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Abstract. In embedded systems such as electric vehicles, Proton exchange membrane fuel cell (PEMFC)
has been an attractive technology for many years especially in automotive applications. This paper deals
with PEMFC operation monitoring which is a current target for improvement for attaining extended
durability. In this paper, supervision of the PEMFC is done using knowledge-based models. Without extra
sensors, it enables a clear insight of state variables of the gases in the membrane electrode assembly (MEA)
which gives the PEMFC controller the ability to prevent abnormal operating conditions and associated
irreversible degradations. First, a new state-observer oriented model of the PEM fuel cell is detailed.
Based on this model, theoretical and practical observability issues are discussed. This analysis shows that
convection phenomena can be considered negligible from the dynamic point of view; this leads to a reduced
model. Finally a state-observer enables the estimation of the inner partial pressure of the cathode by using
only the current and voltage measurements. This proposed model-based approach has been successfully
tested on a PEM fuel cell simulator using a set of possible fault scenarios.

1 Introduction

1.1 Fuel cell in automotive applications

A basic fuel hydrogen energy combined with renewable
energies is a promising energy carrier [1]. Despite there
being several different types of fuel cells, they are all based
on the same physical process known as reverse electrol-
ysis. Among the available FC technologies, the proton
exchange membrane fuel cell (PEMFC) is a very
attractive hydrogen power-conversion device thanks to
interesting features, such as high power density, low oper-
ating temperatures, quick start up (due to the low temper-
ature), simplicity, viability and high efficiency [2,3]. As a
consequence, PEMFC is the most likely candidate for vari-
ous fields: transportation (cars, buses, airliners, etc.) [4–6],
stationary and portable/micro power generation
sectors [7,8]. Specifically, it is a promising alternative for
automobiles, allowing modularity and attractive cruising
range combined with high cycle energy efficiency. With
its Peugeot 307CC fuel cell hybrid electric vehicle, PSA
demonstrates 45% global fuel stack system efficiency on
the standard test New European driving cycle (NEDC).
This energy efficiency is close to optimum since the fuel
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stack system is efficient over a wide operating range.
The car hydrogen consumption is less than 1 kg per
100 km [9,10].

The fuel cell principle differs from the combustion
processes, and gives better energy efficiency and almost
negligible amounts of pollutants or greenhouse gases [11].
Despite the PEM fuel cell’s potential, major challenges in
PEMFC technology development. Cost and durability and
density still remain major challenges for the automotive
area:

– to overcome these commercialization barriers, an im-
portant key factor to increase the PEMFC system per-
formance is finding new membrane electrode assembly
(MEA) materials, with enhanced electrical character-
istics [7,12];

– a second major point is to design bipolar plates and
fluids flows to minimize fuel cell current density dis-
crepancies [13];

– thirdly, being able to always remain within the opti-
mal PEMFC operating conditions would greatly im-
prove PEMFC system lifetime and hence its cost and
reliability.

Regarding PEMFC’s lifetime, the main key factors are:

– many studies have proved that PEMFC ageing is
closely tied to its conditions of use [14];
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– the gas management strategy was also proved to be
strongly linked to the PEMFC life span, especially con-
sidering high dynamical current profiles such as in au-
tomotive applications [15,16];

– the water management combined with temperature
and gas management has a major impact on the
PEMFC performance, stability and lifetime [17].

To tackle these problems, real-time accurate monitoring of
the PEMFC system operating conditions has to be con-
sidered.

1.2 Fuel cell monitoring

Especially in car applications, fast start-up and density
are demanded [4]. However, such high power demand can
reduce PEMFC lifetime and real-time accurate monitor-
ing of the PEMFC system operating conditions is a key
factor. This allows the global PEMFC system to be sized
to maintain optimal operating conditions in normal use. In
transient phases (during the start-up phase for instance),
the monitoring system modifies the control level in order
to ensure correct operation. To keep PEMFC system costs
down, the monitoring system can handle the sensors used
for the PEMFC control.

Many research studies have recently explored PEMFC
methods of on-line monitoring. Among those, three differ-
ent approaches can be distinguished:
– introducing additional sensors [18–20];
– signal processing approaches [21–23];
– knowledge-based model techniques [24–29].

Under this third approach, a class of associated methods
is based on a “perturb and observe” technique that al-
lows estimating the value of the PEMFC electrochemical
parameters. One method often used, named electrochemi-
cal impedance spectroscopy (EIS), consists of superposing
a controlled AC low level signal and computing the AC
impedance over a wide frequency range [24]. Using the
mandatory power conditioning system and modifying its
control law allows to achieve this EIS in real-time with-
out further cost [25,26]. Without any change the current
ripple induced by the switching frequency of the power
converter provides reliable insights into the membrane re-
sistance and hence predicts the membrane dry-out [27].
For electrochemical parameters identification, Rubio et al.
also proposed to apply cyclic current interruptions [28]
or to superimpose a low level current generated from a
pseudo-random binary sequence [29].

These techniques are based on a low level signal model
which is highly dependent on the current density level and
needs steady-state conditions to function properly. Obvi-
ously this is not the case of many PEMFC applications,
in particular fuel cell electric vehicles (FCEV).

