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Abstract— In this work, some potential identifica-
tion/observation problems that arise in the anode line of
a typical Polymer Electrolyte Membrane (PEM) fuel cell based
system are highlighted and then solved. They involve estimating
the hydrogen input flow at the stack anode and the water
transport across the membrane. It is argued that estimating
the membrane water transport is of special interest since it
gives relevant information on the actual performance and
state of the fuel cell. Both problems are solved by constructing
robust observers and parameter identification algorithms
based on the Generalized Super-Twisting Algorithm.

Index Terms— Fuel cell; observer; estimation; sliding-modes.

I. I NTRODUCTION

Fuel cells are complex dynamic systems usually described
by nonlinear uncertain models. In order to reduce the number
of sensors and estimate inaccessible variables, increasing re-
search activities have been performed addressing observation
problems in fuel cells.

In [2], the authors design observers for estimating the
hydrogen partial pressure based on the stack output volt-
age. However, the proposed strategy relies on the internal
model of the fuel cell voltage, which is usually unknown.
Görgün et al. have also presented an estimation algorithm
for the membrane water content in a polymer electrolyte
membrane, but is also based on the voltage internal model
[3]. Pukrushpan et al. have proposed an approach to partially
estimate the state of a fuel cell based system using a Kalman
filter that considers a linearized model [4]. McKay and
Stefanopoulou have employed open loop nonlinear observers
based on lumped dynamic models for estimating the anode
and cathode relative humidities [1]. This last reference also
presents experimental results, which is a major breakthrough
in PEM fuel cells water content estimation.

In this work, we present another approach to the anode
line estimation problem of water transport in polymeric
membranes. Based on the validated lumped parameter model
presented in [5], an estimation of the membrane water trans-
port is obtained. The idea is neither using the internal model
of the membrane nor the model of the stack voltage, because
this may lead to a lack of robustness due to the complex
and unknown time-variant models. The presented approach
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uses the system’s structure (but not its uncertain parameters)
and three standard available measurements. Based on the
Generalized Super-Twisting (GST) algorithm, the proposal
robustly solves the estimation problem in finite time. The
contribution is relevant and novel in terms of potential imple-
mentation in actual systems and due the inherent robustness
and convergence properties of the GST algorithm.

In the following, an experimentally validated analytical
model of a laboratory Polymer Electrolyte Membrane Fuel
Cell (PEMFC) is presented. This model was specially de-
veloped for nonlinear control and observation issues. The
modelling process is conducted following a modular method-
ology combining a theoretical approach, together with an
empirical analysis based on experimental data. The proposed
semi-empirical model is capable to adequately describe the
interaction between the different subsystems, while retaining
parameters and variables that have physical significance. The
systematic procedure developed in [5] and [6], is presented
in a way such that it can be used as a general modelling
guideline, being straightforward to adapt to different fuel
cell systems with few modifications. Concisely, the actual
laboratory test plant under consideration mainly comprises
a central PEMFC stack and ancillary units: air compressor,
hydrogen storage tank, gases humidifiers and line heaters
(see schematic representation in Fig. 1). In addition, to
measure the required experimental data, a particular sensor
array was incorporated into the system.
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Fig. 1. Schematics of the experimental PEMFC test station atIRI (UPC-
CSIC)

To develop the model, the following modelling assump-
tions have been considered:

• A mass flow control device ensures a controlled hydro-
gen supply.

• An auxiliary control system efficiently regulates gas
temperatures at five points of the plant (cathode and
anode humidifiers, cathode and anode line heaters and
stack).



• A humidity control loop regulates humidifiers moisture
to a relative level close to 100 %.

• The fuel cell model is one dimensional, so the gases
and reactions are considered uniformly distributed in
the cells.

• The electrochemical properties are evaluated at the aver-
age stack temperature (60◦C), so temperature variations
across the stack are neglected.

• The water entering to the cathode and anode is only in
vapour phase.

• The effects of liquid water creation are negligible at the
gas flow model level.

• The water activity is uniform across the membrane and
in equilibrium with the water activity at the cathode and
anode catalyst layers.

II. REDUCED STATE-SPACE MODEL OF APEM FUEL CELL

ANODE LINE

Previous to designing the observers, a necessary first step
involves rearranging the equation presented in [5] and [6]
to obtain a reduced order state-space model of the anode
subsystem.

For obtaining such model, the procedure consists in cou-
pling the existing differential equations [5], [6] with their
auxiliary equations. After this, the system can be represented
only in terms of its state variables, external inputs (fuel cell
stack currentIst and hydrogen supplyWH2) and measured
outputs (anode humidifier pressurePhum and anode stack
pressurePan). Further information about how the overall state
space equations were obtained and validated, as well as all
their parameters, can be found in [5] and [6].

