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Abstract

Prognostics applications on PEMFC are developing these last years. Indeed, taking decision to extend the lifetime of
a PEMFC stack based on behavior and remaining useful life predictions is seen as a promising solution to tackle the
too short life’s issue of PEMFCs. However, the development of prognostics shows some lacks in the literature. Indeed,
performing prognostics requires health indicators that reflect the state of health of stack, while being able to interpret
them in an industrial context. It is also important to propose criteria to set its end of life. Moreover, to trust any
prognostics’ application, one should be able to evaluate the performance of its algorithms with respect to standards.
To help launching a discussion on these subjects among scientific and industrial actors, this paper addresses some of
the issues encountered when performing prognostics of a PEMFC stack. After showing the link between prognostics
and decision, this paper proposes guidelines to set the limits of a prognostics approach. The definitions of healthy and
degraded modes are discussed as well as how to choose the time instant to perform predictions. Then, three criteria
based on the power produced by the stack are proposed as indicators of the state of health of the stack. The definition of
the end of life of the stack is also discussed before proposing some criteria to assess the performance of any prognostics
algorithm on a PEMFC. Some perspectives of works are also discussed before concluding.

Keywords: Proton exchange membrane (PEM) fuel cell, Prognostics, Remaining useful life, PHM

1. Introduction ;3 of great interest and has started to appear in the PEMFC

In the current context of energy transition, re 2 field through Prognostics and Health Management (PHM)
> T (7, 8]

placing fossil energies by alternative power sources N
such as fuel cells appears as a promising solutlon
[1, 2]. Fuel cells can be used in a great number of N
applications such as transportation, mobile elec-
tronic devices, micro-CHP (Combined Heat and’
Power), etc. [3, 4]. N
Despite their great industrial potential and large scale- N
projects all around the world, fuel cells experience dlfﬁ—
culty to enter the energy market and this industry remains N
brittle [5]. Actual obstacles are, among others, high ex-
ploitation cost, public acceptance and life duration that
remains to short [6]. Indeed, for the fuel cells of interest in zj
this paper, namely Proton Exchange Membrane Fuel Cells
(PEMFC), current lifetimes are around 2000-3000 hours z:
when 8000 hours are needed for transportation applica- “

tions and 100 000 hours for stationary. Different options or more failure modes” [10]. The operating time before

are available to tackle the lifetime issue: working on the " . . ..
» failure is more commonly known as the Remaining Useful
material, reducing the causes of degradation, 1mpr0v1ng Life (RUL)

the stack design, implementing new supervision and man- w
agement strategies, etc. This last solution appears to be -

PHM is an engineering discipline originated from the pre-
dictive maintenance. It is defined by [9] as “a maintenance
and asset management approach utilizing signals, mea-
surements, models and algorithms to detect, assess and
s track degraded health, and to predict failure progression”.
In other terms, by continuously monitoring the system, it
is possible to detect and anticipate, thanks to prognostics,
the occurrence of failures and to take decisions at the right
time to preserve the system. These actions enable the sys-
tem to reach the end of its mission. Prognostics is widely
accepted as a key stage of PHM. Indeed, based on the sys-
tem knowledge and historical data, it allows predicting the
future State of Health (SoH) of the system. Prognostics
is defined as the “estimation of the operating time before
failure and the risk of existence or later appearance of one

During the last years, prognostics has started to be ap-
plied to PEMFC. Different types of approaches are pro-
s posed: model-based approaches [11, 12, 13], data-driven

81 4§%geggondmg author, Tel.: +33 (0)3 81 40 29 04, Fax +33 (0)3 | approaches [14, 15, 16] and a combination of both, hy-
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brid approaches [17]. The growing interest of the scientific
community to that subject has also been shown thanks
to the IEEE PHM data challenge 2014 [18] in which dif-
ferent propositions for SoH predictions [19, 20] and RUL
estimates [21, 22] were presented.

Despite those recent works, a deep thinking and
standards proposal on how to perform prognostics
on PEMFC are needed. Although different consid-
erations about prognostics standards are available
[9, 23], they are too general and further question-
ing is required for the PEMFC case.