1.3 Application to fuel cell electric vehicles

As an alternative, since the FCEV load profile is highly
dynamic, the electric load current can be used as a rich sig-
nal source to excite different PEMFC modes. Using a large

signal model enables then to analyze all the PEMFC vari-
ables. Escobet et al. proposes a first approach in this di-
rection [30]. Based on a mathematical PEMFC model [31],
the authors compute fault indicators by analyzing theoret-
ical relationships between measured inputs and outputs.
This original methodology was tested on a PEMFC sim-
ulator using a set of possible fault scenarios. However,
in [30] the authors have validated this model-based fault
diagnosis methodology on the external variables of the
PEMFC system only (current and voltage of the air com-
pressor, air inlet oxygen excess ratio and FC voltage). The
present work focuses on the internal FC state with the aim
of permitting to track its best operating point. An impor-
tant aspect of this is to evaluate precisely the internal gas
composition in AL and GDL especially oxygen and water
vapor partial pressures which impact the PEMFC ageing
greatly [15,16]. Within this latter framework, this article
concentrates on the important but non-measureable vari-
ables of the PEMFC mathematical model: precisely the
inner partial pressures in the MEA. It is important to es-
timate such state values as they are strongly linked to the
major PEMFC failures such as flooding.

A new observer has been built for this purpose. The
observer synthesis relies on a first analysis of the PEMFC
model observability from both theoretical point of view
and numerical aspects (model dynamics range and ob-
server coefficients range). So partial pressure observer for
the cathode of the PEMFC is detailed in this paper. In-
deed this part is the most difficult to address since it com-
prises three gazes (N2, O2, H2Ovap). It is also relevant
because virtually all water flooding phenomena occurs at
the cathode of the PEMFC.

In this context, the article is organized as follows. In
Section 2, the PEMFC system is presented. In Section 3
a dynamic model, based on the convection and diffusion
phenomena, is described. In Section 4, the observability
problem is addressed using the proposed model. Section 5
deals with the observer design and its validation using a
set of simulations reflecting typical usage. Finally,
Section 6 draws conclusions and discusses perspectives for
future work.

2 The PEM fuel cell system

This article focuses specifically on fuel cells featuring pro-
ton exchange membranes. This type of membrane needs
high humidity conditions, operates at relative low temper-
atures (up to 90 ◦C) and hence is difficult to run because
of precise humidity monitoring needs. This second section
sketches an outline of the system at hand and recalls the
key link between humidity condition and PEMFC perfor-
mance.

2.1 Fuel cell stack description

A fuel cell is a complex system interconnected with many
auxiliary devices such as air compressor, temperature cool-
ing system, pressure controllers. This study considers that



Fig. 1. Schematic representation of the membrane electrode
assembly of a PEMFC.

the fuel cell inputs are correctly regulated and measured.
These variables are:

– the two input flows (humidified air on the cathode side
and hydrogen on the anode side) and the related gas
compositions,

– the PEMFC temperature,
– the atmospheric pressure,
– the load current.

Figure 1 shows the system that the state observer will
have to estimate in real time.

A basic fuel cell consists of two chambers fed with
reactant gases and separated by a membrane called the
electrolyte, which has the special property of allowing the
passage of ions while blocking the reactants in their sta-
ble form. The interface between the membrane and the
chambers are catalytic thin layers known as active layers.

In order this reaction to occur, the hydrogen, driven
by the chemical potential energy difference, is forced to
dissociate in order to diffuse through the electrolyte while
the electrons resulting from this dissociation are forced to
pass through an external electrical circuit.

Although functional, the basic design of PEMFC has
been progressively refined in order to achieve higher ef-
ficiency, greater compactness, better durability and en-
hanced reliability. Each cell is composed of an electrolyte
(polymer membrane), sandwiched in between two elec-
trodes (cathode and anode). Each electrode is made of an
active layer (AL) (platinum-catalyzed carbon electrode)
and a thin porous layer called gas diffusion layer (GDL)
which greatly improves the homogeneity of the gas distrib-
ution over the active layer (Fig. 1). The electrolyte itself is
the subject of extensive research and, due to its high com-
plexity, presents marked nonlinear characteristics which
are not yet fully understood.

2.2 The influence of humidity

The humidity ratio in the PEMFC operation has a key
role in its efficiency and durability. It is known [17] that

the electrolyte dryness increases the stack voltage losses
as the membrane protonic conductivity is directly related
to its water content. For instance, the MEA dries faster
with a reactant of high stoechiometric coefficient or a high
PEMFC temperature. On the other hand (often at high
current density) the chemical reaction produces in the
stack an amount of water vapor greater than the ability of
the system to remove it. In these situations, the vapor ends
up by condensing, flooding the stack and preventing the
reactant gases from reaching the active layers. High cur-
rent density operation, low PEMFC temperature or low
oxygen ratio tend to favour flooding conditions. Finally,
water transport process in MEA is highly nonlinear and
it is difficult to avoid water concentration fluctuation [32].