In what follows, we first review the differential equation
describing the evolution of each state and the physical
principles that support them [5]. After this, we will describe
which variables of the system are available for measurement
and also which variables we want to estimate by means of
an observer. The meaning and value of all constants and
variables appearing in the equations below are described in
Appendix.

Let x1, x2 and x3 denote the air mass inside the anode
humidifier, the oxygen mass in the anode channels and the
vapor mass in the anode channels, respectively. Denote byu
the hydrogen flow of the mass flow regulatorWH2.

The dynamic of the first statex1 is obtained from the
mass conservation of hydrogen in the humidifier. The hy-
drogen flow entering the humidifier is given byWH2 and the
hydrogen flow leaving this device isWH2,an,in, hence:

ẋ1 = u−WH2,an,in, (1)

where WH2,an,in(x1,x2,x3) = C0 + C1[K1x1 − K2 (Rhx2 +
Rvx3)].

The dynamic of the second statex2 is also derived from
the mass conservation principle, but applied to the hydrogen
in the anode channels. It relates the input flow to the
anodeWH2,an,in, its output flowWH2,an,out and the consumed
hydrogen by the electrochemical reaction on the anode’s

catalyst surfaceWH2,react as follows:

ẋ2 =WH2,an,in −WH2,an,out−WH2,react, (2)

where

WH2,an,out(x2,x3) =
Kan(Pan−Pamb)

K3
x3
x2
+1

;Pan= K2 (Rhx2+Rvx3) ,

and
WH2,react(Ist) =

Ghn
2F

Ist.

Note thatWH2,an,in is the same hydrogen flow that leaves the
humidifier described in (1).

The dynamic of the third statex3 models the vapor mass
behavior in the anode channels. Given that no water is
generated at the anode side, it consists of three flow terms.
The first is the water entering the stackWv,an,in, the second
is the water leaving the stackWv,an,out. The third term is
the water that crosses the membrane from the cathode side
Wv,mem. Applying the mass conservation principle yields:

ẋ3 =Wv,an,in −Wv,an,out−Wv,mem, (3)

where

Wv,an,in(x1,x2,x3) = Φ(Pan)WH2,an,in(x1,x2,x3),

Φ(Pan) =

(

GvPsat,humRHhum

GhPan
+1

)

[

1− 1

1− Gv K4
Gh (K4−Pan)

]

,

and

Wv,an,out(x2,x3,Pan) = Kan(Pan−Pamb)

[

1− 1
K3

x3
x2
+1

]

.

At this point it is important to emphasize that we assume
no model forWv,mem, so it is considered as an unknown
variable in the model.

A. Measured outputs

We assume that the following variables are measured:
1) Hydrogen humidifier pressurey1 = K1x1.
2) Anode pressurey2 = K2 (Rhx2+Rvx3).
3) Hydrogen consumed by the reactiony3 =

Ghn
2F Ist.

Notice thaty2 is precisely the variablePan found in the
equations (1) and (2) of the system. Moreover, the third
outputy3 is the variableWH2,react of equation (2).

B. Variables to estimate

Our aim in this paper is to construct observers to estimate
some interesting variables of the system.

The first important variable to estimate is the hydrogen
flow WH2,an,in in (2) that leaves the humidifier and enters
the stack anode. This variable cannot be directly measured
due its high content of water vapor. Standard mass flow
meters cannot be used, because they are highly sensitive to
condensation and water droplets.

The second and most important variable to estimate is the
membrane water transportWv,mem appearing in (3). Nafionr

based membranes are the most widely used in PEM fuel
cells. In these membranes, it is crucial to understand the



water transport mechanism due to the strong dependency of
the proton conductivity and catalyst dynamic performance
on the membranes water content and the large amount of
swelling due to water uptake. This is not only for analyzing
the performance and the durability of fuel cell stacks, but
also for developing more reliable systems.

Nevertheless, the mechanism of proton and water transport
in Nafionr has not been yet fully understood because of the
lack of comprehensive knowledge of its microstructucture
and the interaction among the polymer matrix, protons and
water molecules which are highly coupled to each other
[7]. In this context,Wv,mem is a crucial variable to observe
because it takes into account the water flow that crosses
the membrane, due to both back diffusion and electrosmotic
drag, which are the main inputs to the standard membrane
water content models [1]. It is important to stress that
because of the unreliable internal model of this term, it is
reasonable to consider it as an unknown input to estimate.

III. O BSERVATION AND IDENTIFICATION

As announced before, the main goal is to estimate the
membrane water transportWv,mem appearing in equation (3).

