢la¢ éxchanges with the bipolar plates and the GDL. The paper
proposes also a parameter identification to fit the model pemental data. In [38], the same authors propose models fo
the condenser and output valve in the bond graph formalissnase of the BG structural properties, it is possible ttacep
a sub-system to fit the granularity needed. This is why Geeaal. [39], use the global model previously presented, but
the channels and the MEA are now described in two-dimensibeye every mesh is a RC association. This model allows
studying the local impact of the fuel and oxygen starvation.

Transport Balance
phenomena equations
. G_ElS R C .
distributor Gas consumption,

’|' 1 / water production

S.—A 1 k— 0 v~ 5,

Fig. 11. Bond Graph model of the hydraulic phenomenon in an electrode [37]

Benchouia et al. [40] show a Bond Graph model of a fuel celtesyss It includes a PEMFC, and a battery that are
connected to a bus using DC-DC converters (boost and bupkatgely). The fuel cell model is able to compute the stack
voltage depending on the load current and flow rate of ga®(piand Q). Moreover, the ideal voltage is defined using
the Nernst equation and so is dependent on the stack tempeeatd pressure. The hydraulic field allows to estimate the
partial pressure using the molar flow of consumed gas (Fgisat#av) and the input flow of gas through the valve. One can
note that the temperature is considered constant and thatdklel does not contain any hydraulic dynamic. Nevertkeles
the double layer effect is modeled (not graphically repnessd). The authors simulate the overall system on the diedica
software 20-Sim and on Matlab-Simulink.

Bressel et al. [41] present a dynamic BG model (see Fig. J)dbscribes the pressure drops between the anode and
the cathode through a trio of elements R-C-R which allowsstoreate the partial pressure on the catalyst sites. The open
circuit voltage is described by means of an empirical refeghip within a RS element. This voltage is corrected by the
Nernst law as a function of the partial pressures (an RS elestwing graphically the coupling between the electical
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hydraulic domain). Activation, ohmic and concentratiosdes are combined in one element RS. In addition, the elaltri
dynamics is represented by a pair of element RC, which a¢douthe double layer capacitance in parallel to the charge
transfer resistance. The hydraulic, chemical and eledtsisbsystems produce heat which is evacuated through mgool
circuit. This thermal model (RC) is able to calculate thepenature of the fuel cell based on the flow rate and temperatur
of the cooling water. The authors propose a methodologydeampeters identification of the model which is then validate
with experimental data from an 8-cells PEMFC.

Fig. 12. Bond Graph model of a PEMFC stack [41]

More recently, Mzoughi et al. [42] show a separate elecsodedel of PEMFC in the BG formalism (see Fig. 13). It
shows on both anode and cathode the transformation fromytratiic field (constant pressure) to electro-chemicatifiel
the activation and concentration losses (through a RS elgraad the double layer effect. Both electrodes are coedect
using a junction-1 where the ohmic loss (RS element) is reiénom the computed overall voltage. This subsystem cseate
heat that is send to a thermal model. This subsystem is cadpafsa C element for the heat accumulation, and two R
elements (showing the losses by conduction and convectf@mg can note that the model is able to predict the quantity of
water produce, nevertheless the membrane conductivitgtia function of the water content. This model is then used to
develop control laws for a solenoid valve and a compressmd@ and cathode side respectively).
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Thermal
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Se JJ-' 9 } Cathodic losses TMB
# Chmiclosses TVG
Convection R 5

Fig. 13. Bond Graph model of a single cell [42]

One can notice that Bond Graph models have a wide field of egdfiin (study of internal parameters, design, control
and diagnostic). Moreover, the formalism allows to modeltisphysical phenomena in several dimension. A summary of
those models can be found in Tab. 3.
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3.3 Causal Ordering Graph (COG) model of Fuel Cell

