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Abstract—In this work, some potential identifica- uses the system’s structure (but not its uncertain parag)ete
tion/observation problems that arise in the anode line of and three standard available measurements. Based on the
a typical Polymer Electrolyte Membrane (PEM) fuel cell basel Generalized Super-Twisting (GST) algorithm, the proposal
system are highlighted and then solved. They involve estintiag bust| | th timati bl in fi ,'t fi Th
the hydrogen input flow at the stack anode and the water ro US, y _SO \_/es € estmaton p_ro em in linite |lme. ¢
transport across the membrane. It is argued that estimating Cont”bunon IS reIeVant a.nd nOVel In terms Of pOtentIa| Imp
the membrane water transport is of special interest since it mentation in actual systems and due the inherent robustness
gives relevant information on the actual performance and gnd convergence properties of the GST algorithm.
state of the fuel cell. Both problems are solved by construitg In the following, an experimentally validated analytical

robust observers and parameter identification algorithms
based on the Generalizeg Super-Twisting Algorithm. 9 model of a laboratory Polymer Electrolyte Membrane Fuel

Index Terms— Fuel cell; observer; estimation; sliding-modes. 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-
. INTRODUCTION ology combining a theoretical approach, together with an

Fuel cells are complex dynamic systems usually describ&fnPirical analysis based on experimental data. The prapose

by nonlinear uncertain models. In order to reduce the numbgfMi-empirical model is capable to adequately describe the
of sensors and estimate inaccessible variables, incrpasin Interaction between the different subsystems, while netgi

search activities have been performed addressing obigervatParameters and variables that have physical significartee. T
problems in fuel cells. systematic procedurg developed in [5] and [6], is presenFed
In [2], the authors design observers for estimating th¥ @ Way such that it can be used as a general modelling
hydrogen partial pressure based on the stack output vofuideline, belng stralghtfory\{ard_ to adapt 'Fo differentIfue
age. However, the proposed strategy relies on the interrcgll systems with few mod|f|cat|9ns. C_:onmse_ly, the act.ual
model of the fuel cell voltage, which is usually unknownaboratory test plant under consideration mainly comprise
Gorgiin et al. have also presented an estimation algorithfncentral PEMFC stack and ancillary units: air compressor,
for the membrane water content in a polymer electrolytBydrogen storage tank, gases humidifiers and line heaters
membrane, but is also based on the voltage internal mod&f€ Schematic representation in Fig. 1). In addition, to
[3]. Pukrushpan et al. have proposed an approach to pgrtiall'€asure the required e.xperlmental data, a particular senso
estimate the state of a fuel cell based system using a Kalm@H@y Was incorporated into the system.
filter that considers a linearized model [4]. McKay and > Measured variable
Stefanopoulou have employed open loop nonlinear observers 7 Unmeasured variable Load

based on lumped dynamic models for estimating the anode 0 Mass floworpressure sensor =l Vs
and cathode relative humidities [1]. This last referens® al @
presents experimental results, which is a major breaktirou
in PEM fuel cells water content estimation.

In this work, we present another approach to the anode Fuel Cell

Stack

line estimation problem of water transport in polymeric Mass flow
membranes. Based on the validated lumped parameter model controller
presented in [5], an estimation of the membrane water trans-
port is obtained. The idea is neither using the internal rhode

of the membrane nor the model of the stack voltage, becausg. 1. Schematics of the experimental PEMFC test statioiRa{UPC-
this may lead to a lack of robustness due to the compl&S!C)

and unknown time-variant models. The presented approach_l_O develop the model, the following modelling assump-
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« A humidity control loop regulates humidifiers moisturecatalyst surfacé\, react as follows:
to a relative level close to 100 %. .