The main goal of this study is to survey the humid-
ity rate of the PEMFC, preventing the membrane dryness
or the GDL flooding. The key challenge concerning this
specific problem is that there is currently no efficient and
non-intrusive method to take direct measures from the
GDL or the membrane. It is therefore necessary to utilize
an alternative method to obtain its current state. The in-
novative approach presented in this article is the use of a
state observer based on the measures of the fuel cell volt-
age and current as a non-invasive way to estimate these
parameters. In addition to these external measures, a FC
macroscopic model is mandatory to design this observer
approach. This is the purpose of the next section.

3 Analytical model of the fuel cell for state
observer purpose

To implement a state observer, it is necessary to develop
an analytical model for the studied system. As the key
objective is to use the electrical measures it is important
to detail the relationship between voltage and current and
partial pressures and humidity ratio.

3.1 Classical electrochemical model

In the interest of finding a connection between the electri-
cal measures and the humidity ratio, it is first necessary
to understand the chemical processes involved in the FC
stack.

The theoretical voltage produced by a cell can be ide-
ally determined by the Nernst equation; however, this
voltage cannot be achieved during operation because of
several different types of losses [33].

Activation energy loss: some of the voltage is naturally
lost in order to initiate and maintain the chemical reaction
(it is the energy necessary to dissociate the reactants);
this is the predominant loss when the stack operates in
nominal condition.

Ohmic loss: proportional losses related to electrical re-
sistances in the electrical circuits and in the membrane.

Mass transport loss: caused by drop in reactant con-
centration during operation. At the physical level, this
means that the gas transport inside the stack isn’t fast



enough to prevent its concentration from dropping in the
active layers (a concentration gradient is established). The
mass transport loss is the physical constraint that limits
the maximum current the stack is able to provide. Over-
current operation or blockages preventing the reactants
from reaching the membrane, can even deplete the reac-
tants in the active layer causing the stack to fail.

Degeneration of the electrolyte: can be permanent and
therefore its causes must be prevented. Some of the
reasons that lead to degeneration are unavoidable (e.g.,
natural aging), but these are always slow processes to be
expected only at the end of the membrane normal life
cycle. Others, as dryness, happen rapidly and, if left un-
treated, can damage the stack.

The chemical equation that expresses the voltage drop
in an electrochemical reaction is the general Butler-Volmer
equation. Applying it to a FC cathode [33,34]:

I = SI0

[(
aH2O

aeq
H2O

)
eα(V c−V c

eq) −
(

aO2

aeq
O2

) 1
2

(
aH+

aeq
H+

)2

× eβ(V c−V c
eq)

]
, (1)

where S is the exchanging surface, are the activations co-
efficients [32], V c is the cell voltage contribution given by
the cathode, I is the cell current, the notation “eq” means
that this quantity was obtained in absence of current I
and α, β, I0 are constants defined by the physical com-
ponents of the FC (V c in fact depends on several other
parameters that are not easy to obtain, such as the mem-
brane temperature or the gas partial pressures in chemical
equilibrium).

It is possible to work with the simplifying hypothesis
presented by [33]:

– the activation of H2O is always constant and equal to
one;

– the contribution of the H+ activation can be neglected;
– the activation of O2 is equal to its concentration and

can be replaced in this case by its partial pressure;
– the voltage drop due to the anode can be neglected in

comparison with the one due to the cathode;
– for high current densities, the reaction order for O2

can be approximated as 1.

The simplified equation is:

I = SI0

[
eα(V −Veq) −

(
PO2

P eq
O2

)
eβ(V −Veq)

]
, (2)

where V is the cell voltage and PO2 the partial pressure
of O2.

In order to take into account the dynamic behavior of
the FC voltage, the transfer of charge carriers (electrons
and protons) described by the Butler-Volmer law must be
combined with the interfacial process due to the electron
accumulation at the electrode side and the proton accumu-
lation at the electrolyte side. This is known as the double

Fig. 2. Major physical phenomena occurring in the cathode
of a PEMFC membrane electrode assembly.

layer phenomenon and classically modeled as a capacitor
Cdl [35]. Hence, the fuel current is the sum of its faradic
and capacitive components and the equation (2) becomes:

I = SI0

[
eα(V −Veq) −

(
PO2

P eq
O2

)
eβ(V −Veq)

]
+ C

d(V −Veq)
dt

dl .

It is evident that there is a strong relation between the
stack voltage and current and the partial pressure of oxy-
gen in the active layer. This will be estimated by a state
observer as explained in Section 5. The estimation error
of the state observer will contribute to its convergence to-
wards the internal state of the real system, i.e., the other
partial pressures.

To further develop the PEMFC analytical model, the
mass transport phenomena inside the cell has to be pre-
cisely described. First each isolated mechanism needs to
be understood. There are two physical transport processes
usually considered as the most relevant in this case: the
convection and the diffusion (Fig. 2).

3.2 Convection

The convection phenomenon is the macroscopic process
of mass transport due to the difference of pressure in a
neighborhood.

Describing analytically the convection flux is not rel-
evant here, as this flux depends on many different vari-
ables that are not easily obtained. All these uncertainties,
however, are often gathered in one parameter named the
convection coefficient. Furthermore, the equation of the
convection molar flux of the ith component of a mixture
is satisfactorily approximated [36] by the equation:

Φc
i =

K

Mi
∇Pyi, (3)



where ∇P is the pressure gradient, K is proportionality
constant obtained by experiment, Mi is the molar mass of
the element and yi is the mass proportion of i with regard
to the mixture.