The first step towards this goal is estimating the hydrogen
input flow in the anodeWH2,an,in. With the knowledge of
this variable we shall explore two approaches to reach our
goal. In the first one, we consider the use of an additional
humidity sensor. The inclusion of this sensor allows solving
completely the problem without any additional considera-
tions.

In the second approach we consider the problem of
estimating the membrane water transport directly from the
anode pressure. In such case, it is shown that the problem
can not be solved unless additional assumption are made. We
consider assuming that the variables are slow enough, so the
problem can be recast as a parameter estimation problem.

A. Estimation of the hydrogen input flow in the anode.

The hydrogen input flowWH2,an,in appears in the mass
balance equation for the anode (1) as an unknown input.
Let us assume that its rate of change is uniformly bounded
by a known constantLH2:

|ẆH2,an,in(t)| ≤ LH2, ∀t ≥ 0.

Let ŴH2,an,in denote its estimated value. Under the as-
sumption above, it is possible to recover it exactly and in
finite-time using the measured outputy1 and the following
Generalized Super-Twisting (GST) observer [8]

˙̂x1 =u− k1φ1(K
−1
1 y1− x̂1)−ŴH2,an,in,

˙̂WH2,an,in =− k2φ2(K
−1
1 y1− x̂1),

(4)

wherek1 andk2 are the gains of the algorithm, and

φ1(x̃1) = |x̃1|
1
2 sign(x̃1)+ x̃1,

φ2(x̃1) =
1
2 sign(x̃1)+

3
2|x̃1|

1
2 sign(x̃1)+ x̃1.

(5)

The use of discontinuous injection in (5) allows ob-
taining an exact estimate despite the fact thatẆH2,an,in is

just uniformly bounded. It is straightforward to verify that
the dynamics of the observation errors ˜x1 = x1 − x̂1 and
W̃H2,an,in =WH2,an,in−ŴH2,an,in take the same form as in [8].
Then, under the conditions

k1 > 2
√

LH2, k2 > 2LH2,

the equalityŴH2,an,in =WH2,an,in will be established in finite-
time.

Let us emphasize that observer (4) does not require the
value of the humidifier constantsC0,C1 appearing in the
equation that definesWH2,an,in as a function of the state. The
value of these constants change with the operating conditions
of the system and need to be experimentally determined [6].
The observer (4) uses only the structure of the system to
provide the estimatêWH2,an,in that converges to the true value
in finite-time.

In what follows, this estimate will be then used to con-
struct an observer for the membrane water transportWv,mem.
Figure 2 presents the simulation results for this observer.
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ŴH2,an,in [kg/s]
WH2,an,in [kg/s]

Fig. 2. Simulation results for the estimation of the hydrogen input flow
in the anodeWH2,an,in using the GST observer (4) with gainsk1 = 1×
10−2,k2 = 1×10−4. In red: true value. In black: estimated value.

B. Estimation of the membrane water transport using an
humidity sensor.

Consider the case when the vapor mass in the anodex3

can be measured using an humidity sensor at the anode
output. Let us assume that such sensor can be modeled by
the following linear first-order system

ξ̇ =−aξ +bx3, ys = ξ , (6)

whereys is the output of the sensor. The parametersa,b> 0
are the (approximate) lag and gain of the sensor, assumed to
be known.

In practice, humidity sensors have considerably slow time
constants. Moreover, it is difficult to keep them stable when
working at high gas relative humidities since their recovery
to water condensation is very slow. To circumvent these



difficulties, it is possible to “predict” the inputx3 of the
sensor by means of a GST observer:

˙̂ξ =−ays− k3φ1(ys− ξ̂ )+bx̂3, ˙̂x3 =−k4φ2(ys− ξ̂ ), (7)

wherek3,k4 are its gains and the functionφi are defined as
in (5). Under the assumption that|ẋ3(t)| ≤ L3,∀t ≥ 0, any set
of gains satisfyingk3 > 2

√
L3 andk4 > 2L3 guarantees that

the identityx̂3(t) = x3(t) is kept after finite-time [8].
Using the estimate ˆx3 constructed above, we can obtain an

estimate forx2 from y2 as follows:

x̂2 =
1
Rv

(

y2

K2
−Rvx̂3

)

, (8)

and also an estimate for the vapor entering and leaving the
stack appearing in equation (3):

Ŵv,an,in = Φ(y2)ŴH2,an,in, Ŵv,an,out =Wv,an,out(x̂2, x̂3,y2).
(9)

From the properties of observers (4) and (7), the estimates
above converge to their corresponding true value after a finite
time transient.

Finally, we can construct an estimateŴv,mem of the mem-
brane water transport using one more GST observer

˙̂̄x3 =Ŵv,an,in −Ŵv,an,out− k5φ1(x̂3− ˆ̄x3)−Ŵv,mem,

˙̂Wv,mem=− k6φ2(x̂3− ˆ̄x3),
(10)

where, again,k5,k6 are its gains and the functionφi are
defined as in (5). If the gains of the observers (4) and (7)
are correctly selected as discussed above, and the gaink5,k6

satisfyk5 >2
√

Lm andk6 >2Lm with |Ẇv,mem(t)| ≤ Lm,∀t ≥0
then the identityŴv,mem(t) = Wv,mem(t) will be established
and kept after finite-time [8].

C. Estimation of the membrane water transport from the
anode pressure only.

As discussed in the previous Subsection, humidity sensors
come with some intrinsic difficulties in their operation.
Hence, real applications motivate the problem of estimating
Wv,mem using only the pressure of the anodey2 = K2(Rvx2+
Rhx3).

This problem is more challenging than the previous one,
since only a linear combination of the states is measured.
For instance, it is impossible to reconstruct exactlyx2 and
x3 using the measured outputs described in Section II-A.

To study the solvability of this problem, let us introduce
the variable

z= K2(Rhx2+Rvx3)−Pamb,

where Pamb is the ambient pressure, a constant known pa-
rameter defined in (3). Hence, the variablez can be also
measured starting fromy2. Taking one time derivative and
using equations (2)-(3) it is possible to write

ż(t) =U(t)− z(t)θ1(t)−θ0(t), (11)

where

U = K2 [Rh (WH2,an,in −WH2,react)+RvWv,an,in] ,

and

θ1 = KanK2

(

Rv+
Rh−Rv

K3
x3
x2
+1

)

, θ0 = RvK2Wv,mem.

We have written the explicit dependence on timet in
equation (11) to emphasize thatU,θ0 and θ1 are all time-
varying functions.

The three terms constituting the variableU above can be
estimated in finite-time using the measured outputs and the
observer (4) as follows. FirstlyWH2,react is directly obtained
from the measurementy3. Secondly, the flowWH2,an,in is
estimated in finite-time using observer (4). Finally,Wv,an,in

can be estimated in the same way as appears in equation
(9), since it depends only on the measured outputy2 and
the estimateŴH2,an,in provided also by observer (4). In other
words, the variableU can be considered as known. Thus, the
problem of estimating the membrane water transportWv,mem

can be restated as estimating the value ofθ0(t) given thatz
andU are measured.

Since we have only one equation (11) with two unknowns
(θ0,θ1), it is not possible to determine their value. Hence,
the original problem we formulated can not be solved unless
additional assumptions are made.

One useful assumption to make is to consider thatθ0(t)
and θ1(t) change slow enough to treat them as constant
parameters in sufficiently small time windows. Under this
consideration, the problem is a parameter estimation problem
that is known to have a solution if the vector[z(t),1] is
of persistent excitation. Moreover, there exist several well-
established methods to construct the parameter estimation
algorithm.

In what follows we use a modification of the Least Squares
Method recently reported in [9]. The modification consist in
using Generalized Super-Twisting terms as in (5) to obtain
a finite-time estimation of the parameters. Hence, even if
the parameters change with time, we can obtain an exact
estimate of the parameter in each time window.

For our problem at hand described by (11), the algorithm
of [9] takes the following form:

˙̂z=U +κ1φ1(z− ẑ)−
[

z 1
]

[

θ̂1

θ̂0

]

,
[

˙̂θ1
˙̂θ0

]

=−
[

κ2 0
0 κ3

]

φ2(z− ẑ),
(12)

where κi > 0 are the gains of the algorithm andφi are
described in (5). The estimate of(θ0,θ1) is given by(θ̂0, θ̂1).
It was proved in [9] that if the gains are positive and the
regressor[z(t),1] is of persistent excitation, a finite-time
estimation of the parameters is obtained.

IV. SIMULATION RESULTS

This section presents two simulation results for the es-
timation of the membrane water transport from the anode
pressure only, as detailed in Section III-C. In the first case,
we consider nominal conditions when the outputs described
in Section II-A are exactly measured. In the second study,



measurement noise is added to the measurement of the
pressure sensor.

A. Nominal conditions.

The first simulation results were obtained under nominal
operating conditions and without considering noise in the
output. When the parameter identifier (12) was turned on,
the system was set to operate at a stack current of 1A. Then
at 600 sec. a step change in the stack current to 5A produces
an appreciable change in the variablesθ0 andθ1. In Fig. 3,
the behavior of the variablez and its reconstructed value ˆz
using (12) are shown.
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Fig. 3. Variablesz(t) vs. ẑ(t) obtained in the absence of measurement
noises.

Figure 4 presents the the results for the estimation of the
parameters. It can be appreciated that the estimation converge
exactly and in finite-time.
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Fig. 4. Estimation ofθ0 and θ1 using GSTA based parameter identifier
(12) obtained in the absence of measurement noises.

Notice that the exact estimation ofθ0 and θ1 depends
on the system structure, some standard known parameters
and operating conditions. Moreover, reconstruction ofWmem

is direct from θ1 and only knowing the vapour specific
constant (Rv), the stack temperature (Tst) and the anode
lumped volume (Van).

B. Measurement noise in the output y2(t).

In the second set of simulations, the system was set in the
same operating conditions as presented before. However, we
add white noise on the variablez representing noise in the

pressure sensor. The noise was fixed to have 2% of the full
scale, which is realistic for the current system set-up.

Figures 5 and 6 present the simulation results in this case.
Note that despite the presence of heavy noise conditions,
the parameter identification algorithm (12) shows good ro-
bustness. This result bridges the gap between the simulation
stage and the implementation at the laboratory facilities.
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Fig. 6. Estimation ofθ0 and θ1 using GSTA based parameter identifier
(12) obtained in the presence of measurement noises.

V. CONCLUSIONS AND FINAL REMARKS

A. Conclusions.

We presented an integrated observation and identification
approach to estimate the water transport of polymeric mem-
branes in PEM fuel cells. The constructed observers are
robust since they depend only on the structure of the system
and constants that can be easily determined (e.g., hydrogenor
vapor specific constants, anode volume, operating conditions,
etc). The only requirement is the use of three sensors in
the plant: a pressure sensor in the humidifier, a pressure
sensor in the anode and a stack current sensor. From these
three measurements, the complete state of the anode line
can be recovered as well asWv,mem, which is an important
performance variable in PEM fuel cell stacks. Simulation
results show the good performance of the presented approach
even in presence of noise.



B. Ongoing work.

In order to validate the proposed estimation procedure and
presented algorithms, the authors are currently working on
the experimental phase of this research.

APPENDIX

The meaning of the all the variables used in this paper are
summarized in Table I. Table II presents the specific value
of the constants appearing along the text.

Parameter/Variable Definition Units
Ist stack/cell current [A]
F Faraday’s constant [C/mol]
Gh hydrogen molar mass [kg/mol]
Gv vapour molar mass [kg/mol]
Kan anode nozzle restriction [kg/Pa/s]
n number of cells [ ]

Pamb ambient pressure [Pa]
Pan stack/cell anode pressure [Pa]
Phum anode humidifier pressure [Pa]

Psat,hum vapour saturation pressure [Pa]
in the humidifier

Psat,lh vapour saturation pressure [Pa]
in the line heater

Rh hydrogen specific constant [Nm/kg/mol]
Rv vapour specific constant [Nm/kg/mol]

RHan,in relative humidity of [ ]
the gas entering the anode

RHhum relative humidity of [ ]
the gas leaving the humidifier

Tst stack/cell temperature [K]
Tlh line heater temperature [K]
Van anode lumped volume [l]

Wan,out gas mass flow leaving [kg/s]
the stack/cell anode

WH2 hydrogen supply mass flow [kg/s]
WH2,an,in hydrogen mass flow entering [kg/s]

the stack/cell anode
WH2,an,out hydrogen mass flow leaving [kg/s]

the stack/cell anode
WH2,react hydrogen mass flow reacting [kg/s]

at the anode
Wv,an,in vapour mass flow entering [kg/s]

the stack/cell anode
Wv,an,out vapour mass flow leaving [kg/s]

the stack/cell anode
Wv,mem membrane water transport [kg/s]

TABLE I

NOMENCLATURE OF THE FUEL CELL BASED SYSTEM
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Parameter Expression Value
C0 - 1.0836×10−5

C1 - 3.3510×10−9

F - 96485
Gh - 2.01×10−3

Gv - 0.018
Kan - 3.2769×10−7

K1 TstRh/Van -
K2 Tst/Van -
K3 GvRv/Gh/Rh -
K4 RHan,in/Psat,lh -
n - 7

Psat,hum - 1.388×104

Psat,lh - 1.762×104

Rh - 4.124×103

Rv - 461.5
RHan,in - 0.74
RHhum - 0.95

Tst - 333
Van - 0.02

TABLE II

NUMERICAL VALUES FOR THE CONSTANTS OF THE MODEL
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