1. Which level of granularity should be chosen on the
PEMFC?

2. How to define the healthy and degraded modes for a
PEMFC?

3. When prognostics should be performed?

4. Which health indicator should be used to perform
prognostics?

5. How to define the End-of-Life (EoL) of a PEMFC?

6. How can the prognostics’ performances be evaluated?

To the authors’ knowledge none of these questions
are answered in the literature. Consequently, this
paper intends to propose solutions and guidance
to start answering these questions and going to-
wards standardization. The main contribution is
to propose general solutions that are completely
independent of prognostics tools and that can be
adapted with any approach. New practitioners can
use these guidelines as tutorial to start performing
prognostics of PEMFC.

To adopt a logical reasoning, the paper follows the chrono-
logical order of the prognostics process’ stages (Fig 1).
First, the time constants involved in the prognostics are
discussed as well as the level of granularity recommended
for prognostics in Section 2. Section 3 focuses on the data
selection and their processing before defining health indi-
cators in Section 4. This section also discusses the EoL
definition. The SoH definition is considered in Section 5
in addition to the time instant to start predicting. Finally,
some performance metrics are defined in Section 6 before

. 101
concluding.

102

103

2. Decision levels and system granularity 104
2.1. Decision levels and time constants IZ
Prognostics intends to provide the future SoH of a sys-io7
tem and its RUL based on data, system knowledge and theios
expected mission profile. This generally creates a closedios
loop, Fig. 2. This figure could be completed with otherio
PHM processes but only the ones of interest for this paperin
are kept. 112
The system initiates its mission based on an ex-us
pected mission profile. Data are collected and pro-uu
cessed continuously for health assessment. Thisus
provides an input for prognostics. These data areus

2

PROGNOSTICS’ STAGES

¢ Decision level definition
¢ System/sub-system definition

Y

Section 2

¢ Data selection
¢ Data processing

T

Section 3

¢ Health indicators setting
¢ End of Life definition

T

Section 4

¢ Health assessment & Prognostics - Section 5

¢ Evaluation metrics definition
* Performance assessment

T

Section 6

Figure 1: Stages of the prognostics’ process
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Mission
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Figure 2: The system-prognostics-decision loop

used, alone or combined with a model according
to the prognostics’ approach, to predict the future
SoH based on the planned mission profile. Accord-
ing to the predictions, this profile can be modified
and adapted to the actual capabilities of the sys-
tem. This process is repeated until the system reaches its
mission or fails.

Different levels of decision exist with respect to different
time scales (Fig. 3). Regarding PEMFC, the time scales go
from the microseconds to months (Fig. 4). Among all the
phenomena occurring within the PEMFC, the accumula-
tion of degradation and ageing effects are the main factors
that shorten the RUL [24]. Consequently, to perform prog-
nostics, phenomena with time constants greater than the
hour are considered. This enables making mid-term and
long term predictions and the consequent decisions. Lower
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Figure 4: Time scales in a PEMFC adapted from [25]

Covering all possible uses, events and configuration en-
countered by a PEMFC in a single paper would be a hard
task. Consequently, it is assumed that prognostics is per-
formed on a single stack working in its nominal conditions.
The decision is out of the scope of that paper, even if it ise
mentioned later to argue some points. 162
163

2.2. Stack vs component level 164

From the previous paragraphs, it seems obvious to fo-'®

cus on degradation phenomena to perform prognostics.'®
Degradations occur at all levels of the stack granular-**
ity: stack/cells/components and at the interfaces between'®
them [26]. All the published approaches are dealing with**”
prognostics at the stack level (Section 5). The main reason'”
is that the data acquisition is very often performed at this'™*
level.
However, working at the cell level can be an interesting op-'"
tion. Indeed, the functioning of the stack can be suddenlyis
stopped when a cell reaches a minimum voltage value.irs
This value is given by the manufacturer to automaticallyizs
shut down the stack when a cell seems too damaged andir
so prevent safety issues. Performing prognostics on cellsizs
would allow anticipating such events. 179
An issue appears with this type of prognostics: cells areiso
not degrading in a uniform way within the stack [27, 28].1:1