Francois et al. [43] present a COG representation of a PEMcklesystem. This model is connected also to a wind
turbine, an ultra capacitor and an electrolyzer. Those efesnare connected to the grid through a DC bus with an inverte
The PEM fuel cell model (refer to Fig. 14) includes a hydraplart. A causal element computes the pressure inside ofithe t
electrodes depending on the incoming molar gas flow and theuroned gas in R7 and R8 (Faraday’s law). The anode and
cathode causal processors inject the pressures in a rigiggsor which calculates the reversible electrical pitethrough
the Nernst law in R1. The activation loss is an empirical éiqualepending on the temperature, current and the coratemtr
of dissolved oxygen at the gas/liquid interface (Henryg)laThe activation and ohmic losses are represented by thesat
elements R3 and R6. Moreover, the model is dynamical becafuie effect of double charge layer (represented by a
causal processor in series with the R5 processor). The natsietakes into account the thermal phenomena for computing
the temperature. The authors show a simulation of the gleystem with a particular wind profile. That model allows a
macroscopic energy management of a hybrid power genersgiam.

Me2 in

.
Mo in

Fig. 14. Dynamic model of a PEMFC in COG formalism [43]

3.4 Energetic Macroscopic Representation (EMR) model of Fuel Cell

Chrenko et al. [44] present an Energetic Macroscopic Reptation of a PEMFC. The hydraulic part is taken into
account in the cathode side by a dynamical equéticath= ﬁ J (Vairom —VairCath) and represented by an accumulation
element. The output pressure is connected to a distribetement which computes the air flovii;can depending on the
oxygen, water and input air supply. For both electrodestiptuylsical coupling elements transform the volumetric flove
molar flow following the ideal gas laRV = nRT. Those molar flows are injected in a monophysical distrduglement to
compute the Gibbs free energy which is converted into a geltarough a conversion element. This theoretical voltage i
corrected in pressure and temperature within a couplingehé. Moreover, this element also includes the activathbmic
and concentration overpotentials through a semi empidgahtion. All the previous elements are coupled with a singl
order thermal model (accumulation element). That reptasien (refer to Fig. 15) also includes a model of the air $ypp
with its associated Maximum Control Structure (MCS). Ththats validate this model and control using experimenttd da
from a commercially available 1,2 kW fuel cell stack.

Hissel et al. [30] describe a separated electrodes PEM &lllapresentation with the EMR formalism. Unlikely [44],
this model includes dynamical hydraulic equations wittsptee losses on both anode and cathode which are reprebgmted
converter in the input and a converter associated with amnagtation element on the output. Both streams allow computi
the partial pressure on the MEA through a coupling elemetiie &lectrical potentiatO is computed with an empirical
equation within a converter. The partial pressures andadbktyotential are injected in a multiphysical couplingneét to
obtain the Nernst potential. This voltage is diminished Ity activation (Tafel’s equation), concentration and ohloéses
expressed in a coupling element. Moreover, some electhegamic is represented by an accumulative element showing t
double layer effect. The chemical reactions and the etattlosses produce a flow of entropy that is evacuated by a wate
cooling system. This thermal dynamical model requires tilanetric flow and the temperature of the cooling water and
it is able to compute the temperature of the fuel cell staegr@gsented by a controlled conversion block associatédamit
accumulation element). The whole model is shown on Fig. bl been validated on a commercially available 20 cells
stack
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Boulon et al. [45] show the EMR model of the PEMFC’s ancilari Using previous works [30], they design a fuel cell
power generation device representation. It includes a hafdie air compressor (constituted by a vane superchaade@
motor and its power electronics), the cooling circuit anel power converter connected to a DC bus (refer to Fig. 17). The
authors validate by experience the fuel cell and compraasdels separately. The same author presents in [26] then\dxi
and Practical Control Structure (MCS and PCS) applied to MIRE The aim is to control the fuel cell voltage by tuning
two variables: the input gas flows of oxygen and hydrogen.firkestep is the design of the MCS by inversion of the EMR
model. Then the unrealistic measurements are replaced bgtamnation (e.g. local partial pressures) to lead to a jmalct
control structure. As a drawback, those control structimgmse the reference values to stay inside of the validihgea
of the model. This paper finally shows the voltage reachaplthé system considering the assumptions and the dynamic
behavior of the PEMFC by simulation.