The mass proportions can be conveniently expressed
using the partial pressures Pj and the molar masses Mj

of the components:

yi =
MiPi∑
j MjPj

. (4)

Despite its apparently linear behavior, it is important
to notice that the mass proportions utilized in the
equation (4) depend on the flux direction, therefore this
equation has a discontinuity (which is a strong nonlinear
characteristic).

The cathode considered in this paper has also an open-
ing to the environment, hence there are two different con-
vective fluxes.

Convective flux (defined as positive when from the
channel to the electrode):

Φconv
i =

Kc(Pchannel − Pelectrode)yi

Mi

∼= Kc(Pchannel − PGDL)yi

Mi
, (5)

with Kc = SKp

Lμ .
Convective flux from the channel to the environment:

Φout
i =

Kout(Pchannel − Patm)
Mi

yi. (6)

3.3 Diffusion

The diffusion, as opposed to the convection, is a
microscopic process driven by the difference of molar con-
centrations of each component in a neighborhood. This
specific problem is described by the Stefan-Maxwell’s
law [37,38]:

∇yi =
N∑

j=1;j �=i

1
SCDi,j

(xiΦj − xjΦi), (7)

where ∇yi is the gradient of mole fraction of the ith com-
ponent of the mixture, C is the molar concentration of the
mixture, Di,j is the Stefan-Maxwell diffusion efficient co-
efficient between the species i and j (obtained for porous
environments) and xi is the mole fraction of the ith com-
ponent. Even though the Stefan-Maxwell coefficients vary
with the temperature and the pressure, it will be assumed
in this work they are constant.

The diffusion is also conservative, i.e., it doesn’t have
any resultant flux and the sum of all diffusions is always
null (making one of the N equations unnecessary to

describe the whole process).
∑

i

Φdiff
i = 0. (8)

In the present work each gas flux has to be specified. The
system of equations of the Stefan-Maxwell law has to be
inverted to make these fluxes explicit. Defining the matrix
B as:

Bi,i =
xi

Di,N
+

N∑
k=1,k �=i

xk

Di,k

Bi,j = −xi

(
1

Di,j
− 1

Di,N

)
∀i �= j. (9)

It is then possible to obtain the fluxes by doing:

Φdiff = −S C
[
B−1

] ∇Y. (10)

Assuming homogeneous species concentrations in each
chamber and a very thin GDL, the gradient of concen-
tration can be simplified to:

∇yi
∼= ∂yi

∂x
∼= ychannel

i − yelectrode
i

LGDL

∼= ychannel
i − yGDL

i

LGDL
.

(11)
From the ideal gas law the mole concentration can be de-
duced:

CGDL =
PGDL

RTGDL
. (12)

Finally the system of equations for the diffusion of the flux
for each component of the mixture:

Φdiff = −SPGDL

RTGDL

[
B−1

] [
Y channel − Y GDL

]
, (13)

with: Φdiff , Y channel, Y GDL ∈ R
i.

3.4 Mass transport

The diffusion and convection fluxes, along with the exter-
nal fluxes entering or leaving the cathode, are enough to
express the mass transport in the cathode of one cell.

The law that represents the molar mass variation in
a determined volume with respect to the multiples mo-
lar fluxes in its surface is the molar mass conservation
equation:

dn

dt
=

∑
i

Φi. (14)

As each flux in this equation has been already modeled
in the previous section, it is just necessary to apply the
conservation law for each component of the FC. It is pos-
sible to change the variables from moles to pressures by
applying the ideal gas law in its differential form:

dP

dt
=

RT

V
× dn

dt
. (15)



Finally, using the notation Kchannel = RT
Vchannel

and KGDL =
RT

VGDL
the system of differential equations representing the

pressures in the cathode is:

– for the channel chamber:

dP channel
H2O

dt
= Kchannel(Φin

H2O−Φdiff
H2O−Φconv

H2O−Φout
H2O), (16)

dP channel
N2

dt
= Kcanal(Φin

N2
− Φdiff

N2
− Φconv

N2
− Φout

N2
), (17)

dP channel
O2

dt
= Kcanal(Φin

O2
− Φdiff

O2
− Φconv

O2
− Φout

O2
), (18)

– for the GDL chamber:

dPGDL
H2O

dt
= KGDL(Φdiff

H2O +Φconv
H2O −Φmemb

H2O +Φreacted
H2O ), (19)

dPGDL
N2

dt
= KGDL(Φdiff

N2
+ Φconv

N2
− ΦAL

N2
− Φmemb

N2
+ Φreacted

N2
),

(20)

dPGDL
O2

dt
= KGDL(Φdiff

O2
+ Φconv

O2
− Φmemb

O2
+ Φreacted

O2
). (21)

Some inputs of this model are known: due to the mem-
brane’s physical nature there is no significant nitrogen
flux Φmemb

N2
or oxygen flux across it (i.e., Φmemb

O2
= 0).

The reacted oxygen flux can be deduced from the current
measurement because they are related by the stoichiome-
try of the electrochemical reaction (22). Additionally, the
air flux in the gas chamber Φin is controlled by the air
compressor and can be considered as a known value.

Φreacted
O2

= − I

2F
. (22)

The same logic, however, cannot be applied to the wa-
ter flux in the membrane. Even though part of this flux
is due to the electrochemical reaction and can be easily
calculated (i.e., Φreacted

O2
= −2Φreacted

O2
), the rest is due

to other uncertain transport phenomena (electro-osmosis
and back-diffusion) [39–41] and their expressions are not
straightforward.

Φmemb
H2O = −2Φreacted

O2
+ Φunknown. (23)

Even though the net water flux in the membrane Φmemb
H2O

is unknown, several complex models for the electrolyte
have already been presented in the literature [42–44] and
therefore these fluxes can be roughly estimated. A precise
estimation is a matter for future study as it requires a
model for the complete cell instead of only the cathode.
It will be assumed from now on that the all fluxes from
the membrane and the air flux are known inputs of the
system.

The result is highly nonlinear and, as explained in
Section 3.1, the only pressure that can be inferred from

the measured voltage is the oxygen pressure in the GDL.
As such, the final state equation has the form:{

Ṗ = f(P, u)
y = PGDL

O2

, (24)

where P = [P channel
H2O

P channel
N2

P channel
O2

PGDL
H2O

PGDL
N2

PGDL
O2

]T is the state vector, u = [Φin Φreacted
O2

]T represents
the input vector and PGDL

O2
is the measure signal.

The main physical phenomena of the PEMFC have
now been modeled (Eqs. (16)–(21)). This macroscopic rep-
resentation leads to a nonlinear state model which has to
be analyzed in relation to the observer design methodol-
ogy. Firstly, the next section investigates the model theo-
retical observability related to its intrinsic structure.
Secondly, the numerical conditioning is examined.

4 PEMFC observability

4.1 Theoretical observability analysis

The concept of observability for a system can be described
as the possibility to determine its current state in finite
time using a determinate set of measures.

The current system is nonlinear. Creating a linear ap-
proximation of the real system (a linearized system) gives
us a means to have an observable system. The observabil-
ity of a linearized system at several different operation
points sufficiently close to each other indicates (without
guarantee) that the nonlinear original system is also ob-
servable over that region [45].

In our case a first order Taylor approximation around
the operating point is given by:{

Ṗl = APl + Bu,
yl = CPl = [0 0 0 0 0 1]Pl.

(25)

Although the model obtained is a valid mathematical rep-
resentation of the system, for this to be locally observable
it still needs to fulfill the following condition [46]: “the ob-
servability matrix of an N states system, formed by con-
catenating the matrix of the linearized system in the form
O =

[
C CA CA2 · · · CAN−1

]T must have full rank”.
Transforming the given state description to observer

canonical form shows that the system is theoretically ob-
servable, but also that the observability problem is numer-
ically ill-conditioned. Numerically the observability test
around the operation point (presented in detail in the
Appendix) results in the fact that the system is not
observable:

see equation in the next page.

It leads to rank[O] = 2, which is inferior to the system
order (6).

4.2 Model reduction

It is known from [47–49] that the ratio between the singu-
lar values of the observability matrix are a measure of the



O =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 1
3.3103 3.3103 3.6103 −3.3103 −3.3103 −3.6103

−2.8108 −2.8108 −2.8108 2.8108 2.8108 2.8108

2.41013 2.41013 2.41013 −2.41013 −2.41013 −2.41013

−2.11018 −2.11018 −2.11018 2.11018 2.11018 2.11018

1.81023 1.81023 1.81023 −1.81023 −1.81023 −1.81023

⎤
⎥⎥⎥⎥⎥⎥⎦

numerical conditioning (numerical stability) of the obser-
vation itself. Ill-conditioned systems present high dispari-
ties in its observability singular values ratio while
well-conditioned systems don’t.

A complementary analysis of the observability matrix
singular values Λ shows that the problem isn’t structural
(as none of the singular values logs are close to negative
infinity but numerical instead). This sort of behavior is
often presented by systems that have dynamics in a very
large frequency range. In our case, around the studied op-
eration point, the logarithm of the six singular values is:

log(Λ) = [ 54.4 23.8 17.2 13.8 5.1 0.5 ],

exhibiting a typical ill-conditioned problem with a wide
range values.

A reformulation of the linearized model on the basis of
its modes [50] shows that the system is fully observable.

A problem with this model is that it remains difficult to
implement numerically. One possible solution is to neglect
the fastest dynamic [51] by making it instantaneous. In our
case, this dynamic is represented by the first value (54.4).

In what follows the convectional dynamic will be the
one neglected. As shown in equation (5) the convection is
in fact, controlled by the difference of pressure between the
gas chamber and the GDL. To make the total pressures
in the gas chamber and GDL explicit, it is necessary to
change the system basis.