3

172

Cells near the edges tend to degrade faster. As for an il-
lustration, Fig. 5 depicts the individual cell voltages for a
stack aged with a constant mission profile. Cell 1 refers
to the cell near to the hydrogen input. This figure clearly
shows the voltage heterogeneity among the cells. As an ex-
ample, at the end of the experiments, cell 1 has lost 21.6%
of its initial performance while cell 3 lost only 8.8%. Some
information can be extracted from these measurements,
such as the mean cell voltage value or the standard devi-
ation. It helps isolating the cells that may come prema-
turely to their EoL. Based on this information, it can be
decided to perform prognostics on the most degraded cells
only. It could be done on all cells but it would not be
practical for stacks that have more than 10 cells. More-
over, nowadays, stack reconstructions to replace only these
faulty cells are not systematic due to all the assembly con-
strains. Also, a stack can still convert energy even with
faulty cells. So such a level of study can be questionable.

072 ‘ T
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Figure 5: Individual cell voltages for a 5-cell stack aged at a constant
current of 60A [14]

Another perspective for prognostics may be being per-
formed at a smaller level, namely the component level.
It has already been initiated in [13] in which the size
of the electrochemical active surface area (ECSA) is pre-
dicted with a model-based prognostics framework. Many
other critical parameters such as hydrogen crossover, re-
sistances (or conductivities) or materials integrity could
be predicted. Some failure thresholds have already been
proposed for some of them. For instance, a crossover cur-
rent of 10 mA.cm~2 is proposed in [29] as the EoL of the
membrane subject to hydrogen crossover. However, differ-
ent limitations appear when performing prognostics at the
cell or components levels:

1. the accessibility of the parameters: this point is dis-
cussed in [8]. Accessing the inner parameters of the
stack, when it is possible, almost always disturbs the
stack behavior and tends to accentuate its degrada-
tion;

2. the lack of validated degradation models;

3. the degradation at the interfaces between the compo-
nents or with the auxiliaries may not be taken into
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According to all ahead considerations, in all the remain-""
der of the paper, the discussion focus on a prognostics”™
performed at the stack level. 28

3. Data selection and processing

3.1. Data collection

In an industrial operating environment, very few physi-
cal parameters are easily accessible with current technolo-
gies. It is the reason why, the existing prognostics method-
ologies focus on indicators built based on voltages mea-
surements such as energy indicators.

Voltages and current are the most common measurements
on PEMFC as they allow obtaining the power provided by
the system whenever during its life. Even if it is moni-
tored, the current is supposed to be known as it is defined
by the mission profile.
Also, some punctual measurements can be available. Of-
ten, an initial polarization curve as well as some EIS (Elec-
trochemical Impedance Spectroscopy) measurements are
given by the manufacturer or measured before the stack
starts its mission. However, as it is not sure yet that
these punctual measurements can be performed during the
whole lifetime of an embedded system, there are left aside
in the remaining of the paper.
Fig. 5 shows that limiting the measurements to the power
still provide a good indicator of the stack aging. Indeed,
constant current experiments are typically reflecting the
“natural” aging of the stack, i.e. an aging not influenced
by the mission profile if the operating conditions are kept
nominal. The power decreases with time indicating the2s
evolution of different degradation mechanisms inside the,,,
PEMFC. This explains why some papers use the volt-,,
age/power to evaluate the degradation rate of the system,,,
[30, 31]. Finally, [32] shows that almost all the degrada-,,,
tions can be perceived in this signal. ™
Consequently, the focus is set on the use of voltage or, by,,
proportionality with respect to the current, power mea-,,
surements. 247
248
3.2. Degradation vs transient phenomena -

Based on the previous comments, the focus is set on theaso
observation of the degradation thanks to power measure-s
ments. However, the degradations are mixed with tran-».
sient phenomena when time scales in hours are consid-2ss
ered (Fig. 4). Fig. 6 represents the power measured::
during the aging of two 5-cell stacks at a constantzss
current of 60A and 70A with weekly polarizationsss
curves and EIS. It highlights that these punctual charac-»7
terizations disturb the power and create transient stages.sss
This observation could be expanded to all events bringingzse
the stack out of its nominal conditions and that can cre-zo
ate reorganization of water and gas repartition within theas
stack [17, 33, 34]. Very often, these events appear as re-
coveries in the power signal. As the transient stages haveass