« The fuel cell model is one dimensional, so the gases X2 = Why anin — Why,an.out — Wh, react; (2)
and reactions are considered uniformly distributed invhere

the cells. Kan (Pan— Pamb)

« The electrochemical properties are evaluated at the avéfH,anout(X2, X3) = s Pan = K2 (RaX2 + RX3) ,

" Ks2 +1
age stack temperature (6Q), so temperature variations e T
across the stack are neglected. and Gun
« The water entering to the cathode and anode is only in Wh, react(lst) = %Ist.

vapour phase. )
« The effects of liquid water creation are negligible at thdVote thatWiy, anin is the same hydrogen flow that leaves the
« The water activity is uniform across the membrane and The dynamic of the third states models the vapor mass

in equilibrium with the water activity at the cathode and®€havior in the anode channels. Given that no water is
anode catalyst layers. generated at the anode side, it consists of three flow terms.

The first is the water entering the stadkanin, the second
Il. REDUCED STATESPACE MODEL OF APEMFUEL ceLL is the water leaving the stadRianout. The third term is
ANODE LINE the water that crosses the membrane from the cathode side

. . , Applying the mass conservation principle yields:
Previous to designing the observers, a necessary first st‘é‘p’imem PPYINg P Pey

involves rearranging the equation presented in [5] and [6] X3 = Wanin —W,anout — Wymem 3
to obtain a reduced order state-space model of the anodﬁ
where
subsystem.
For obtaining such model, the procedure consists in cou- W anin (X1, X2,X3) = P (Pan)Wh,,anin (X1, X2, X3),

pling the existing differential equations [5], [6] with tine
auxiliary equations. After this, the system can be represkn O(Pan) = (vasathurrR"hum+ 1)
only in terms of its state variables, external inputs (fugl ¢ GhPan

stack currentlsy and hydrogen suppli\y,) and measured and
outputs (anode humidifier pressuRs,m and anode stack
pressurd,y). Further information about how the overall state
space equations were obtained and validated, as well as al
their parameters, can be found in [5] and [6]. ) o )

In what follows, we first review the differential equation At this point it is important to emphasize that we assume
describing the evolution of each state and the physicQP Model forWmem S0 it is considered as an unknown
principles that support them [5]. After this, we will degrei variable in the model.
which variables of the system are available for measurement Measured outputs
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. 2) Anode pressurg, = Kz (Ryx2 + R\,)g). .

Let x1, X2 and x3 denote the air mass inside the anode 3) Hydrogen (l:onsurr?ed by the rgacﬂym: TIS“.
humidifier, the oxygen mass in the anode channels and theNotice thaty, is precisely the variabl®s, found in the -
vapor mass in the anode channels, respectively. Denote bygdquations (1) and (2) of the system. Moreover, the third
the hydrogen flow of the mass flow regulatbf,. outputys is the variablé\h, react Of equation (2).

The dynamic of the first stat®; is obtained from the g \/riables to estimate
mass conservation of hydrogen in the humidifier. The hy-
drogen flow entering the humidifier is given by,, and the
hydrogen flow leaving this device &k, anin, hence:

1
1- 1_ GvKy4 ] ’
Gh (Kg—Pan)

1

X2,X%3, Pan) = Kan (Pan— P, l-———
|\M/,an,out( YARACT) an) an( an amb)[ Kgi—z-i-l

We assume that the following variables are measured:
1) Hydrogen humidifier pressusg = Kix;.

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

X1 = U—Why, anin, (1) flow Wh, anin in (2) that leaves the humidifier and enters
' the stack anode. This variable cannot be directly measured

where Wh, anin(X1,X%2,X3) = Cog + C1[Kixy — K2 (RaX2 +  due its high content of water vapor. Standard mass flow
Rx3)]. meters cannot be used, because they are highly sensitive to

The dynamic of the second statg is also derived from condensation and water droplets.
the mass conservation principle, but applied to the hydroge The second and most important variable to estimate is the
in the anode channels. It relates the input flow to thenembrane water transpoM,mem appearing in (3). Nafid®
anodeWh, anin, its output flowW, anout and the consumed based membranes are the most widely used in PEM fuel
hydrogen by the electrochemical reaction on the anodeills. In these membranes, it is crucial to understand the



water transport mechanism due to the strong dependencyjo$t uniformly bounded. It is straightforward to verify tha
the proton conductivity and catalyst dynamic performancthe dynamics of the observation erroxg = x; — %1 and
on the membranes water content and the large amount\8fi, anin = Wh,,anin —WH,.anin take the same form as in [8].
swelling due to water uptake. This is not only for analyzingrhen, under the conditions
the performance and the durability of fuel cell stacks, but
also for developing more reliable systems. ki >2y/Lh,, ko> 2L,