Solano-Martinez et al. [46] propose one of the numerousicgdfns of the EMR to a hybrid electric vehicle. The
originality of this paper is to include within the EMR fornigth the overall energy management strategy. The globatsyst
includes a PEMFC, a compressor, batteries, and a supecitapsystem. All those elements are interconnected via a DC
bus (Fig. 18). The MSC and PSC are then developed for the aaritthe PEMFC. The paper highlights the required
measurements for the two strategies and proposes simutasaolts when a Normalized European Driving Cycle (NEDC)
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Fig. 17. EMR of a PEMFC and its auxilaries [45]

is used. This fuel cell model is a simplified version of Hisseal. [30]. Indeed the electrical and thermal dynamics were
neglected. The reader is invited to refer to Baert et al. @id] Ettihir et al. [48] for other applications of the EMR toybhid
vehicle.

Fig. 18. EMR of a hybrid electric vehicle [46]

Gauchia et al. [49] propose a simple PEMFC model in the EMBh&ism. This model (refer to Fig. 19) is represented
by a source element whose voltage depend on the input camdrn the operational conditions. The intrinsic model gehla
on an electrical equivalent and includes the ohmic loss hadiouble layer capacitance. It has to be notice that thentder
and hydraulic phenomenon of the fuel cell are not taken intmant. Moreover, the paper presents an energetic magigsco
representation of a battery, supercapacitor, and the matigart of a vehicle. All those elements are connectedttoy
using coupling elements to form a hybrid electrical vehioledel. Thanks to the maximum control structure, the autas
able to develop a command strategy for this multi-sourcetesy.

Cl

L  Rohm —{ s,

Upe
+

Fig. 19. EEC of a PEMFC and its EMR equivalent [49]

EMR models of PEMFC are mainly used for a control and energyagament purpose. Indeed, this formalism allows to
model multi-physical systems (with an energetic represt@nt) and to develop a control scheme based on model ioversi
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To keep a systemic philosophy, the models are often magoasand so does not discretise the phenomenon. All the models
and their comparison can be found in Tab. 3.

3.5 Equivalent Electrical Circuit (EEC) model of Fuel Cell

Boscaino et al. [50] present an empirical fuel cell moded. dbjective is to represent the steady-state with diodes and
voltage sources (refer to Fig. 20). Moreover, the trandiettavior is modeled by three RC networks in order to fit the
response to a current step. That model does not bring a gihys&aning of the fuel cell phenomenon.

1+
.

Fig. 20. EEC of a PEMFC [50]

Wingelaar et al. [51] show three PEMFC models: a steadg.stdtirge signal and a small signal model. The steady-state
model includes the reversible voltage, the ohmic, activeéind concentration losses. The large signal model (@fégt 21)
is composed by a voltage source in series with a double lagadtor in combination with a parallel and a series resisto
The small signal model adds to the previous model an impedaiie parallel of the double layer capacitor representirg th
adsorption reaction. The parameters of those three modeésiieen identified using respectively a polarization guihve
interrupted current method and an impedance spectroscopy.

1

Fig. 21. Large signal EEC of a PEMFC [51]

Famouri et al. [52] develop a dynamical equivalent circuitd®l of a fuel cell taking into account water vapor. It is con-
stituted by five sub-circuits representing respectivedydgathode and anode humidifier, the conservation of oxygetpben
and water. The main fuel cell model consists in three noalimairrent controlled voltage sources (Nernst, electnoite
over-potential, and diffusion over-potential), a caparc{double layer effect), and a stack resistance (Fig. 2%)a$ to be
noticed that the membrane resistance does not depend oratbeacgntent.

Fontes et al. [53] present a dynamical large signal circoideh of a PEMFC. It includes the reversible voltage (voltage
source), ohmic losses (resistance), the activation (ma@at current source) and double layer phenomenon. Thdffiasah
phenomena have been modeled in two parts: in the GDL and iadtieation layer with non-linear current sources as
presented in Fig. 23. Moreover, two capacitive elementsadred for representing the dynamic of gas diffusion. The
model’s parameters are then identified using a least-sqmim@ization method on a low frequency current sweeps input
signal. The aim of this model is to study the interactionsMeetn PEMFC stacks and static converters. Experimental and
simulation results show the effect of the connection of &4 deé with a buck chopper and a single phase inverter.