To simplify the notation, two additional variables (ΔP
and Mchannel) are defined as:

ΔP = P channel − PGDL (26)

Mchannel = MN2(P
channel − P channel

O2
− P channel

H2O )

+MH2OP channel
H2O + MO2P

channel
O2

. (27)

The dynamic of the global pressures in the two chambers
(channel and GDL) can be computed using equation (8).
From the equations (16) to (18) of the partial pressures
inside the gas chamber and the relation (5):

dP channel

dt
= Kchannel(Φin − Φconv − Φout)

= Kchannel

{
Φin − P channel

Mchannel
[KcΔP

+ Kout(P channel − P atm)
] }

.

(28)

Similarly for the GDL, from (6) and (19) to (21):

dPGDL

dt
= KGDL(Φconv − Φmemb + Φreacted) =

KGDL

{
P channel

Mchannel

[
KcΔP + Kout(P channel − P atm)

]

−Φmemb + Φreacted

}
. (29)

Using the two previous equations, it is possible to define
the dynamic for difference of pressure between the gas
chamber and the GDL:

dΔP

dt
= KchannelΦ

in + KGDL(Φmemb − Φreacted)

− P channel

Mchannel
× [

(Kchannel + KGDL)KcΔP

+KchannelKout(P channel − P atm)
]
. (30)

In order to confirm that this dynamic is sufficiently rapid
to be neglected, it is possible to analyze it using the pa-
rameters presented in the Appendix and considering the
system in the absence of external fluxes.

It is also important to notice that Mchannel is a com-
bination of the partial pressures of the gas chamber. The
fraction P channel

Mchannel
presented in the equation (30) is always

bounded by 1
MO2

≤ P channel

Mchannel
≤ 1

MH2O
:

dΔP

dt
< −6.33 × 104ΔP − 69.9 (P channel − P atm). (31)

Taking into account that the term due to the pressure dif-
ference between P canal and P atm is several times smaller
than the one related to ΔP , it can be neglected in this
analysis. The eigenvalue of this dynamic is −6.33 × 104,
which implies a time response in the order of 5 μs. This
dynamic is several orders of magnitude faster than the sys-
tem response (as can be seen in the simulations presented
in Sect. 5.2).

Using the hypothesis that the convection dynamic is
instantaneous it is possible to obtain the static equation
of ΔP by setting dΔP

dt = 0:

ΔP =
1

KcP channel(Kchannel + KGDL)

× [
KchannelΦ

inMchannel

+KGDL(Φmemb − Φreacted)Mchannel

−KoutKchannel(P channel − P atm)P channel
]
. (32)



Fig. 3. Step responses of each PEMFC models with respect
to current variations (steady current input is set from 100% to
50% of its nominal value).

The final reduced model for the mass distribution on the
cathode is a nonlinear system and has the form:

{
Ṗr = fr(Pr, u)

y = PGDL
O2

, (33)

where Pr =
[
P channel P channel

H2O
P channel

O2
PGDL

H2O
PGDL

O2

]T is
the state vector and is the input vector.

The observability analysis of the linearized reduced
system now indicates that it is observable:

O =

⎡
⎢⎢⎢⎣

0 0 0 0 1
−4.3105 −3.7 3102 4.5 −3102

−2.2102 3.6103 −1.2105 −4.1103 1.1105

7.5104 −2.5106 4.7107 2.6106 −4.5107

4.4106 1.5109 −1.81010 −1.5109 1.71010

⎤
⎥⎥⎥⎦

with: rank[O] = 5.
Before using the linearized reduced-order model to

design a state observer, it is necessary to validate the
proposed approach by comparing the full-order nonlinear
model and the suggested one. For this purpose, a simu-
lation evaluates the three studied model of the PEMFC
on a negative current step response, namely from 360 [A]
to 180 [A]. In spite of the significant change around the
operating point, Figure 3 shows that the linearized model
of the full-order one and the nonlinear one have almost
similar time responses while the linearized model of the
reduced-order one reveals a slightly static error and be-
haves dynamically and statically akin to the original
model. This positive response leads to describe more pre-
cisely the model properties, especially its sensibility to-
wards its main parameters.

4.3 Model analysis

The system of equations that describe the system behav-
ior is nonlinear. It is necessary to estimate the impact
of these nonlinearities to determine if they are important

Fig. 4. Frequency responses of the GDL oxygen partial pres-
sure with respect to air flux variations (steady air flux input is
set from 50% to 150% of its nominal value).

Fig. 5. Frequency responses of the GDL oxygen partial pres-
sure with respect to load current variations (steady state air
flux input is set from 50% to 150% of its nominal value).

enough to be taken into account explicitly in the observer
structure. This can be done by studying the frequency
response of the linearized model around several different
operational points. The deviation of the results is an in-
dicator of how nonlinear is the system.

Figures 4 and 5 present the oxygen GDL frequency
responses to the air input flux and the load current re-
spectively. In both figures, each curve is a frequency re-
sponse obtained from the same system but with different
operational points. The operational point variation was
created by changing the air flux steady state value. It is
quite noticeable that:

– the static gain decreases as the air flux increases;
– the system dynamics become faster as the air flux in-

creases;



Fig. 6. Frequency responses of the GDL oxygen partial pres-
sure with respect to load current variations (exchange surfaces
of 10%, 50%, 100% and 120% of its nominal value).

– at high frequencies, even if the response with respect
to the load current seems independent of the operating
point, it is highly dependent on the air flux.

The “apparent surface exchange” S, compared to its
nominal value, could be considered as an indicator of GDL
flooding (although this hypothesis still needs to be vali-
dated). The variations on the Bode diagrams of the system
can be used to estimate the impact of the surface area on
the dynamic model of the FC cathode.

Figure 6 illustrates frequency responses of the GDL
oxygen partial pressure when the system is subject to
load current variations. Each curve represents a specific
exchange surface; namely 0.5Srated, Srated and 1.5Srated.
Changes to the exchange surface area induce:

– gain variations, especially at high frequencies;
– model dynamic variations.

To summarize, the system behavior depends strongly
on its operational point and is also very sensitive to some
parameters that are hard to obtain accurately. It is clear
that the linear approximation doesn’t fit very well in this
case. To observe this system, it is necessary to find a
method that considers both of these issues.

5 PEMFC cathode observer

5.1 The observation method

The purpose of an observer is to reconstruct the entire
state vector based on measures of the system. The obser-
vation theory for linear systems is already well established
and is based on guaranteeing the convergence of the es-
timation error dynamic. Given the estimation X̂ of an
unknown state vector X, a set of measures y and a time
invariant observable linear model (Fig. 7):{

Ẋ(t) = AX(t) + Bu(t),
y(t) = CX(t) + Du(t). (34)

Fig. 7. Schematic representation of the cathode PEMFC state
observer.

The objective is to define an observer gain L in a way
that the state estimation given by ˙̂

X = AX̂ + Bu + L
(y − CX̂) stabilizes the error dynamic ė = (A − LC)e by
ensuring that A − LC is always negative-definite.

There are several different techniques to choose the
gain L. The dynamic representation of the system is non-
linear, presents parametrical uncertainties and has noisy
measurements.

A solution for the estimation problem in the presence
of noise was developed by Rudolf E. Kalman under the
name Kalman Filter [52–56] and it was also later adapted
for the observation problem. The Kalman observer is a
statistical approach that obtains the time variant expres-
sion for the gain that minimizes the covariance of the es-
timation error in the presence of white noise in both state
and measurement equations. It is necessary to refine the
previous formulation to take them into account as well.

Given the covariance Q(t) of the state noise V, the
covariance R(t) of the measure noise W (t) and the time
variant observable linear system:{

Ẋ(t) = A(t)X(t) + B(t)u(t) + V (t)
y(t) = C(t)X(t) + D(t)u(t) + W (t) (35)

the expression for the gain L(t) is then the solution of the
Riccati equation:⎧⎨

⎩
L(t) = Σ(t)CT R−1(t)
Σ̇(t) = A(t)Σ(t) + Σ(t)AT (t)

−Σ(t)CT (t)R−1C(t)Σ(t) + Q.
(36)

State observation of nonlinear systems, can be very chal-
lenging as there is no general solution to this problem
and each case must be studied separately. The Extended
Kalman Observer technique (EKO) nonetheless has proved
very reliable and is currently widely used in several differ-
ent applications [56–58].

This observer extends the concept of the Kalman
linear observer to nonlinear systems using the first order
linearization of the state equation around one or several
operational points. Relying on the linearization guaran-
tees only local convergence and the original system must
therefore be close to linear in the zone of interest. Refer-
ring to equation (33), one can express:

A ∼= ∂fr

∂X

∣∣∣∣
(X, u)operation

.



(a)

(b)

Fig. 8. Simulation of the observer response in the case of
a current step (all parameters and inputs perfectly known).
(a) Channel variables, (b) GDL variables.

5.2 Observer validations

In order to validate the possibility of cathode observa-
tion, a simulated fuel cell cathode and an EKO based on
the measure of the oxygen partial pressure in the GDL
were designed. The numerical values necessary (presented
in Appendix) were estimated based on measurements from
real fuel cell stacks. Figure 8 shows a set of simulation re-
sults in response to a stack current step (the amplitude of
the given step is 50% of the stack nominal current):

– the continuous line represents the states of the simu-
lated stack,

– whereas the dashed line represents the observer esti-
mated states.

As it can be seen, the observer has a satisfactory perfor-
mance converging in approximately 0.5 s even with a large
uncertainty in its initial condition.

It is also important to verify the observer robustness
with respect to parametric and inputs uncertainties. In
order to test this, a second simulation was done using an
observation model that does not match the process model
(due to modeling errors).

The uncertainties taken into consideration are errors
in the diffusion coefficients, exchange surface area (both
of them are related to the FC flooding) and the water flux
(due to the unknown flux in the Eq. (23)).

Figure 9 shows the temporal evolution of different state
variables (GDL partial pressures). The uncertainties
adopted were: 50% for each parameter and 25% of the
calculated water flux for the unknown water input.

It is possible to conclude from the simulations that:

– as expected, an error over the exchange surface area
has a direct impact on the estimated state;

– the system is more sensitive to uncertainties in the
diffusion coefficients and the water flux than to uncer-
tainties in the exchange surface area (in particular for
its transitory response).

6 Conclusion and perspectives

This work is focused on PEMFC monitoring. Finding a
low cost and easily implementable solution to obtain a
trustworthy state estimation from a fuel cell is a very im-
portant step towards developing more sophisticated con-
trol laws and improving several aspects of the cell. For this
reason it is attractive to use only the existing sensors to
control the PEMFC system. In contrast to EIS method,
the investigated approach is based on a large signal model
and hence can potentially estimate the PEMFC state un-
der less restrictive conditions.

In conclusion, the essential elements of this research
study are:

– a temporal model to estimate the internal state of
the FC has been proposed. It is not a grey-box but
a knowledge-based model. It derives from the phys-
ical structure of the PEMFC and includes explicitly
the mass-transport diffusion relations inside the GDL.
This gives a good real-time representation of the inter-
nal partial pressures at the AL;

– as regards the observability property, the analysis of
the developed model showed a problem of numerical
conditioning, whose origin is the convectional dynamic
between the channel and the GDL;

– assuming that the transient behavior due to the
dynamic of the convective phenomena between the
channel and GDL is instantaneous (compared to other
relevant phenomena) a model reduction procedure has
been developed and validated. This led to the creation
of a new model, better adapted for the observation
purpose;

– by restricting the study to the cathode, the developed
model was successfully used in the design of an internal
state estimator of the PEMFC. The robustness of the
observation with respect to parametric uncertainties
in the observation model was validated.

As this paper is only a first attempt to develop a new
approach for the humidity and flooding problems, sev-
eral assumptions were made (e.g., knowledge of the mem-
brane fluxes or simplifications in the Butler-Volmer law).



(a)

(b)

(c)

Fig. 9. Simulations of the observer response in the case of a
current step with uncertain parameters or inputs. (a) Exchange
surface area uncertainty, (b) diffusion coefficient uncertainty
and (c) membrane water flux different from expected.

Nonetheless, the results presented showed that the ob-
server is robust enough to overcome these approximations
and several different methods can be used to estimate the
membrane fluxes.

Future work will validate the assumptions made in this
study and improve the theoretical analysis. Specifically
this could be achieved by adopting a more formal study

of robustness, and taking into account the whole FC (es-
pecially anode, membrane and water condensation).

In order to achieve the ultimate objective (anticipa-
tion of MEA flooding), two indicators can be used: the
variation of the diffusion coefficients and the variation of
the effective exchange surface area. Although the observer-
oriented modeling seems more sensitive to diffusion coef-
ficients, it actually depends on the composition of the gas
mixture (in a manner not yet well-understood). For this
reason subsequent work will start by a detailed investiga-
tion and comparison of these two factors.
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Appendix

Numerical values

Physical parameters
Symbol Value Unit Description

R 8.31447 Pa m3 K−1 mol−1 Ideal gas constant
T 353.15 K Fuel cell temperature
μ 2.09499 × 105 Pa s Air viscosity

MN2 28 × 10−3 kg mol−1 Nitrogen molar mass
MO2 32 × 10−3 kg mol−1 Oxygen molar mass
MH2O 18 × 10−3 kg mol−1 Water molar mass
Patm 105 Pa Atmosphere pressure

S 28 × 10−3 m2 Cathode exchange surface
Lcanal 10−3 m Cathode gas chamber length
LGDL 0.3 × 10−3 m Cathode GDL length

DN2,O2 2.38 × 10−3 m2 s−1 Stefan-Maxwell efficient binary coefficient between N2 and O2

DN2,H2Ov 3.31 × 10−3 m2 s−1 Stefan-Maxwell efficient binary coefficient between N2 and vapor
DO2,H2Ov 3.16 × 10−3 m2 s−1 Stefan-Maxwell efficient binary coefficient between O2 and vapor

Ko 12 × 10−9 kg Pa−1 s−1 Convective diffusion between the gas chamber and the atmosphere
Kp 10−12 kg m−1 Partial convective diffusion between the gas chamber and the GDL

Inputs to the steady state for the case study

Symbol Value (mol s−1) Description

Φmemb
N2 0 Nitrogen flux through the electrolyte

Φmemb
H2O −0.0037 Vapor flux through the electrolyte

Φmemb
O2 0.0019 Oxygen flux through the electrolyte

Φair
N2 0.0127 Nitrogen air flux entering the cathode

Φair
H2O 0.0079 Vapor flux entering the cathode

Φair
O2 0.0032 Oxygen flux entering the cathode

Initial conditions (Pa) Steady state (Pa)
Observer Plant

P canal
H2O 4 × 104 4.667 × 104 6.8442 × 104

P canal
N2 5 × 104 7.467 × 104 7.4465 × 104

P canal
O2 104 1.866 × 104 7.6655 × 104

PGDL
H2O 4 × 104 0.320 × 104 7.1200 × 104

PGDL
N2 5 × 104 1.120 × 104 7.3939 × 104

PGDL
O2 104 0.160 × 104 5.4427 × 103


	1 Introduction
	2 The PEM fuel cell system
	3 Analytical model of the fuel cell for state observer purpose
	4 PEMFC observability
	5 PEMFC cathode observer
	6 Conclusion and perspectives
	References
	Appendix 