Nevertheless, the mechanism of proton and water transp%te — : . e
. : ' equalit in= in Will be established in finite-
in Nafiorf® has not been yet fully understood because of the. - ] Wik anin =W anin
lack of cpmprehenswe knowledge of its microstructucture Let us emphasize that observer (4) does not require the
and the interaction among the polymer matrix, protons and

water molecules which are highly coupled to each otheVralue of the humidifier constantSo,C1 appearing in the

) . . . equation that definédh, anin as a function of the state. The
[7]. In this context,Wymen IS a crucial variable to observe value of these constants change with the operating conditio

because it takes into account the water flow that crossgﬁhe system and need to be experimentally determined [6].

the membrane, due to both back diffusion and electrosmotlﬁ1
: L e observer (4) uses only the structure of the system to
drag, which are the main inputs to the standard membrane .

o rovide the estimaté in that converges to the true value
water content models [1]. It is important to stress thaf . &= .~ 8 anin 9
because of the unreliable internal model of this term, it is ' . . .
. . . . In what follows, this estimate will be then used to con-
reasonable to consider it as an unknown input to estimate.
struct an observer for the membrane water transfrtem
I11. OBSERVATION AND IDENTIFICATION Figure 2 presents the simulation results for this observer.

As announced before, the main goal is to estimate the B
membrane water transpoft, mem appearing in equation (3). 1 x10

The first step towards this goal is estimating the hydroge
input flow in the anodéMy, anin. With the knowledge of
this variable we shall explore two approaches to reach ol
goal. In the first one, we consider the use of an addition:
humidity sensor. The inclusion of this sensor allows savin
completely the problem without any additional considera
tions.

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

- WHQ ,an,in [kg/S]
— WHz ,an,in [kg/S]

6 8 10
o ) ) time [sec.]
A. Estimation of the hydrogen input flow in the anode.

The hydrogen input flow . appears in the mass Fig- 2. Simulation results for the estimation of the hydmgeput flow

bal y gt' fp th z(,jan,lnl PP K . in the anodeWh, anin USing the GST observer (4) with gaing = 1 x
alance equation O_r e anode (1) a_s an_un NOWN INPYG-2 k, — 1 107, In red: true value. In black: estimated value.

Let us assume that its rate of change is uniformly bounded

by a known constant,:
My, anin ()] < Ly, ¥t >0 B. Estimation of the membrane water transport using an
2,anin = 29 = Y

humidity sensor.

Let W*z’a”’i” denote its estimated value. Under the as- consjder the case when the vapor mass in the amgde
sumption above, it is possible to recover it exactly and iRgn be measured using an humidity sensor at the anode

finite-time using the measured output and the following 4 ihyt. Let us assume that such sensor can be modeled by
Generalized Super-Twisting (GST) observer [8] the following linear first-order system

%1 =U— ki@ (K; tys — R1) — Whiy an :
i el ) e, E=-a+bx, Yo=¢, (6)
Wh, anin = — ko (Ky “y1 — X1), .
] _ whereys is the output of the sensor. The parametets> 0
wherek; andk; are the gains of the algorithm, and are the (approximate) lag and gain of the sensor, assumed to

o U 5 be known.

X1) = |X1|2 sign(Xy) + X1, : . ) )
a(%) =[R2 signxy) + %, (5) In practice, humidity sensors have considerably slow time

~ o l . ~ § ~ 1 . ~ ~
@2(%) = 35ign(%) + 3[%|2 sign(%) + K. constants. Moreover, it is difficult to keep them stable when
The use of discontinuous injection in (5) allows ob-working at high gas relative humidities since their recgver
taining an exact estimate despite the fact & anin iS to water condensation is very slow. To circumvent these



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

§ = —ays—ka@u(ys— &) +b%, %3 =—ki(ys—&), (7)

whereks, k4 are its gains and the functiop are defined as  We have written the explicit dependence on timén
in (5). Under the assumption thgg(t)| <Ls,vt >0, any set equation (11) to emphasize thdt 6, and 6, are all time-
of gains satisfyinds > 2,/L3 andks > 2L3 guarantees that varying functions.

R —Ry

01 =KanKo [ R
1 an 2<V+K3§—2—|—1

) s 60 = RVKZV\(/,mem

the identityx3(t) = x3(t) is kept after finite-time [8]. The three terms constituting the variatdeabove can be
Using the estimat&; constructed above, we can obtain arestimated in finite-time using the measured outputs and the
estimate forx, from y, as follows: observer (4) as follows. FirstiWh, react is directly obtained
1y A from the measuremenys. Secondly, the flow\h, anin is
Xo = R, (K—2 - RVX3) , (8) estimated in finite-time using observer (4). FinaWyanin

can be estimated in the same way as appears in equation
and also an estimate for the vapor entering and leaving tii@), since it depends only on the measured outpuand
stack appearing in equation (3): the estimat&\fy, anin provided also by observer (4). In other
A A A o o words, the variabl&) can be considered as known. Thus, the
in=® i = X2, X . ’ . . ’
Weanin (V2)Whiz anin, - Whaanour =Woanou(%e, Xa, Y2) g) Problem of estimating the membrane water trans@dgtem

From the properties of observers (4) and (7), the estimat&&" be restated as estimating the valudigt) given thatz

above converge to their corresponding true value au‘terlzaefiniand_U are measured. : .
time transient. Since we have only one equation (11) with two unknowns

Finally, we can construct an estimaiémem of the mem- t(f?O’ 61), it IIS nottjlpossml? to dleie:jmlne th?'g valule. clj—|en|ce,
brane water transport using one more GST observer € onginal probiem we formulated can not be solved uniess
additional assumptions are made.

X3 =Weanin — Wanout — ks (%3 — X3) — Wy mem One useful assumption to make is to consider Hyt)
\Mmem:—ke(&()”(s—%) (10)  and 6:1(t) change slow enough to treat them as constant
’ ’ parameters in sufficiently small time windows. Under this

where, againks,ks are its gains and the functiop are consideration, the problem is a parameter estimation probl
defined as in (5). If the gains of the observers (4) and (#hat is known to have a solution if the vectf(t),1] is

are correctly selected as discussed above, and thekg&i  of persistent excitation. Moreover, there exist severdl-we
satisfyks > 2,/Lm andke > 2Lm with Wmen{t)| <Lm,¥t >0  established methods to construct the parameter estimation
then the identit\\{men(t) = Wimen{t) will be established algorithm.

and kept after finite-time [8]. In what follows we use a modification of the Least Squares
g/lethod 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

As discussed in the previous Subsection, humidity sensojigs parameters change with time, we can obtain an exact
come with some intrinsic difficulties in their operation.estimate of the parameter in each time window.

Hence, rgal applications motivate the problem of estingatin - o, our problem at hand described by (11), the algorithm
W;mem using only the pressure of the anogle= Ko(Rxa+  f [9] takes the following form:

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

RaX3). .

This problem is more challenging than the previous one, 5_U Y Kp(z—2) — [ 7 1 } [ 91 } ’
since only a linear combination of the states is measured. .
For instance, it is impossible to reconstruct exactlyand o, Ky O . (12)
x3 using the measured outputs described in Section II-A. & | T [ 0 Ks } ®(z-2),

To study the solvability of this problem, let us introduce
the variable where k; > 0 are the gains of the algorithm ang are

described in (5). The estimate (o, 61) is given by(8, 61).
2= Ka(Rax2 + RiX3) — Pamb, It was proved in [9] that if the gains are positive and the

where Py is the ambient pressure, a constant known pd€gressor(z(t),1] is of persistent excitation, a finite-time
rameter defined in (3). Hence, the varialiean be also estimation of the parameters is obtained.
measured starting fron,. Taking one time derivative and

. . - . i IV. SIMULATION RESULTS
using equations (2)-(3) it is possible to write

This section presents two simulation results for the es-

z(t) =U(t) — z(t)6u(t) — Bo(t), (11) timation of the membrane water transport from the anode
pressure only, as detailed in Section IlI-C. In the first case

we consider nominal conditions when the outputs described

U = K2 [Rn (Wh,,anin — W, react) + RWanin] , in Section Il-A are exactly measured. In the second study,

where



measurement noise is added to the measurement of fessure sensor. The noise was fixed to have 2% of the full
pressure sensor. 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 first simulation results were obtained under nominahe parameter identification algorithm (12) shows good ro-
operating conditions and without considering noise in thbustness. This result bridges the gap between the simulatio
output. When the parameter identifier (12) was turned omstage and the implementation at the laboratory facilities.
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 produc
an appreciable change in the variabfigsand 6;. In Fig. 3, °
the behavior of the variable and its reconstructed value ~
using (12) are shown.

A. Nominal conditions.
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Figure 4 presents the the results for the estimation of tt
parameters. It can be appreciated that the estimation mmve
exactly and in finite-time. ‘ —
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Fig. 4. Estimation offp and 8, using GSTA based parameter identifier e presented an integrated observation and identification
(12) obtained in the absence of measurement noises. approach to estimate the water transport of polymeric mem-
branes in PEM fuel cells. The constructed observers are

Notice that the exact estimation & and 6; depends robust since they depend only on the structure of the system
on the system structure, some standard known parametarsi constants that can be easily determined (e.g., hydargen
and operating conditions. Moreover, reconstructioM@gm  vapor specific constants, anode volume, operating conditio
is direct from 6; and only knowing the vapour specific etc). The only requirement is the use of three sensors in
constant R,), the stack temperaturel§) and the anode the plant: a pressure sensor in the humidifier, a pressure
lumped volume Vap). 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 8%,mem Which is an important

In the second set of simulations, the system was set in tiperformance variable in PEM fuel cell stacks. Simulation
same operating conditions as presented before. However, vesults show the good performance of the presented approach
add white noise on the variablerepresenting noise in the even in presence of noise.

B. Measurement noise in the outputty.



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 Il 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]
Gy vapour molar mass [kg/mol]
Kan anode nozzle restriction [kg/Pa/s]
n number of cells [1
Pamb ambient pressure [Pa]
Pan stack/cell anode pressure [Pa]
Phum anode humidifier pressure [Pa]
Psathum vapour saturation pressure [Pa]
in the humidifier
Psatih vapour saturation pressure [Pa]
in the line heater
Rn hydrogen specific constant | [Nm/kg/mol]
Ry vapour specific constant | [Nm/kg/mol] [1]
RHanin relative humidity of [1
the gas entering the anode
RHwum relative humidity of [1
the gas leaving the humidifief [2]
Tst stack/cell temperature K]
Tin line heater temperature K]
Van anode lumped volume [ [3]
Wanout gas mass flow leaving [ka/s]
the stack/cell anode
W2 hydrogen supply mass flow [ka/s] [4]
Wh2.anin hydrogen mass flow entering [ka/s]
the stack/cell anode [5]
WH2,anout hydrogen mass flow leaving [ka/s]
the stack/cell anode
Wh 2 react hydrogen mass flow reacting [kg/s]
at the anode [6]
W anin vapour mass flow entering [kg/s]
the stack/cell anode
Wian,out vapour mass flow leaving [ka/s] [71
the stack/cell anode
Wy mem membrane water transport [kg/s]
TABLE | (8]
NOMENCLATURE OF THE FUEL CELL BASED SYSTEM
[l
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Parameter| Expression Value
Co - 1.0836x 10°°
G - 3.3510% 10°°
F - 96485
e - 2.01x 103
Gy - 0.018
Kan - 3.2769x 1077
Kl TstRh/Van -
K2 Tst/Van -
K3 GvRv/Gh/Rh -
Kg R"En,in/PsaLlh -
n - 7
Psathum - 1.388x 10*
Psatih - 1.762x 10*
Rn - 4.124% 10°
Ry - 4615
RHan,in - 0.74
RHaum - 0.95
Tat - 333
Van - 0.02

TABLE Il
NUMERICAL VALUES FOR THE CONSTANTS OF THE MODEL
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