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Titre : Diagnostic et Pronostic des Piles 2 Combustible & Membrane Echangeuse de Protons par

Apprentissage Automatique.

Mots clés : Diagnostic, Durabilité, Echo State Network, Fuzzy Clustering, PEMFC, Pronostic

Résumé : Les piles a combustible a
membrane échangeuse de protons, en raison de
leur polyvalence et de leur capacité a fournir des

puissances ¢élevées, sont des systemes de
conversion  d'énergie  participant a la
décarbonation des systémes énergétiques.

Cependant, leur durée de vie limitée et leur
grande sensibilit¢ aux défauts entravent leur
déploiement a grande échelle. Les travaux
présentés dans le cadre de cette thése se penchent
sur l'application de techniques d'apprentissage
automatique pour le diagnostic et le pronostic des
piles a combustible, visant a réduire Ila
dépendance a l'expertise de l'utilisateur, ou du
concepteur, aux technologies de PEMFC et a
maximiser 'adaptabilité des algorithmes tout au
long de durée de vie opérationnelle du systéme.
Tout d’abord une approche de diagnostic, basée
sur la spectroscopie d'impédance
électrochimique, a été développée pour évaluer
I'état de santé de la pile. Une partie significative
du travail s'est concentrée sur la

détection  automatique des  descripteurs,
optimisant ainsi la discrimination des divers états
de défaut envisagés. L'intégration du Fuzzy
Clustering enrichit le module de diagnostic en
permettant une catégorisation nuancée des
différents états de santé. Par la suite,
l'instauration de réservoirs d'echo state network a
permis le développement dune approche de
pronostic robuste, offrant une capacité fiable de
prédiction des performances futures, méme dans
des contextes opérationnels complexes. Diverses
combinaisons de réservoirs ont été étudiées
permettant de proposer une architecture adaptée
a la capture de dégradation long-terme mais
également de proposer des architectures
alternatives en fonction des objectifs de
prédiction. Ces méthodes novatrices ont été
testées sur des ensembles de données provenant
de projets nationaux, européens et d'installations
industrielles, validant ainsi leur applicabilité et
leur efficacité dans des situations réelles.

Title: Diagnosis and Prognosis of Proton Exchange Membrane Fuel Cells by Machine Learning.

Keywords: Diagnosis, Durability, Fuzzy Clustering, Echo State Network, PEMFC, Prognosis

Abstract: Proton exchange membrane
fuel cells, due to their versatility and ability to
provide high power, are interesting energy
conversion systems for the decarbonization of
energy systems. However, their limited lifespan
and high sensitivity to faults hinder their
widespread deployment. This thesis focuses on
the innovative application of machine learning
techniques for the diagnosis and prognosis of
these fuel cells, aiming to reduce dependence on
user and designer expertise, on the PEMFC
technology and maximize the algorithm
adaptability all along the system operational life.
A diagnosis approach based on impedance
spectroscopy has been developed to assess the
health of the fuel cell. A significant part of the
work is focused on the automatic detection of
features, optimizing the discrimination of

various envisaged fault states. The integration of
Fuzzy Clustering enhances the diagnosis
module by enabling nuanced categorization of
different health states. Subsequently, the
implementation of echo state network reservoirs
has allowed the development of a robust
prognosis approach, offering reliable predictive
capabilities for future performances, even in
complex operational contexts. Various reservoir
combinations have been studied to propose an
architecture suitable for capturing long-term
degradation, as well as alternative architectures
based on prediction objectives. These
innovative methods have been tested on datasets
from national, European projects, and industrial
facilities, thereby validating their applicability
and effectiveness in real-world situations.
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General introduction

1 Framework of the thesis

Considering the urgency of the global climate challenge, humanity is faced with the critical
imperative of addressing the growing threats posed by climate change. The scientific consensus is clear:
rising of average temperatures, extreme weather events and environmental degradation are signs of an
unprecedented ecological crisis. Urgent, concerted efforts are needed to reduce greenhouse gas
emissions, protect biodiversity and switch to sustainable practices. On the other hand, population growth
and the development of human activities are increasing energy requirements. Modern energy production
is largely based on the use of non-renewable natural resources such as gas, oil and coal, and their
combustion contributes to the increase in greenhouse gases. To meet these challenges, it appears
necessary to develop renewable energy production, which will promote the responsible use of energy
resources and reduce greenhouse gas emissions.

In recent years, hydrogen has become a key element in the energy transition across various
sectors. It is notably employed in conjunction with renewable energy systems, where surplus energy is
stored as hydrogen for subsequent use during peak consumption periods. This approach helps mitigate
the intermittent nature of natural energy sources, such as sun and wind, ensuring a more stable and
reliable energy supply. The remarkable advantages of fuel cells encompass their high efficiency, ranging
from approximately 40% to 60% at the outset of their operational life [1]. The integration of fuel cells
into Combined Heat and Power systems further enhances their overall efficiency by capturing and
utilizing the heat generated during electrochemical reactions. In Combined Heat and Power applications,
fuel cell systems can achieve total efficiencies spanning from 60% to 90% by harnessing the absorbed
heat [2]. Additionally, fuel cells are recognized for their environmental friendliness, as they generate
electricity without emitting harmful pollutants. Another advantageous feature is their scalability,
allowing for easy adjustment between power output and capacity to suit diverse applications and energy
demands.

Despite all the advantages described above, fuel cells face a number of technological hurdles.
Consequently, they are currently at the heart of a large number of industrial, national and European
research projects aiming to overcome these scientific obstacles. According to the Department of Energy
of USA (DoE), there are currently 3 main technological hurdles [3] which are: Cost, Performance and
Durability. With regard to cost, efforts are focused on reducing the costs associated with fuel cell
materials, particularly those involving expensive catalysts such as platinum, and on reducing the price
of high-quality hydrogen. In addition, researches are being carried out to improve performance, notably
by increasing power density through the integration of state-of-the-art Membrane-Electrode Assemblies.
Also, ensuring prolonged and efficient performance is crucial for the viability of fuel cell applications,
prompting a dedicated focus on maximizing their operational lifetime. The Department of Energy has
set ambitious targets, aiming for 8,000 operating hours in light vehicles, 30,000 hours in heavy-duty
vehicles, and an impressive 80,000 hours in distributed power systems. Research is particularly focused
on demanding applications, where dynamic and harsh operating conditions prevail, and where system
reliability and robustness are paramount. The aim is to improve understanding of fuel cell degradation
mechanisms, and to design materials and strategies to effectively mitigate their effects.

The research carried out in this thesis focuses on improving the durability of fuel cell systems,
in line with the objectives of the European RUBY' project. The overall contribution of this thesis can
be divided into two key aspects:

! “Robust and reliable general management tool for performance and dUraBility improvement of fuel cell stationarY units”



e The first aspect concerns the early detection of faulty conditions. Considering that faulty
conditions can rapidly lead to irreversible degradation, reducing the lifetime of fuel cells, it is
essential to design tools capable of performing these diagnosis tasks. These tools need to be
simple enough to be operated by an user without any technical knowledge, easy to implement
on low-cost systems, and adaptable to the specific requirements of rapidly evolving technology.

e The second facet entails the extrapolation of one or several health indicators to anticipate the
system's end-of-life. Forecasting the remaining useful life becomes a pivotal resource in
augmenting fuel cell durability. This insight empowers the control tool to adjust the operational
point, either elongating durability or orchestrating maintenance operations proactively before a
failure occurs. Similar to diagnosis tools, prognosis tools must be user-friendly for non-expert
users, seamlessly integrated into cost-effective computer systems, and possess the agility to
swiftly adapt to shifts in system degradation dynamics.

2 Manuscript organization

In order to distinctly present the two aspects developed during the thesis, the manuscript is
divided into 5 chapters:

The initial chapter serves as a detailed introduction to proton exchange membrane fuel cells,
covering both the individual cell and the overall system. It outlines the fundamental knowledge required
to understand PEMFCs, focusing on the complex interactions between system components and potential
failure scenarios. This preliminary work opens the way for the following chapters, which explore the
application of advanced machine learning techniques to the diagnosis and prognosis of PEMFC systems.

The second chapter explores the state-of-the-art in diagnosis approaches, with special attention
given to defining the vocabulary used, considering the multidisciplinary nature of the field. The chapter
also encompasses an overview of various databases employed to validate the designed diagnosis
algorithm.

Shifting focus to the third chapter, it introduces the developed diagnosis approach, specifically
highlighting elements introduced to remove user-expertise. Additionally, it conducts a validation of the
performance of the developed approach in accurately identifying the state of health, using the databases
presented in the second chapter.

The fourth chapter provides an overview of the different prognosis approaches for estimating
remaining useful life. As in the second chapter, the vocabulary is defined to take account of the multi-
discourse nature of the fields of study concerned. The databases that will be used to validate the approach
developed are also described.

Finally, the fifth chapter presents the prognosis approach developed, paying particular attention
to reducing the need for user expertise. The algorithm developed is then validated on the databases
presented in the fourth chapter.
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I Introduction to PEM Fuel Cells

Chapter introduction

The primary aim of this first chapter is to lay the groundwork for the concepts explored in this
manuscript and to put the research conducted into context. The chapter begins with an introduction to
proton exchange membrane fuel cell (PEMFC) systems, providing readers with a comprehensive
overview. It then explores the main degradation mechanisms of PEMFCs. The chapter then looks at the
main methods used to characterize fuel cells. Finally, the chapter concludes with a section describing
the positioning of this work within the wider research landscape.
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1 Introduction to PEM fuel cells

1-A Overview

A fuel cell is an electrochemical converter that harnesses the chemical energy of a fuel, to
produce electricity with high efficiency and minimal environmental impact. There are different types of
fuel cell technology, categorized according to the fuel used, the technology employed, and the operating
temperature. One of the fastest-growing technologies in recent years is the Proton Exchange Membrane.
As the name suggests, this technology relies on a membrane to function properly. Depending on the
membrane used, PEMFC can be further classified into two categories: Low-Temperature cells, often
referred to as Low-Temperature PEMFC, and High-Temperature cells, denoted as High-Temperature
PEMFC. A brief overview of the main fuel cell technologies can be seen in Table I-1, and the interested
reader can refer to references [4], [5], [6].

The research presented in this thesis focuses on the use of the Low-Temperature PEMFC.
Hereafter, the term "PEMFC" will be used throughout the manuscript to refer specifically to this low-
temperature proton exchange membrane fuel cell technology.

Table I-1: Table summarizing the main fuel cell technologies.

Operating
Fuel cell technology Electrolyte temperature Advantages Limitations
[°Cl
Liquid High Efficiency Require very pure
Alkaline alkaline 60 - 80 Only use nonnoble gases (highly
solution metal catalyst sensitive to CO,)
- Use liquid
’ Polymer methanol (ease of - Methanol cross-
Direct Methanol membrane 60 — 80 storage, transport) over
- Works in ambient - Use noble metal
condition
L Gl High tolerance to Hli?c:gizf;zture
Molten Carbonate carbonate 600 - 700 gt .
salts fuel impurities breakdown and
corrosion
Phosphoric
acid soaked - Low power
Phosphoric Acid into a 106 - 200 Robust to density
impurities
porous - Use noble metal
matrix
Fast start-up me;n;zaeﬁrent
Low Polymer 60 - 80 - Cold start- High _ Use noble metal
Proton Temperature ~ membrane volumetrlg power _ Sensitive to
density . ..
Exchange impurities
Membrane - No water - High temperatures
High Polymer 120 — 180 management accelerate
Temperature ~ membrane - Robust to fuel degradation
impurities - Use noble metal
Solid - