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Abstract

A robust control solution is proposed to solve the air sugalgitrol problem in autonomous polymer electrolyte memeérarl

cells (PEMFC) based systems. A Super Twisting controlldesigned using a nonlinear model of a laboratory fuel cellggtion,
even a Lyapunov based stability discussion is includeds&airently, the proposed control strategy is successfufiyemented in
the laboratory test bench. Highly satisfactory resultsadntained, regarding dynamic behaviour, oxygen stoichtopregulation
and robustness against uncertainty.

Keywords: PEM fuel cell systems, second order sliding mode contrgleerental results.

1. Introduction Improving the dynamic response arfti@ency of a fuel cell
based system is a challenging control goal, as the FC itself i

Increasing society concerns regarding the fundamentatpro \gyes the interaction of many nonlinear components. Fer in
lems of the use of hydrocarbons are soaring research on reeance, a system comprising an air supply subsystem of a poly
newable power sourceBrbir, 2003. Hydrogen, whichis an  mer electrolyte membrane (PEM) fuel cell stack connected to
efficient and clean energy carrier, is a viable solution to miti-3 air compressor is described by a seventh order nonlinear
gate the problems associated to greenhouse gas emissbns afgdel unusch et al.2011), where many internal variables
source dependence. In future energy schemes, renewable e inaccessible for its use in control algorithms. Besitiese
ergy sources will be fundamental and hydrogen can play a ke)re measurable and non-measurable disturbances thaglgtron
role for dficiency enhancement. Considering that renewablgggect system operation, as well as model uncertainties.

energy "soggi:eslare oftenhm';]ermntent arﬁgiult _to pre<(jj|c:1, It Then, reliable control systems ensuring stability andqoerf
Is usually afiicult to match the energy production and the en'mance, as well as robustness to model uncertainties and ex-

ergy demand. Thus, the introduction of hydrogen as an energy, .\ perturbations are of capital importance for PEMFE su
vector helps this matching and allows increasing tfieiency cess. In particular, the oxygen stoichiometry control exyst

and stability of the generation systems. Going from a hydr(;g’nukrushpan et al2004(Larminie and Dicks 2003 (Gruber
carbon based energy system to a new scheme where hydroggn, 5019 has to be able to optimise the system conversion

playsabasm_role, ngturallymtrodqces fuel cells (FCh@en- efficiency, avoiding performance deterioration together with

€rgy conversion chgm. Thgse devices producg elgctrwedapo eventual irreversible damages in the polymeric membratues,

Lhrcr)]lljgh thg catal;(/jtlchr(_aactuljnbof hyddrogen oxidation, tk:jeq;] to oxygen starvation. As a novel solution to this technatabi
ighly efficient and their only by-products are water an eatproblem, an air flow nonlinear control design and its implame

However, h'g.h (_:(_)stg low rel_lab|I|t_y_ an_d short I|fet!me_ afed tation in a laboratory fuel cell system are presented invioisk.
cells are still limiting its massive utilization in real dations. |« «.rrent work. the control problem is solved through a
In this context, not only the improvement of the system desig Super Twisting algorithm (STA). Among some of the advan-

better materials and components, b_ut also new advapced CO{%I—ges of the control solution, it can be highlighted the bilpa
trol systems, are necessary to achieve costs reductidey fas ity of system robust stabilization, finite time convergetathe

dynamic responses, longer lifetimes and the optimizatidhe sliding surface and chattering reduction even in the praseh
energy conversion. model uncertainties and disturbancesyant 1993.
The potentiality of this design technique applied to fudisce

YA shorter version of this paper was presented at the 11thniatienal has been prellmlnary explored 'KlénUSCh et al-2009), us- )
Workshop on Variable Structure Systems, National Autonesrigniversity of  ing @ well known model of the PEMFC system for automotive

Mexico, June 26-28, 2010. applications presented ifP(krushpan et gl2004. While in
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puleston@ing.unlp.edu.ar (Paul F. Pulestonjpayosky@ieee.org lished. In (ralj et a|7 2010 it is applied a SOSM control in a
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fuel cell stack. This article presents the regulation of¢bm-
pressor speed trough a Super Twisting controller and then tr
air mass flow regulation is achieved based on the compress
static characteristic. In this work, an order reduction aads-
formation of the system model is performed to design the con
trollers, even experimental tests in nominal operationpaee
sented. In Garcia-Gabin et g12010 a comprehensive study
of sliding mode implementation in PEM fuel cells is addreksse
This work considers a commercial 1.2 kW stack and the contrc
development is performed using a first order sliding method
while the design is based on a linear model of the plant ani
considering an integral-fierential sliding surface. The con-
trol law also incorporates a feedforward term in order to €om
pensate the stack currerfects and enhance the controller dy-
namic performance. Inatraji et al, 2010, initial simulation
results are presented to control a MIMO PEM fuel cell plant
using the so-called Twisting algorithm and the model defive
in (Pukrushpan et gl2004).

The controller design presented in the current paper ischase
on the complete nonlinear model of the plant (seventh order’
while the control solution directly tackles the oxygen slypp
through a STA. In this way, avoiding model reduction and cas:
cade control, the controller presents enhanced robuspnegs
erties and a more direct path between design and implement
tion. Moreover, a Lyapunov based stability and reachinggtim
analysis is provided. Finally, simulation results show shé-
ability of STA to address the control problem, while its suc-
cessful implementation in an actual fuel cell based geirat Figure 1: Experimental PEM fuel cells laboratory at IRI (URGIC)
system experimentally demonstrates the viability of tiistool
solution, even under external disturbances.

D Measured variable Load
D Control action Oa

. )
2. Experimental PEM fuel cell system o y—
. . | @ 5]
Detalls of the laboratory test station used for controller d
velopment and testing are shown in FigdreA schematic dia- PE
gram of the system is depicted in Figiewhere sensors and Fuel Cell et

actuators are also displayed. The main subsystems are: Stack

e Air Compressor: 12V DC oil-free diaphragm vacuum
pump. Input voltage to this device is used as the main

control action. Figure 2: PEM Fuel cell system schematics

e Hydrogen and Oxygen humidifiers and line heaters: These
are used to maintain proper humidity and temperature cons,
ditions inside the cell stack, an important issue for PEM
membranes. Cellkréft membrane exchange humidifiers
are used in the current set-up. Decentralized PID con
trollers ensure adequate operation values.

ass flow \cp), hydrogen mass flowW{), cathode and an-
ode humidifiers pressureBy mca and Pryman), Stack pressure
drops Pca andPap), motor stator currentp) and voltageVep),
stack voltageVs) and load current (,,q). Besides, a number of
sensors were included to register significant temperaf{liigs

e Fuel cell stack: an ElectroChéhi7-cell stack with Nafion 1 humeas Tincar Thuman andTin.an). It must be noted that in a typ-

115® membrane electrodes assemblies (MEAS) is used.,C . . .
with a catalyst loading of 1 mig? of platinum, 50 cr necessary. For instance, the controller proposed in seétio

of active area and 100W power. X
pressor air flow.

al fuel cell application many of these measurements ate no

only requires measurement of the stack current and the com-

Different sensors are incorporated to measure specific vari- System modelling was performed by the authors combining

ables, suited for modelling and control. Regarding Fig2ire theoretical techniques and empirical analysis. Dynamidets
these are: motor shaft angular velocity.f), compressor air  of the compressor, cathode and anode humidifier, line reater
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fuel cell stack channels and membrane water transport were
developed and experimentally validated. The resultingehod T
suitable for SOSM control design, has the following genera

—e—Ist=3 [A]
30+

/2\\’\ g1

form: //—\\ Ba
25k —e—ist=7 Al

| R 1
x=F (X(t)) +G- U(t) s ZOM —o—Ist=10 [A]

whereX; = [X; Xo X3 X4 X5 Xg X7] € R, ue RandGisa of.

net

constant. I
e X3 = wep: compressor shaft speed [yal o
® X2 = Mhumca: Mass of air in the cathode humidifier [kg]. i s 5 25 s % ; 25 s

A2

e X3 = My, ca: Mass of oxygen in the stack cathode [kg].
Figure 3: System performance irfidirent load conditionsRpet VS. 102)

® X4 = My, ca: Mass of nitrogen in the stack cathode [kg].

e X5 = My, ca: Mass of vapour in the stack cathode [kg].
Go2 is the molar mass of oxygen.the total number of cells of
the stack andr the Faraday constant.

e X7 = My, an: Mass of vapour in the stack anode [kg]. OnceAo, opt is determined, the objective of keeping the oxy-
gen excess ratio within optimal values can be achieved abntr

The complete set of equations and physical parameters is ntitg the oxygen mass flon¥, in). It is important to highlight
included here for space reasons and can be founiduniysch  that in the current work the optimal oxygen stoichiometrnswa
etal, 2017). determined from anféline analysis as it is shown in Figure 3.
For the current system this optimal operating point ranges f
2 to 3. In nominal operation, the experimental system isliysua
set to work alo, opt = 2.3. Nevertheless, an enhanced approach

As already stated, the main objective of the proposed coran be done using on-line extremum seeking algorithmsighis
trol strategy is the optimization of the energy conversibthe  still an open topic where the authors are currently working.
fuel cell, maximizing the net power generated by the system Then, once fixedlo, op the following mass flow reference
under diferent load conditions. Considering that the compres€an be obtained fronij and @):
sor is also driven by the fuel cell (in fact, it can be regarded
a parasitic load), the output net powé,§) can be defined as
the electrical power delivered by the sta@i(= Vsils) minus

the electrical power consumed by the compression subsystefhere trackingWo, in et effectively impliesto, = Ao, opt. Nev-
(Pep = Veplep). Optimization of the systemfiéciency can be  ertheless, due to the fact that,, i, is an internal unavailable
achieved by regulating the air mass flow entering to the stackariable of the system, it is not practical to include it ire th
cathode at dferent load conditions. control algorithm. This problem can be circumvented by in-
Accomplishing such optimal comburent flow is equivalent toferring information 0fW,, i, from an accessible variable of the
maintaining the cathode line oxygen stoichiometry (or ®yg system, such as the air mass flow delivered by the compressor
excess ratio) in an optimal value. This becomes evident fronjy., Note that once the humidifier transient is extinguisheel, th
Figure3. The optimum value ofl,, can be experimentally de- relationship betweeW,, andWh, i, remains constant.

termined from a thoroughfbline analysis of the open loop sys- In the framework of the sliding mode theory, this control ob-
tem, considering changes in the current demanded to thie StafECtive can be expressed as follows:

and a wide set of stoichiometry values.

e Xg = My, an: Mass of hydrogen in the stack anode [kg].

3. Control objective and dliding surface

nl
Woz,in,ref = /loz,optMoz 4_;t» (3)

The oxygen stoichiometry is defined as: S(X) = Wep—Weprer =
T
_ Woyin 1 = Boo+ Bio | X2 huria + Khum| +
/102 - W—’ ( ) Vhum
0,,react 5
. . . . Thu
whereW,, n is the oxygen partial flow in the cathode, which + Bao (X + Khum| + Bo1X1 + 4)
depends on the air flow released by the compredggand the hum
vapour injected by the humidifiekV, react IS the oxygen flow + By (Xz ThunRa + Khum) X1 + BoaXa? — Wepret,
consumed in the reaction. It can be directly related to tked to hum ’
stack currentl): whereS is the sliding variable that must be steered to zero,
Nl Wepretr the compressor air mass flow aldper is the flow
W, react = Gozﬁ, (2 reference. The compressor parame®ys Boi, Bio, Bi1, Bo2



and By can be obtained fromKunusch et al.2011), Thym is
the humidifier temperaturé/,,m is the humidifier volumeR,

the air gas constant and S= %S(t, X, U) + %S(t, X, U).(F(x) + Gu) +
Khum = Psat(Thum)RHnum - Psat(Tamb)RHamb +%S(t’ X, u).U(t) = (p(t, X, u) + )/('[, X, u)U(t), (8)

being PS""T(T"””‘) thg vapour saturation pressureTakm Rbhum whereg(t, x, u) andy(t, x, u) for the PEMFC system are smooth
the relative humidity of the gas at the humidifier output, ) )
functions, that have to be bounded as follows:

Psa(Tamp) the vapour saturation pressure at ambient tempera-

ture_ andRHyym the_relative humidity of ambient air. All these 0 < I'm < 9(t, X, U) < 'y 9)
variables are considered constant.
The expression oiVcpret Can be readily obtained from the air lo(t, X, U)| < @. (10)

mass flow reference. Given that the molar fraction of oxygen i
the air q2) is known, the desired mass flow of dry air can be
directly computed from:

For the PEMFC under study, the bounding values were com-
puted by means of a numerical study of the nonlinear system
and refined through a physical analysis. Additionally, unce

1 1 Nlgt tainties were included in representative parameters ssithea
Wary airref = )&WOz,inref = E102,091M02E~ () motor inertia, torque friction, humidifier volume and catleo
air constant. The following values were obtained:

Then, taking into account the relative humidity of the air
(Qatm), the final expression of the air mass reference results: ®=2310% TIn=0,002; I'y=0,0083

1 Nl Once the bounds have been determined, the stabilization
Wepret = (1 + Qatm) — AozoptMoz 7= (6)  problem of system7) with input-output dynamics8) can be
Yoz solved through the solutions of the following equivalerfiet+
Note that for stable ambient conditions, the reference dely ~ ential inclusion by applying SOSM:

pends on a single measurable variable, i.e. the stack durren )
I st. S e[-0,D] + [Ty, [m]l. (112)

Then, the gains of the STA are calculated frdmI'y, and
I'v guaranteeing that, once the system is steered to the region
_ . where they hold, the trajectories do not escape and cont@rge
4. Design and analysis of PEMFC-STA controller S=5-0int<oco.
The implemented Super Twisting algorithm is insensitive re
spect to Lipschitz perturbations, while the control law @€
It has been established in Sectibrthat SOSM techniques tinuous.
present attractive characteristics that well suit the PEMF
breathing control requirements. Together with the gerfeesl  4.1. Super Twisting Algorithm
tures of robustness, enhanced accuracy, finite time coeneegy
and chattering reduction, in particular, the generatiocootin-
uous control action signals avoid output power quality dete
ration and the inconvenience of discontinuous voltagectlire
applied to the compressor input.

A battery of SOSM algorithms can be found in the literature

This algorithm is intended to systems with relative degree 1
this is the case of the presented PEM fuel cell system. One in-
teresting feature of the STA is that during on-line operatio
does not require information &. The trajectories converge
to the origin of the sliding plane turning around in a typical

v T : 'way. The control law comprises two terms. One is the integral
each one of them with its distinctive features. In this wahle, ¢ 5 giscontinuous control action and, the other, is a contin

Super Twisting has been chosen to evaluate the viabilith@f t s function ofS, contributing only during the reaching phase
SOSM approach to this fuel cell system. This is because khis a(Levant 1993:
gorithm is specially suited for relative degree one plantsdo

not require information about the sign of the surface dé¢ixiea

To this aim, the controller has been designed using thelddtai _ )
model description given irkunusch et a.2011)) and has been Uy = —yS|glr/(ZS) (13)
assessed by thorough simulation tests and experimentaly. Uz = —AIS["*sign(S),

obtain the controller gains, an initial design procedurestibe  wherey and 1 are design parameters that can be first derived
followed. To begin with, the first and second time derivative from the corresponding fiicient conditions for finite time con-

of the sliding variable%) have to be computed. They can be vergence of the algorithn.évant 1993:

expressed as:

u(t) =ug + Uy (12)

[0
Y> T,

.0 0 (14)
— 2 (rm'}""d))z
S = —mS(t, X) + —aXS(t, X).(F(X) + Gu), (7 A> ,/—r% Ty 0y -




To begin with, the following set of controller parameterswa
selected in order fulfil and obtain a good trad&-between
dynamic performance and chattering attenuation in therexpe 4o
imental set-up:

Ip,x,.S)!

1=20; y=0,08 (15)

4.2. Lyapunov stability analysis and convergence timenssti ~ x10°
tion

Lyapunov functions as basic tools for analysis and design iro
modern control theory, can provide a powerful methodologyeo
to analyse stability issues in Second Order Sliding Modes. |
this section, a Lyapunov based analysis is presented im twde
check the system stability, analyse its perturbations arelan x10° X x10°
upper bound of the algorithm convergence time.

In this context, the first Lyapunov function for the Super
Twisting Algorithm was first reported inrMoreno and Osorio
2008 by J.A. Moreno and co-workers. In such work, a strong
and robust Lyapunov function is introduced, but its harglii
cumbersome. Recent advances in the formalization of the gert al, 2012):
eralised Super Twisting algorithm (a wider class of aldons

Figure 4: Perturbation analysis of the implicit system

that includes the Super Twisting algorithm of fixed gainsjé p(x1,S) = [p(x1,S) = p(xa, 0)] + p(x1, 0) (20)
provided another approach to obtain quadratic Lyapunog-fun p1(x0,S) p2(x)

tions that is also useful to estimate the algorithm convecge
time and robustness properties.

For the PEM fuel cell system under study and consideringvherepi(x:, S) = 0 whenS = 0. In accordance withMoreno
23(t,x) = 0, the equation?) under the &ect of control (3) and Osorig 2012, the Super Twisting controller is robust to

p1(X1, S) + p2(x1),

can be presented as follows: general perturbations(x;, S) satisfying the following condi-
tions:
S=ASOIFE+C(A0uS) +ull. g los(, S)I < kaISI* (21)
U = —2yD,(S), |m,02(X1)| < ks,

with with
®1(S) = [S|2sign(S), ki >0, kp>0.

D,(S) = %sigr(S). A detailed stabilty proof of the STA under pertubations finl
Equivalently, a useful coordinate transformation can e co (20)-(21) can be found inlloreno and Osoric2012).
sidered in order to analyse the problem and size the pettarba  For the considered problem, these perturbation terms can be

that dfect the controlled systen1§). Taking into account that  hounded in the entire range of operating conditions of thil PE
the sliding variable is given by equatioB)(the control objec-  fuel cell system, as it is shown in FigudéeMoreover, constants

17)

tive can be attained as: ofinequalities 21) can be foundedq = 0.8x10% k, = 4x10?).
X2 = h(xy, S), (18) As stated in florenqg 2011 Moreno and Osorid?012), this
a strong requirementin order to ensure the complete rejeofi

whereh(x,, S) is the solution of the implicit equatiorb). the disturbancg(xs, S) by the Super Twisting controller. This

After this transformation procedure, the underlying syste allows to develop a general stability proof of the Super Twgs
under Super Twisting control (implicit system) can be ex-algorithm subject to the general class of disturbances ira€q
pressed as follows: tion (16) bounded as21). The proof is based on the following

, family of quadratic Lyapunov functions:
X1 F]_(X]_, X2)|X2:h(X1,S) +Gu= (19)
0(%1, S) + G (=AD1(S) + uy) . V(L. up) = TP,

£ =[Isltsigns).u]".

(22)
where p(x3, S) can be considered as a bounded disturbance
(lo(x1, S)| < L) that dfects the control performance. Note that
- ﬁ . . . . .

it 7S(t,) # 0 butitis bounded, its value can be included in solution of the following linear matrix inequality (LMI) vt

the bound ot.. some constard > 0:
To provide a better description of the perturbations that ca '

be counteracted by the Super Twisting algorithm, the uncer- [ATP+ PA+eP+R PB] <0

where matrixP = PT > 0 is a symmetric and positive definite

tainty/disturbance can always be written as follou&ofzalez BT o) (23)
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beingA the Hurwitz matrix of the controlled systerh6)
ch [slpm]

-4 1] [-1.3097x 10 1 2
A:[g 0]=[ “52 38 ol (24) .

.51

Q is an arbitrary symmetric and positive definite mat@ix= s
Q" >0,B=[10]" andG = 1527x10“. The matriceRand® | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

take into account the perturbation bounds of the statedmob
and can be considered as parameters for control design. 4
Then, the functionZ?2) is a global strong Lyapunov function 3
for the system16-17). From Qavila et al, 2009 it can be 2
0

Control actions [V]

stated that the selection = | (identity matrix) is the best

choice to estimate the minimal time in the family of Lyapunov ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
functions without perturbations. Using this selectionfor 0 ! 2 3 Y imelseq 7 8 o 10
the system under study, the matfx= PT > 0 from (23) re-

sults: Figure 5: Air flow and control input (simulation results)

P 0.0003 —0.0161 (25)

~|-0.0162 40560|’

Wlth €= 18 X 1015' x107 Sliding variable
In (Moreng 2011 Moreno and Osorig2012) it is given the i ‘ ‘
proof that the system trajectories under Super Twistingrobn 2+
starting atSo = [S(0), S(0)], to the origin in finite time when
the perturbatiop(xs, S) of equation 16) is bounded byZ1).
From the Lyapunov function2@) it is also possible to ob-
tain an estimate for the convergence time. Fr@a\la et al, g1t
2009, it can be stated that beir@ >0 and{ > 0, a trajectory -
of the system starting &g converge to the origin at most after

1

oL

3

atimeT(Sop):
2
T(SO) = mvl/z(SO), (26) £ o8 o5 =y oz (‘)S 02 oz 06 os 1
1 ° G x10°
with Figure 6:S vs. S (simulation results)
2 1 Aminf QIAY2(P
" (Q, i) _ (i) 1 Amin{ Qi in{ P} 27)
G G/ 2  AnafP}
In conclusion, the presented approach show the stability of
the Super Twisting algorithm when controlling the fuel cell u(t) = uss + U, (28)

oxygen of the presented PEM fuel cell system. Thereforergiv \yparey, corresponds to the SOSM control action particularised
certain controller gaing, y and given the perturbation bounds above. The expression of; is computed via a polynomial ob-

qfr;[he_ system,(;hﬁn thehrobust finite time Stfb"'t}’ of thsoalg tained from an f-line test covering the entire operation range
rithm is assured through a strong Lyapunov function and an Upy¢ ihe experimental PEMEC system and is given by:
per estimate of the convergence time can be computed. Re-

mark: it is important to highlight that this is a conservatas- Urr = 0.1014WQ, ¢ — L1412WS ( +

timation of the convergence time, but it is guaranteed fer th B 3

entire operation range of the systebagila et al, 2009. 4.8303We o1~ 9-3370Wgy o + (29)
+ 8.1430WZ, ¢ — 0.6129Wpres — 0.1934

4.3. Feedforward term The following figures present the simulations results of the

It was previously stated that it is necessary to define an excontrolled system using the algorithm designed above. rEigu
tra control action that steers the sliding variable withiegion 5 shows that the Super Twisting controller present a satisfac
such that the bounds on the sliding dynamics give®ifi@) are  tory dynamic response when controlling the air mass flow. In
satisfied Fridman and Levan®002. With this purpose, it has Figure6, the typical behaviour that impose the algorithm to the
been included a feedforward (FF) actieny based on the stack nonlinear system is shown through &S diagram. It is im-
current, implicitly through the referend; e (6). It provides  portant to stress that, after an adequate parameters fuhing
the control &ort required to reach the surface neighbourhoodontroller presents a satisfactory dynamic behaviourficon
where conditions3-10) hold. Therefore, the implemented con- ing the suitability of the STA for the breathing control ofgh
trol action (1) comprises two terms: PEMFC system.



5. Experimental results e robust stabilization of the oxygen stoichiometry problem

. - . . avoiding chatteringféects;
The main objective of this section is to present the perfor-

mance of the proposed SOSM controller, implemented in the e enhanced dynamic characteristics;

fuel cell test station, considering external disturbareres dif- o )
ferent working conditions. e robustness to parameter uncertainties and external -distur

Among several simulations and experimental tests perfdrme ~ Pances;

in the fuel cell system, a first approach to solve the reallerab
was implemented through the designed Super Twisting con-
troller. Considering that the plant has a relative degres tire

e guaranteed extended range of operation, in spite of the
highly nonlinear nature of plant;

Super Twisting algorithm appears as particularly suitaipe e the control law only depends on two measurable vari-
tion for the current laboratory implementation. Anotheple: ables, namely the stack current and the compressor air
mentation advantage of this algorithm is that it does natireq flow, therefore no state observer is required,
information of the sign o8.

To assess the controlletZ-13-30) performance in real op- ¢ simple controller structure, resulting in low real time com

eration, in Figure7 it can be appreciated the performance of putational costs.

the SOSM-FF controller at dierent load conditions. Compar- ] ) ] . .

ing Figure7 and Figure5, it can be stated that the simulation ~ The resultmg _controlle_r is relatively simple to design and

and experimental results preserve the same dynamic belaviotune, only requiring certain measurements of easy and letv co

showing the reliability, robustness and accuracy of thégies implementation. This represent important issue for fudlsce

methodology. industrial applications, where the plant instrumentaisocriti-
Furthermore, another representative set of tests was peﬁ"al-

formed in the PEM fuel cell test station, forcing an exte et

turbation in the cathode line pressure. In t_hese expersnéeg 4 Acknowledgements
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