Wang et al. [54] present a dynamical model of a PEMFC usingtrédal equivalent circuits. The gas diffusion in the
electrodes is described using the Stefan-Maxwell law angsél to know the effective partial pressure (not graphicall
represented). The Nernst equation allows computing therséne voltage. It is constituted by a voltage source ama tw
controlled voltage sources (to correct the theoreticakmpiidl in pressure and temperature); the activation overpial is
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Fig. 22. EEC of a PEMFC, fuel (a) and air (b) humidifiers circuit [52]
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Fig. 23. Large signal EEC model of a PEMFC [53]

represented by a series association of voltage sourcestemtherature and current dependent resistors. The ohmic and
concentration voltage drops are added to the model usingeierture and current dependent resistors. Moreover, thideo
layer (capacitor) and the thermal phenomenon are implesdeas presented in Fig. 24. The last one is represented by a RC
association, where R stands for a thermal resistance dine toonvection and C for a heat capacity. It is able to compute
the fuel cell temperature which is injected in the tempemtlependent resistors of the model. The authors validate th
steady-state and transient by comparing the model (ungiécd*and Matlab/Simulink) to experimental data.

H Activation | Concentration i | Ohmic
T T

Internal
Patential E

Thermodynamic | T
Troom —af Block

!

Fig. 24. Pspice scheme of a PEMFC [54]

Becherif et al. [55] develop a separated electrodes etatquivalent model of the pneumatics and fluidics phenamen
in a fuel cell. The model (refer to Fig. 25) includes the diffan of water and nitrogen across the membrane as well as the
reverse electro-osmotic drag (represented by resistaause the degree of diffusion depends on the pressureatifies
between the two electrodes). On both electrodes, the watetensation is modeled by Zener diodes and the hydraulic
dynamic (with pressure losses) by an association of twet@si and one capacitor. Simulations are conducted toatelid
this model on a 20-cell PEM fuel cell stack.

Noiying et al. [56] present an Electrical equivalent modea®EMFC with a spatial description of mass transport. It
includes a discrete GDL for anode and cathode. At the anedb, & the ten layers is composed by two coupled sub-circuits
(three for the cathode) that describe the diffusion of gagumné. The partial pressure in a layer is represented by pledu
voltage source and the molar flow of each specie by couplaestaeses. The dynamic of the fluid is added to the model
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Fig. 25. EEC of the pneumatics and fluidics phenomenon in a PEMFC [55]

thanks to a capacitor. The input molar flows (current souocghput partial pressure (voltage source) can impose their
value depending on the over-stoichiometry. That boundangdition is represented by a diode. The output of those sub-
circuits allows computing the pressure losses, and theadicth over-potential depending on the current referenddaradic
currents. The membrane is also discretized in ten layersendmch spatially describes the electro-osmotic dragggelt
source), the back-diffusion, the water content and so thie losses (the resistivity of the membrane is water depsthde
The global model (refer to Fig. 26) includes the transportets previously presented that allow calculating the ebelets
potentials and over-voltages. All those voltage drops epeasented by controlled voltage sources. Finally, thdkddayer
effect is added with anodic and cathodic capacitors. Erpants are carried out to validate this one dimensional model
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Fig. 26. EEC of a PEMFC [56]

De Beer et al. [57] present an equivalent electrical cirafid fuel cell which including the effect of CO poisoning. The
aim is to use this model for a rapid fault diagnostic. In stestite, a diode in series with a resistor represents tivaton
and ohmic losses. Because those phenomena are strongéniceldiby the CO poisoning, the authors propose to add a diode
and resistor to the global model to show the effect of thispoing (Fig. 27). The circuit parameters can be easily roosut
and can be used for CO poisoning diagnostic. Some expersihene been conducted in order to show the influence of the
poisoning on the steady-state.