4

a low duration with respect to the degradation, and the
border between both of them is not always clearly defined,
they should be taken with caution, or even removed, for
prognostics.
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Figure 6: Upper part: Power during the aging of a 5-cell stack at a
constant current of 60A [14], Lower part: Power during the aging of
a 5-cell stack at a constant current of 70A [18]

3.3. Data processing

Data can be easily processed to work only on the degra-
dation part of the signal. To do so, the raw signal power is
reduced and filtered. As seen in Fig. 4, because the effect
of the aging is noticeable within a few hours, the dynamic
of degradation is easily separable among the others.

The time constant of degradations is at least in hours while
the data frequency acquisition is commonly in seconds.
Reducing the data can be of great interest, as it often con-
dition the speed of the prognostics’ algorithms as long as it
does not remove any useful information. One should avoid
over sampling: the SoH information is flooded among the
other dynamics. In addition, the computational cost for
performing the prognostics might be too high making the
implementation of the real-time algorithm challenging. Fi-
nally, one should consider the memory required to store
the huge amount of data induced by the over sampling.
Different options are proposed in the literature:
[12, 26] use a hourly sampling period while [14]
prefers a sampling period of 50 hours.

Then, to remove all the components of the signal that are
not linked to degradation, simple methods can be used.
By representing, the spectrum of a PEMFC power signal
in the frequency domain (Fig. 7), it can be observed that
the main component of the signal is located in the low
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frequency domain. It allows using a simple low-pass fil-2
ter, namely the moving average, to remove noise and fast
phenomena from the signal. As it does not remove all
the effects of the transient stages, the signal can also be
smoothed, with a loess algorithm for example [26]. These
stages of the signal processing are illustrated in Fig. 6.
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292
293
4. Health indicators and stack’s EoL 20
295
4.1. Health indicators 296

297
Different indicators can be proposed as prognostics cri-

teria, three of them are studied here: o

1. the power; 300

2. the cumulative energy; o

3. the efficiency with respect of the current. -
303
The proper indicator should be chosen accordingss
to the PEMFC use. The power (or the voltage) isus
recommended for constant mission profiles whiless
the cumulative energy and the efficiency are moreso
adapted for variable mission profiles. Indeed, whensos
the current varies, the power is not yet a mono-sw
tonic indicator preventing from fixing a failuresw
threshold. Further discussion on this issue is pro-:u
vided in Section 4.2.2. The case of the power as healthsi
indicator has already been evoked in the previous sections,sis
so the emphasize is set here on the cumulative energy andsis
the efficiency. 31

5

4.1.1. The cumulative energy

A classical approach in prognostics is to construct
a monotonic indicator based on measurements. For a
PEMFC stack the energy produced during the lifetime is
accessible thanks to the voltage measurement U, the cur-
rent profile ¢ and the time of operation 7" and is written:

(1)

It provides a quantitative indicator of the PEMFC perfor-
mance and as it is monotonic, fixing a failure threshold
becomes easier.
The data proposed further in Fig. 12 are used for illus-
tration purpose. Representing the measured cumulative
energy is quite simple based on the measurements. How-
ever, it has to be compared to a reference and building it
may not be simple.
The first solution to build the reference is based on the hy-
pothesis that an initial polarization curve is available. It
gives the voltage corresponding to a particular current so-
licitation when no degradation has occurred yet. Usually,
only a few points are measured to obtain the polarization
curve, so some voltages corresponding to the current en-
countered in the mission profile may be missing. A simple
method to solve the problem is to fit the data to the po-
larization equation [6]:

E= Erev

- Econc—i—cross,c

- Eact,a -

- Econc+cross,a

- Eact,c (2)
Different strategies can be found in the literature to per-
form that fitting [35, 36] but using a simple algorithm of
the least squares family seems sufficient. This fitting en-
ables covering a larger range of current values. Once the
fitted curve built, obtaining a reference for the cumulative
energy is straightforward (see Fig. 8). For each current
value, the corresponding voltage can easily be cal-
culated with the fitted equation.

The second solution to build the reference is to use a be-

havioural model that describes the evolution of the voltage
or the power according to the current profile as if no degra-
dation was occurring within the stack. As an example, the
reference in Fig. 9 and 12 are built based on the model pro-
posed in [26] making the current varying at time t=0 to
remove the effect of degradations. However, such models
are still scarce and have to be further validated.
Once the reference is set, the collected data are used to
build the observed cumulative energy and compared to the
reference (Fig. 9). The difference between the observations
and the reference (ACFE) can be calculated at each time
instant and converted into a percentage of energy loss to
help estimating the RUL.

Working with the cumulative energy has the advantage
to work with a monotonic indicator. So, it can be adapt-
able whatever the mission profile. Also working in terms
of cumulative energy (so in the watt.hour unit) enables

ohm
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comparisons with other types of energy sources. 158
However, some issues may be encountered when building,
the reference. First, it has to be verified that the un-
certainty on the initial polarization curve is reasonable to,
consider it as a reference basis. Then, a comparison be-_,
tween the power measured at the early stages of the stack,
life and the power calculated with the polarization curve,,
should be performed. If the difference between these two,
powers is too high, the reference for the cumulative energy,
should not be built based on the initial polarization curve._
Finally, using a model to build the reference seems to be an
interesting solution. However, the lack of validated models
should be filled to enable such a solution.

4.1.2. The efficiency
The efficiency is a classic measure for energetic system.
For a PEMFC, the efficiency nssqcr is defined as [37]:

o Pstack
Nstack = Pi

chemical

(3)

where Pgyqcr refers to the output electrical power previ-
ously defined (U x I), and Pe.pemicar refers to the energy

flux contained in the reactants:

(4)

where Ahy is the enthalpy of formation of a mole of water.
It also corresponds to the heat released by the complete
combustion of a mole of hydrogen; and ng- is the molar
flowrate of hydrogen consumed by the cell to supply the
power.

As seen in these equations, the efficiency is strongly linked
to the mission profile and the nominal conditions set for
each current value I. If the nominal operating conditions
can be maintained each time the stack supply a current Iy,
during the aging of the stack, P.pemicai({o) should remain
constant through time, and the efficiency should decrease
with Psiack-

There is not an unique criterion to perform prognostics.
One has to be selected according to the industrial needs
of the prognostics’ applications.

Pehemical = _nH2Ahf

4.2. EoL definition

Two thresholds can be defined for prognostics of
PEMFC stack:

1. a threshold of conformity to a mission;
2. a definitive End of Life threshold.

The first allows to decide if the fuel cell stack is able to
perform a given mission (e.g. providing 1kW during 1
year) which does not mean that the stack is out of use once
that it can be operated in degraded mode. The definitive
EoL is the inability for the PEMFC to deliver power in
safe conditions. It is more difficult to define with a stack
scale parameter once that the EoL is usually related to the
component level (e.g. massive hydrogen crossover).

4.2.1. Conformity to a mission threshold

Defining the conformity criterion is the responsibility of
the user and depends on his needs. For instance, if the
fuel cell is operated at constant power, the criterion might
be the ability to produce a requested power as illustrated
in Fig. 10. In this example, the requested power density
is 0.4 W.em™2 which corresponds to the nominal power
density given by the manufacturer. At time 500 hours, the
PEMFC is no longer able to provide that power density
and can not pursue the given mission.

As stated earlier, when variable mission profile is con-
sidered, a threshold on the power might not be suitable
anymore. This is the reason why a threshold on the cu-
mulative energy is proposed. Lets consider the difference
between reference and real cumulative energy:

ACE(t) = CEref(t) — CEreq(t) (5)
One can defined a threshold of 10% of the reference cumu-
lative energy:

10

ACEma:E (t) = ﬁ

.CEref (t) (6)
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which is strictly equivalent to the power threshold forsgs

constant solicitation. However, this threshold is a functionse;

of the power profile and so can also work for variabless

requested power. 309
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400
Chen et al [38] proposes an economical lifetime thresholdao
where the fuel cell (that powers an electrical bus) has to be
replaced when its average cost is the lowest (see Fig. 11).
It is a compromise between the profitability (that increase
with time) and the performance (that decrease with ag-
ing). This threshold takes into account the price of the
stack Qstack, the consumption of hydrogen Qp, (that in-
crease with aging) and the system efficiency Qope (because
auxiliaries consume power).

T T
Qtotal(t) = Qstack + / 0 Qopedt + / 0 QHg dt (8)
t= t=

The authors states that using the fuel cell after the eco-
nomic lifetime is reached is cost-effective for the users.
Nevertheless, this approach supposes a known speed of
degradation for a given bus route so the future SoH can

be forecasted.
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Figure 11: PEMFC average cost changes with service time repro-*
duced from [38] 414

415

416

7

4.2.2. Definitive End of Life threshold

There is currently one definition of the EoL based on
the power. The US Department of Energy (DoE) defines
the EoL as a loss of 10% of the initial performance [39].
Even if the value could be discussed, it is not the main
problem of this definition. Using a fixed threshold for con-
stant current application is very convenient and does not
create any problem. The EoL of the stack is defined as a
ratio of the initial performance as illustrated in Fig. 6.
However, it does not work so well when the mission pro-
file exhibits current variations. Fig. 12 shows an example
of power measured under a u-CHP (Combined Heat and
Power) profile with the theoretical power that should be
expected if the stack was not aging. It can be seen that
according to the level of current, the loss of performance
does not follow a constant percentage with respect to the
reference. Indeed, at 170 A, 15% of power is lost in only
300 hours while a few hundreds of hours later, only 10%
is lost at 50 A and in 700 hours. Consequently, using the
10% of power loss proposed by the DoE would have led
to a EoL in the very early life of the stack showing that
another proposal need to be found. In such a case, using
the cumulative energy or the efficiency to define the EoL
seems more appropriate.

[ Loss of =15% during 300 h at 170A |
|

900 T T T
800 —— Measured power |+
—— Theoretical power
700 B
600 Loss of =10% during 700 h at 50A with passing | _|
= through OCV
2 500 J
g
2 400
a
300 =
200 B
100 B
0 L L I L
0 200 400 600 800 1000 1200

Time (hours)

Figure 12: Power during the aging of a 8-cell stack under a u-CHP
[40] (OCYV stands for Open Circuit Voltage)

The definitive EoL threshold is closely linked to the ap-
plication. It refers to the inability for the PEMFC to de-
liver power in safe conditions. The safety constrains may
vary from an application to another as the conditions and
the norms are not the same. For example, safety con-
strains are quite different for stacks used in air travel ap-
plications and ones used to supply technical pylon [37].
Consequently, fixing threshold values need an important
feedback from the industry.

5. Health assessment and prognostics

This stage of the prognostics’ process raises two main
questions. The first one is “when should one start predict-
ing?” Indeed, when a new PEMFC starts to operate, one
can expect a good SoH and the prognostic is not required.
In the contrary, as the system ages, the necessity to know
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accurately the EoL grows and the prognostic should bess
performed more often, above all when coming closer tosss
the sudden performance drop. But this implies to be abless
to define the SoH of the PEMFC. So the second question

is “How can the limit between the healthy and degradedsss
modes be set?” 4s6

5.1. Health assessment *

Defining the healthy and degraded modes of a PEMFC is,,
not trivial. The system starts degrading since its starting
up and the power signal does not exhibit clear degrada-+s°
tion levels. This can clearly be seen with a constant cur-4o
rent solicitation (Fig. 6) where the power starts decreasing?
continuously after only a few hours. So how to define thes?
different degraded modes of the PEMFC? 463
When representing the voltage measured during a+
stack lifetime with an histogram, it can be seen?s
seen that different states seem to appear, sees
Fig. 13. The issue is to formalize that observation#’
and propose a method to identify the different de-4s

graded modes.
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Figure 13: Histogram of the voltages for a stack aged under a con-**
stant current profile (data from Fig. 6 lower part) 482

483

In the case of a constant mission profile, the power loss***
could be kept to distinguish the different SoH. As an ex-**
ample, one can define: 480

e From 0 to 5% of power loss: Good health;
e From 5% to 10% of power loss: Acceptable;
e Over 10% of power loss: Degraded SoH.

By looking at Fig. 6, this is not illogical as the power drop
faster after the 10% limit. Of course, more classes might be
identified before those 10%, as suggested by the histogram
in Fig. 13. Some unsupervised classification methods are
available, such as Hierarchical Ascendant Clustering [41,
42], to refine the number of classes.

For mission profiles with variable currents, no clear answer
can be given. Some work trails should be explored in the
future:

e using the cumulative energy or the efficiency and find-
ing different classes by analogy with the constant cur-
rent example;

e using the maximum power achievable for a very low
or very high current value and following its evolution;

o etc.

5.2. Prognostics

Let’s assume in this paragraph that a satisfying defini-
tion of the SoH is available. A time instant to start per-
forming prognostics should be decided. In all the published
approaches, the prognostics is performed on datasets from
finished experiments. So, the beginning of the predictions
is very often chosen to get the best prediction horizon with-
out taking the SoH into consideration. It is important to
test and validate the algorithms but in industrial applica-
tions, this practice is obviously not possible.

Two possibilities appear:

1. for model-based approaches: setting a threshold on
the error between theoretical and real stack power
in percent. Nevertheless, the latter requires that the
threshold is a function of the operating conditions (see
the loss on Fig. 12). If the residual crosses a threshold,
an anomaly is detected and the prognostic procedure
is executed (see Fig. 14 where the prognostic should
be performed at t = 38s) [43, 44].

2. for data-driven approaches, two solutions:

e setting a threshold on the SoH indicator and on
the gradient of the latter (to capture a perfor-
mance drop or improvement);

e using the histogram of the chosen SoH indicator
to track the state evolution and to decide in con-
sequence if the prognostic has to be performed.

Then the prognostics algorithm can be launched. The
reader can refer to Table 1 for more information on dif-
ferent approaches currently available.
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Figure 14: A residual and thresholds to trigger the prognostics pro-
cedure
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Table 1: Characteristics of a few works developed in the field of PEMFC prognostics

Year | Reference | Type Health indicator State estimation and/or prognostics tools
2012 | [13] model-based | Stack voltage (1-cell stack, | Unscented Kalman Filter
I variable)
[17] data-driven | Stack voltage (I constant) | Particle filter
[14] data-driven | Mean cell voltage (I con- | Echo State Network
stant)
2014 | [15] data-driven | Stack voltage (I constant) | Adaptive Neuro Fuzzy Inference Systems
19 data-driven | Impedance Equivalent circuit
20 data-driven | Impedance Regressions
[21] data-driven | Stack voltage (I constant) | Regime switching vector —autoregressive
(RSVAR)
[22] data-driven | Stack voltage (I constant) | Particle filter
[16] data-driven | Stack voltage (I constant) | Summation-Wavelet Extreme Learning Ma-
2015 : chine __
[12] model-based | Stack voltage (I variable) | Kalman Filter
[11] model-based | Impedance and polariza- | Regressions
tion curves
[45] Hybrid Stack voltage (I variable) | Particle filter
6. Evaluating prognostics’ performance s0 Anticipating a maintenance is less disadvantageous than
s being late, even if it can create some extra costs due to
6.1. Prediction horizon s2 the replacement of a functioning system. It is proposed to

It is important to evaluate the duration needed betweens

the prediction instant and the decision and/or action in-5
stant. The horizon may depend on the goal of prognostics.5?
Consequently, the reasoning is proposed on an example,52
and can be transposed in other applications.
Let’s take the example of the maintenance rescheduling for
a transportation or a u-CHP PEMFC. It is assumed that
the mission rescheduling can be done remotely, so only the
maintenance constraints impact the prediction horizon ex-
pected. To perform maintenance, different time durations
have to be taken into account: (1) the planning of the
maintenance operations, 1-2 days; (2) the delay to obtain
spare parts, 10-20 days; (3) the maintenance realization,
1-7 days. It gives a total duration between 12 and 29 days.
It means that the prognostics should give results with a
horizon between 300 and 700 hours to be considered as
a good performance. Obviously, this time interval should
be discussed with respect to industrial feedbacks in the
future.

6.2. Acceptable error on RUL estimates

Regarding the RUL estimates, there are two cases: (1)
the estimate is smaller than the actual RUL, it is an early®
prediction, or (2) the estimate is greater, it is a late predic-szs
tion. The acceptable error cannot be the same in each case.s2
Indeed, by validating a prediction with a consequent delay,ss
one may risk a complete shutdown of its power source. Itsu
is intolerable in most PEMFC applications. Consequently,ss
according to the horizon discussed earlier, it is proposed tosss
allow a maximum delay of one day. It represent an errorss
of 8% for a horizon of 300 hours. 535
The case of the early prediction allows more flexibility.sss

9

set the early prediction limit at 16% of the actual RUL,
whatever the time instant. It represents 48h for a horizon
of 300h and 4 days (112h) for a horizon of 700 hours. The
acceptable error is depicted in Fig. 15.

RUL‘ S —— Actual RUL
N — = Confidence bounds

S Acceptable error

24h = 8%

~ N

300 h —- >

*Time

48h = 16%

Figure 15: Acceptable error on RUL estimates

6.3. Acceptable uncertainty

Defining the uncertainty allowed in the prediction is not
trivial as no standards are available for PEMFC on that
subject. So let’s try to reason on the current standard on
electricity production.

Nowadays, electricity suppliers in Europe have to provide
a voltage of 230 V £10% (at 50 Hz) [46]. This constrain
evolves according to the world location. In North America,
the standard impose a nominal voltage of 120 V with a
tolerance of +£5% (at 60 Hz) [47]. Even if, the standards
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are not uniform, they can be used to propose a confidencess
interval objective for prognostics. Indeed, to ensure thatse
the prognostics’ results are reliable anywhere in the word,se
the uncertainty on the SoH or RUL estimates should be

constrained in a +5% interval. Nevertheless, a confidence

interval of £10% allows to assert that the predictions are
quite satisfying but can be improved. Again, industrials
feedbacks are necessary to discuss further on that subject.s,;,

598

7. Conclusion 599
600

Developing prognostics for PEMFC can be a solution
to contribute to extend the system’s lifetime. However,
the lack of standards to guide current works may lead to
the appearance of prognostics’ proposals with very poorse
adaptation capacities to actual industrial situations. Tosos
start a discussion on this subject, this paper proposes guid—:zz
ance on several aspects such as state definition, selection,,
of prognostics’ criteria or performance evaluation. This iseor
synthesized in Fig. 16. 608

This work first shows how important it is to set theZ?z
hypotheses of the prognostics application. Indeed, it lim-4,
its the prognostics’ approach to specific real life cases ofsw
PEMFC applications. Also, it makes appear some techno-**
logical constrains, as the types of measurements availablegz
as well as indications on the phenomena that should beg;,
taken into account (transient and/or permanent regimes).sur
To evaluate the current and future state of health of the®®
system, it is important to know if the stack remains in anzz
healthy mode or already is in a degraded one. There iss:
currently no clear borders between these states. Definingsz
which ones are degraded states is still to debate. 023
Performing predictions requires health indicators. Accord—zz:
ing to the application, the criteria might be different andszs
this leads to the proposal of several indicators such as thes”
power, the cumulative energy and the efficiency. All de-zzz
pend on the mission profile and the pathway from one,,
to another can be easily made. However, defining failuress
thresholds related to each criterion remains an open ques-62
tion. Moreover, this lead to wonder how the end of life oti zj
the stack is defined. Two solutions are proposed related,,
first to the mission in progress and then related to an in-sss
ability of the stack to provide power in safe conditions. 7
Finally, to help validating prognostics approaches, somezzz
performance metrics are proposed and discussed. Theyg,
try to take into account real life constrains such as electri-sa
cal norms and maintenance delays. Nevertheless, the lack®?
of industrial feedback in the literature prevents a precisez:j
discussion on the subject. 645
To extend the proposals from this paper to short-ss
term predictions for adaptive control, small time®’
scales, as a minute, will have be studied and dis—Z:E
cussed. As it may raise issue linked to the speed ofss
the algorithm or the accuracy needed to use short-s
term predictions for example, this stage might waitzz
that more prognostics’ approaches are available in,
the literature. The field of prognostics of PEMFC hassss

601

10

just started and a great reflection effort is needed to de-
velop approaches that, one day, can be transferable to the
industry.
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