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Abstract

Most of car manufacturers around the world have launched important research programs on the integration of fuel cell (FC) power
generatorsinto cars. Despite the firstachievements, fuel cell systems are still badly known, particularly when talking about fault diagnosis and
predictive maintenance. This paper proposes a first step in this way by introducing a simple but also efficient diagnosis-oriented model of a
proton exchange membrane fuel cell (PEMFC). The considered diagnosis model is here afuzzy one and is tuned thanks to genetic algorithms.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction mized auxiliaries. Considering the PEMFC case, a complex
and energy-intensive reactant control and conditioning sys-
Electrical energy is now accepted as a clean and univer-tem is required. In fact, compression and humidification of
sally available source of energy in almost all areas of life. the reactant air are particularly critical, because these pro-
One exception is road traffic. Despite the fact that electri- cesses can require about half the energy produced by the
cal vehicles dominated the early development of motor cars, fuel cell. Moreover, the cost of a fuel cell vehicle is still,
the internal combustion engine (ICE) has prevailed becausenowadays, much too high for considering an introduction on
of the high-energy density of petrol. Nevertheless, in the the market at a competitive price. The choice of fuel is an-
past few years, auto manufacturers around the world haveother crucial problem: shall the hydrogen be directly stored
launched important research programs on fuel cells (FCs) ason-board or shall it be produced from fossil fuels? Moreover,
major long term energy-conversion solutions because theyif on-board hydrogen storage is chosen, the whole fuel dis-
offer high fuel economy, through higher efficiency from the tribution infrastructure should be reconsideféil Finally,
stack to the wheel, and substantially lower emissions, par-fuel cell systems diagnosis tools must be available on the
ticularly of CO,. Of course, many of these manufacturers market to perform faults diagnosis and predictive mainte-
have already demonstrated buses or cars powered by fuehance on the vehicle.
cells, most of them by proton exchange membrane fuel cells The aim of this paper is to propose a first step in the
(PEMFCs). For example, it is possible to name the series of direction of fuel cell systems diagnosis. To achieve this aim,

Necar (I-V) proposed by Daimler-Chrysler, thihink FC5 a diagnosis-oriented model of a fuel cell power generator
proposed by Ford, they-wire proposed by General Motors, dedicated to automotive applications is proposed.
the Demio FCEV proposed by Mazda, the20 proposed by Considering only the static behavior of a PEM fuel cell,

PSA and so on. Most of them are single powered by fuel the fuel cell voltage can be expressed as a function of the
cells, some hybrid solutions have also been presented, suclkcurrent density followingEg. (1) [4]:

as theHonda FCX-V3 [1]. In association with the fuel cell o .

manufacturers, great efforts have already been done in orderg — g, . — RT [M + L}

to improve the stack performanck. Fl l-a oa
However, in most cases, the efficiency of the global power RT CS Ch
. . T . [ O 2 . 1
system is still reduced due to the lack of specific and opti- +tEh —ir (1)
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Fig. 1. General diagnosis process.

and anode reaction exchange current densitthe charge :
transfer coefficient; the reaction charge numbeTyy, and : &
Co, the hydrogen and oxygen bulk concentratic(ﬁﬁé and
ng the hydrogen and oxygen electrode surface concentra-
tions, andr is the area specific resistance.

Of course, such an expression is very difficult to use in Inputs
a diagnosis process for a car manufacturer because the con-
centrations and the reaction current densities cannot be ac-
cessed in real time. Thus, a fuzzy description of the fuel cell

behavior has here been preferred. Fig. 2. OLM fuzzy model for residuals evaluation.
The bases of a fuzzy diagnosis model are recalled in the

first part of this paper. Then, the description of the mOSt ¢ re|ations and the physical parameters of the system are
commonly seen faults on a fuel cell system is done, under- | known. When the system is more complex and/or when
lining from what kind of measures on a real fuel cell vehicle o physical parameters of this system are not easily mea-

these faults must be deducted. In the second part of the Pasyrable, a fuzzy modeling of the system can be considered

per, the fuzzy logic diagnosis model of the PEMFC power (5 &1 Tyyq different kinds of fuzzy model for residuals gen-

generator is described_. This f_uzzy dia_lgnosis.mode_l is heregration can be considered: the Open Loop Model (OLM)
tuned_thanks to genetl_c algor_lthms. Finally, simulation and (Fig. 2 and the Closed Loop Model (CLMF{g. 3) [7].
experimental results will be discussed. Considering the OLM, the fuzzy model is placed parallel
to the process and is submitted to the same solicitation
wheret is the time. The deviation SB of output predictions
y1(r) from output measurementgr) is then evaluated to
produce residuals:

SR(t) = y1(1) — y(1) (2

Considering the CLM case, the fuzzy model is also placed

As in all other diagnosis methods, the first step in the parallelto the process butin another closed loop with its own
diagnosis process is here to obta@siduals (Fig. 1) by controller. In this case, the performance of the real system
comparing what is currently obtained on a considered sys-
tem (calledobservations) to what is hormally obtained on
this system under the same operating conditions (called
references). These residuals have to reflect the faults on the
process but also to avoid disturbances (caused by noise or
modeling errors).

The residuals have then to be quantified to prodyog- Inputs
toms. The main problem is here to fix thresholds for each w(t)
residual from whose a default will be considered. The ob-
jective of this quantification stage is thus to determine if a
fault is occurring on the system. The last stage in the diag-
nosis process is then to find the cause of the fault. This is
done by comparing the symptoms rieferences signatures
coming, in most cases, from expert knowledge on the con-
sidered system.

The computation of residuals is most commonly done by
using analytical models of the considered system. This can
be easily done and is the most powerful when the physi- Fig. 3. CLM fuzzy model for residuals evaluation.

2. Fuzzy diagnosis on a fuel cell power generator
implemented in a vehicle

2.1. Bases of fuzzy diagnosis

Outputs
y(©
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is controlled thanks to the squared error between desired For the generation of residuals and thus the fault diag-
and actual process outpld. (3) within a time window of nosis process, only as few measurements on the system as
predefined lengthrd — 71). possible have been considered. Indeed, the on-line faults

ASE— SE_ SE 3) diagnosis on fu.el cell power generators should not imply
a lot of expensive additive sensors. Therefore, among the
with various available measurements on a laboratory fuel cell
- n power generator (current, voltage, air and hydrogen flows,
SE= / (w(r) — 52(1))2 dr (4) inlet and outlet pressures, temperatures, single cell voltages,
0]

...), only the current and the voltage have here been cho-
n ) sen to perform the diagnosis procg8sl0]. Maybe these
SE= f (w(n) — y(n)“dt () two measurements are not enough to fulfill the faults local-
0 ization process, but as many information as possible will be
The quantification of the evaluated residuals (through the extracted from these two measurements.
different thresholds) to produce symptoms can, of course,
also be done thanks to fuzzy logic. In such a case, the thresh-
olds are fuzzy ones, varying around their nominal values. 3. Fuzzy diagnosis model of a proton exchange
In any case, a fault is detected on the process if at least onemembrane fuel cell power generator
symptom is not nominal.
3.1. Description
2.2. Faults on a vehicle fuel cell power generator
The considered fuel cell system is constituted by a
The faults that have to be detected and diagnosed on aPEMFC that can be operated with pure or reformed hy-
fuel cell power generator implemented in a vehicle are very drogen on the anode side and with air or oxygen on the
numerous: from the major damage on the stack itself, which cathode side. The experimental stack is here only a low
implies the replacement of it, to the temporary variations of power stack, but the results (and the fuzzy diagnosis model)
the system output values that can be easily corrected throughcan be easy extrapolated to a more powerful fuel cell sys-
the fuel cell control system. tem. The stack is made up of 20 cells (area 108)cand is
Among these various faults, two have been considered soable to supply an electrical power up to 500 W under 12 V.
far. The first one is the accumulation of nitrogen and/or water The range of the operating temperatures begins aC1to
in the anode compartment. In fact, in the PEMFC, oxygen go as far as 70C. Additional to the anode and cathode gas
from the air reacts at the cathode with electrons taken from circuits, a coolant desionized water circuit is used to extract
the electrode and H protons from the electrolyte, to form  the calories from the stack.
water according tdeq. (6) The chosen method, for obtaining a fuzzy diagnosis
Oy + 46~ + 4H™ = 2H,0 (6) model of this_ fuel_cell system, consists in determi_ning a
so-called satisfaction rate (noted SR), by comparing the
If no water is present at the anode, a back diffusion of wa- obtained voltage-current operating point to the expected
ter from cathode to anode will take place, depending on the nominal operating point. This satisfaction rate is then nor-
thickness of the electrolyte membrane and the relative hu- malized between 0 and 1 (1 is the better rate that can be
midity of each side. The same phenomenon will also take obtained). The expected nominal operating point is fixed
place considering nitrogen which is present in the reactant by the static voltage-current characteristic of the stack. An
air. Therefore, accumulation of nitrogen and/or water in the OLM has been considered for the computation of residuals.
anode compartment may occur, especially when the PEMFCThis method is less time consuming considering on-line
is operating in dead-end mode with only a few flushes in the diagnosis case of the fuel cell system. Indeed, only one con-
anode compartment. troller output value has to be computed during the sampling
The second considered fault is an important drying of the period.
proton exchange membrane. This drying can occur because
the drying effect of air is non-linear in its relationship to 3.2. Diagnosis-oriented fuzzy modeling of a PEMFC
temperaturg8]. When the temperature increases, the mem-
brane dries out (if no extra humidification of the reactant  According to what has been explained in the previous
gases is present) resulting in a drastic fall of the fuel cell paragraph, the first step is to identify the expected nominal
system electrical efficiency. operating points. Therefore, the experimental static charac-
These two faults have been studied in preference and pri-teristic of the PEMFC stack under nominal operating condi-
ority to the others. Firstly, they will often take place on a tions has been plottedrig. 4). Notice that, as the behavior
fuel cell vehicle. Secondly, they can be corrected thanks to of a fuel cell system presents a hysteresis regarding current
the fuel cell system control. Thirdly, they do not imply a evolution, this experimental static characteristic is the best
major and non-reversible damage on the stack. one that can be obtained on the considered fuel cell system.
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20 : : ; T The first stage is the normalization of the two inplts
; ’ : i (voltage) and (current) between their min and max values.

This results in two normalized inputs, notég and I, that

vary between 0 and 1. Then, seven membership functions
are used for the fuzzification process. The seven membership
functions on both inputs are Gaussian ones; the membership
degree of inpulUn(r) at the fuzzy subsét (k € [1,...,7])
described by membership functiqny ;. is thus given by

Eq. (7)

Voltage V (V)

(Un() — mu,k>2> -

nuk(®) = exp<
2(75,’]c

wheremy and oy are respectively the middle position
and the standard deviation of membership funcfigry.

In the same way, the membership degree of inpuy at
the fuzzy subsein (m € [1, ... , 7]) described by member-
Fig. 4. PEM fuel cell stack voltage/current characteristic. ship functionu,,, is given byEqg. (8)

(a0 — ml,m)2>

2
20 Tm

0 5 10 15 20 25
Current | (A)

Wi () = exp( (8)

wherem;,, ando;,, are respectively the middle position
SR and the standard deviation of membership funcjigp, .

As a Sugeno-type fuzzy system is used, the output mem-
bership functions are only singletons, in our case seven sin-
gletons (“Z": Zero; “VS”: Very Small; “S”; Small; “M”
Medium; “B”: Big; “VB”: Very Big; “XB”: eXtra Big). The
considered linguistic rules table is a classical sloping diago-
nal table Table ) [12]. For example, this rules table is read

Fig. 5. Sugeno-type fuzzy model. as follows €q. (9):

IF (Un(¢) is Very Small “VS”) AND (Ix(¢) is Big “B")

Then, a fuzzy model of the fuel cell system has to be built. THEN (SR() is Very Big “VB")
As previously said, this model should use only two inputs: Thus, as a matter of fact, the defuzzified satisfaction rate is
the voltageV and the current. The single output of this h f’|| : 10)- '
fuzzy model is here directly the satisfaction rate SR (which the following Eq. (10):
should be equal to 1 on the PEMFC static characteristic). So, S Uk (O (1) SR
considering the whole diagnosis process, this fuzzy model SR(1) = 7 7
will directly provide a residual at its output, which can be 2ik=12m=1 (KUK D11 0)
evaluated in a next step to produce a symptom. The closerThe positions and the shapes of the different membership
to 1 this residual will be, the better the performances of the functions have been determined through an optimization

E|

N

- =
-
-

I

e

E|

Normalisation
Normalisation

Fuzzification Defuzzification

R i T

(9)

(10)

fuel cell system will be. procedure which is described in the next part of this paper.
The calculation of the satisfaction rate is done thanks The seven singletons at the output have been fixed during

to a two-inputs one-output Sugeno-type fuzzy sysfafi this optimization procedure (so as to reduce the number of

(Fig. 5. freedom degrees). Moreover, as the satisfaction rate should

Table 1

Linguistic rules table

(Un, In) MUYl “Z” MUYZ “VS” MU,?, “S” /,LUV4 “M” /LU_S “B” MUYG “VB” MUY7 “XB”

mra <2 usr11 “Z” usr12 “VS” HUsr13 “S” HUsr14 “M” Husr1s “B” usr1e6 “VB”? usr17 “XB”

112 “VS” liaRa1 “VS” LR “S” lisras “M” Jisr24 “B” JisR25 “VB” JiaR o6 “XB” LisRa7 “VB’

M3 “S” MUsr31 “S” Usr32 “M” MUsr33 “B” HUsr34 “VB” HUsr3s “XB” usr3e “VB” usr37 “B”

ra “M” Husra1 “M” Hsra2 “B” HUsR43 “VB” HUsr44 “XB” HUsras “VB” HUsra6 “B” Hsra7 “M”

urs “B”? usrs1 “B” Usrs2 “VB” usr53 “XB” HUsrs4 “VB” Hsr55 “B” Husrs6 “M” HUsrs7 “S”

w16 “VB”? Husre1 “VB” Hsre2 “XB” Usre3 “VB” HUsrea “B” usres “M” Hsre6 “S” 1sre7 “VS”

w17 “XB” Musr71 “XB” HUsr72 “VB” Hsr73 “B” HUsr74 “M” HUsr75 “S” usr76 “VS” Usr77 “Z7
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Fig. 6. Satisfaction rate output singletons positions.

equal 1 on the static characteristic of the fuel cell and should 4.1.3. Offspring generation, crossover and mutation

decrease rapidly around this characteristic (to ensure a good Half of the offspring generation is constituted using a tour-

stiffness of the diagnosis process), these seven singletonsiament selection. Two individuals are randomly selected and

have been placed as describedHiy. 6. the best one survives to new generation (with a probability
of 80%). The rest of offspring generation is constituted us-
ing a two point crossover method. The two parents are ran-

4. Tuning of the fuzzy diagnosis model using genetic domly selected and two crossover points are also randomly

algorithm selected on the chromosomes. Next, two mutation bits are
selected on each offspring individual. Finally, the best indi-

4.1. Genetic algorithm for fuzzy system optimization vidual of last generation always survives to new generation.

The positions and the shapes of the seven membershipd.1.4. GA optimization
functions at each input were tuned using a specific genetic Fig. 7 presents the compared evolutions of best individual
algorithm (GA)[13,14] Twenty-four parameters have here objective function, worst individual objective function, me-
to be tuned: the membership functions positiamg, to dian individual objective function and mean objective func-
my.e andm; o to m; g (varying on the normalized universe tion during GA optimization process. As it can be seen,
of discourse between 0 and 1) and the different standard200 generations have been used to perform this optimization
deviation valuesy;; ando;,, (limited to vary between 0.02
and 0.15 for avoiding too narrow or too wide membership

function shapes). %

! Bestindividiial

4.1.1. Encoding of a chromosome, population size 30
A binary string is here used for the encoding of chromo-
somes. Each of the 24 parameters that have to be tuned it
encoded using 6 bits resulting in a 144 bits chromosome
for one individual in the population. The population size is

chosen equal to 200 and is randomly initialized.

Medianf

n

Objective functiol

4.1.2. Objective function

The considered optimization criterion is the sum of the
obtained satisfaction rates on 35 points placed along the fuel
cell static characteristic. The max level of this objective func-
tion is also the normalized value 35. Notice that a penalty 0 ; ; , ; ; ; , ; ,
factor of 0.7 is applied on the objective function result when 0 20 40 60 8 100 120 140 160 180 200
the resulting different membership functions positiensy Generation
andmj,, are not ranked in ascending order. Fig. 7. GA optimization process of membership functions.

Werst individual
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o vary without a voltage modification. This case takes place
£ o8 during fuel cell transient states. In fact, due to the hydro-
%’L 06 gen and oxygen that are present in excess in the cathode
5 04 and anode compartment, the fuel cell is able to provide in-
é on stantaneously a relatively important overcurrent without an
2" important voltage variatiofiL5].

0

5. Experimental results

g Ghomemma /N PN G NG

g osblo i N N 5.1. Accumulation of nitrogen and water in the anode

= compartment

T A s e S e

Q ' . ' ' ' ' '

é Q2N T A G A YA The first fault that has been experimentally diagnosed

using the proposed fuzzy diagnosis model is the accumu-
lation of water and nitrogen in the anode compartment in
case of a dead-end mode use of the fuel cell. A fixed and
Fig. 8. Inputs membership functions after optimization. non-fuzzy threshold has here been used for the residual
evaluation.Fig. 10 presents the experimental results ob-
process and the best individual presents an objective func-tained on the 500 W PEMFC. Fixing the threshold at a

0 01 02 03 04 05 06 07 08 09 1

Normalized universe of discourse

tion value of 30.9. 0.9 level, a symptom is produced thanks to the fuzzy di-
agnosis model in less than 150s. This threshold value has

4.2. Optimization results been chosen considering a trade-off between three important
things:

Fig. 8 presents the inputs membership functions positions ) ) _ ) )
and shapes corresponding to the best individual in population® The first one is the required accuracy of the diagnosis

after 200 generations. system versus accumulation of ldnd HO in the anode
The satisfaction rate SR obtained at the output, using the ~Compartment; the aim is here to ensure in any case a min-
tuned Sugeno-type fuzzy system is givenFig. 9. On the imum voltage value for each single cell. Such a minimum

same figure Fig. 9 are presented the satisfaction rate (on  Voltage strategy leads also to an increase of the fuel cell
the whole range of current and voltage) and the static char- Stack durability.
acteristic of the fuel cell power generator. As it can be seen® The second one is the obtained stiffness of our diagnosis
on this figure, SR is very closed to 1 near the static charac- System. As it is presented ig. 10 the satisfaction rate
teristic and decreases rapidly to reach 0 around this charac- 1S decreasing rapidly between 0.95 and 0.65 satisfaction
teristic. This ensures a very good stiffness for the residual ate levels and that, for a relatively small fuel cell stack
generation process and thus for the whole fuzzy diagnosis Vvoltage modification.
process.

Moreover, as it can be seen Big. 9, the satisfaction rate 155
will remain in the neighborhood of 1 if the current suddenly

-
(&)

Fuel cell voltage (V)

Satisfaction rate SR

; 20 ? 0.4

0 50 100 150 200 250 300 350 400 450
Time (s)

Current | (A) 25 10 Voltage V (V)
Fig. 10. Evolution of voltage and SR when accumulation of nitrogen and

Fig. 9. Fuzzy satisfaction rate vs. current and voltage. water occurs in anode compartment of the fuel cell.
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Fig. 11. Evolution of voltage and SR when temperature increases. (a)

FC voltage; current 6 A; operating temperature 18°C. (b) Satisfac-
tion rate; current= 6 A; operating temperature- 18°C. (c) FC volt-
age; current 6 A; operating temperature 50°C. (d) Satisfaction rate;
current= 6 A; operating temperature 50°C.

e Finally, the third one is the required robustness of the
symptom generation process, especially its ability of
avoiding disturbing wrong alarms on the system.

5.2. Drying of the proton exchange membrane

Fig. 11 presents the FC voltage and satisfaction rate evo-

lutions for a 6A current and for an ambient operating tem-
perature Fig. 11a and por a 50°C operating temperature
(Fig. 11c and ¥ As it can be seen on these figures, the
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drying of the membrane is less dynamical than the accumu-
lation of nitrogen and water in the anode compartment, it's
possible to wait for a longer time before generating a symp-
tom, therefore a lower threshold value (0.8 in our case) has
been chosen.

5.3. Decision

The last stage in the diagnosis process is the decision
stage. In our case, a decision must be taken to detect which
fault (H,O/N, accumulation in the anode compartment or
PEM drying) is currently occurring on the system. Due to
the fact that only one symptom SiRthas been produced
thanks to the fuzzy model, the computation of the filtered
first time derivative of this satisfaction rate is very useful
(Fig. 12. The cutoff pulsation is here placed at Al =
0.1rad/s level.

In fact, considering the two considered faults on the fuel
cell system, the decrease of $Ri case of accumulation of
water or nitrogen in the anode compartment is much swifter
(experimentally about 10 times swifter) than in the case of
PEM drying. Therefore, using the filtered first derivative of
SR() and using a fixed threshold (valdgh = 0.002 here,
this numerical value has been obtained thanks to different
tests on the real system and taking into account the noise
level that is present in the output of the fuzzy model thR(
on this time derivative signal, it is easy to detect which kind
of fault is currently occurring on the system. In our case, a
set/reset flip-flop has also been added on the derivative signal
to retain the input of the AND gaté{g. 12. Using this pro-
posed fault localization process, when a PEM drying occurs
on the fuel cell, SR} is going under the 0.8 satisfaction rate
level, but the first derivative does not go over the so-called

satisfaction rate is much closed to 1 when operating underdth threshold. Thus, only a drying fault is detected thanks
ambient temperature and decreases to 0.5 when operatingo the diagnosis process. The system is then shut down to

at 50°C. Notice that no extra gas humidification was used

avoid any major damage on the fuel cell stack. Electrical

for these experiments. As in the last part of this paper, aload should be removed and wet air provided to humidify
fixed threshold (0.8 in our case) has been used for the symp-the proton exchange membrane. If a two high level of wa-
tom evaluation process. The choice of this second thresholdter or nitrogen is present in the anode compartment, both
value has been made according the same physical reasonthe satisfaction rate and the first derivative are going over
as described for the accumulation fault. Nevertheless, as thethe proposed thresholds, resulting only in a0AN, fault.

U(t)
Fuzzy | SR() 0.8 PEM drying fault
diagnosis > : >
_I(t_). m%) del Threshold
0.9

Threshold

& H0/N2
P dth threshold Jault
i +1/p | ]+RS Flip Flop

Fig. 12. Fault localization process.
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