Hernandez et al. [27] propose a model of PEMFC for fault disgjo purpose. This model includes the hydraulic
dynamics with pressure losses (resistances and capasgociation as in Hissel et al. [30]) and the humidifier system
(similar to the hydraulic model but including a current smurepresenting the water vapor flow and a Zenner diode for
the vapor saturation pressure in parallel with the capgcitdhe overall hydraulic equivalent circuit is composeddne
sub-circuit for each specie: oxygen (only on cathode), bgen (only on anode), water vapor and nitrogen (refer toZay.
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Fig. 27. EEC of a PEMFC for CO poisoning diagnosis purpose [57]

For the two last ones, a resistance connects the anodic #mat@apart. It represents the diffusion possibility ofragen

and water vapor through the membrane. The model includeNéhest equation to evaluate the open circuit voltage which
is reduced by the activation (Tafel’s equation), conceimineand ohmic over-potentials that are not graphicallywahoThe
circuit modeling approach allows here the easy generaticesiduals leading to a diagnostic. The authors propose to
monitor the cathode pressure drop to evaluate the flooditigseime experimental validation.
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Fig. 28. EEC of a PEMFC for fault diagnosis purpose [27]

The EEC is a formalism mastered by many, contributing toéfgayment in the scientific field. One can notice that the
developed models do not include thermal field in general hadrtain modeled dynamics are electrical. Nevertheless, thi
formalism is successfully used for the simulation and désgic of PEMFC stack as summarized in Tab. 3.
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4 Synthesis

In the previous sections, a survey of graphical representér modeling has been presented. The advantages and
drawbacks of the considered formalisms have been shownrandsumed in Tab. 2. This table details for each formalism:
the possibility to model multi-physical systems, the céitisaf the used variables are energetic, if the system gesented
functionally or structurally, the command structure, tlesgibilities for system diagnostic and for the associatiomodels,
finally the dedicated software are given.

BG EMR COG EEC
Multi-domain yes yes yes by analogy
Causality integral / differential integral integral inted
Energetic yes yes no implicit
Functional / Structural structural functional functional functional

Command transfer function model inversion  model inversion electric approach

Diagnostic yes [16] not yet no yes [57]
Association of different models yes yes yes no

Dedicated software 20-Sim Matlab Simulink Matlab SimuliniPspice, Matlab toolbox etc.

Table 2. Comparison of graphical representations

A review on PEMFC models using those graphical represemstias been also presented and is resumed on Tab. 3. It
shows for every considered model: the system boundary,utpope, the spatial dimension, if the model is able to preduc
a polarization curve and some transient responses, if #rentil and hydraulic phenomenon are described, and finatg if
model takes into account the water (liquid and vapor).

5 Conclusion

A classification of graphical representation to model systéas been proposed including the bond graph, the causal
ordering graph, the energetic macroscopic representatidrelectrical equivalent circuit. It is important to netithat most
of those tools does not propose classical automatic amgytpiols such as observability or controllability. For a jpee
study, the designer must consider the analytical relatiNesertheless, graphical representations are usefuldy st whole
system in a macroscopic way showing the exchange of poweeketelements.

Then, a survey on those representation applied to a protmege membrane fuel cell system has been shown. De-
pending on the studied phenomenon, the model will proposealeahlic or thermal part and take into account water. One
can notice that the BG allows the design, the control and ilgnadstic of a PEMFC. The EMR is mainly use for a control
and energy management purpose. EEC is used for simulatibdiagnostic purposes. Therefore, the designer chooses the
graphical representation and the granularity dependirth®objective of the model.

The graphical representation allows the user to add moretimality to his model connecting new subsystems or to
include it in a bigger system. The exchange of power is mastpflicit and the coupling is shown. The usefulness of this
approach applied to a Fuel Cell has been demonstrated.
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Appendix A: Elements of the Bond Graph formalism

St —>»

S¢ —A

Source of flow or effort

>R

=R

Resistive element

— C

- C

Capacitive element

—A |

Inertial element

Gyrator

Transformer

Junction 0

Junction 1

FC-14-1108, Corresponding author: Mathieu Bressel

23



Appendix B: Elements of the EMR and M CS formalism

-E ' Source of energy
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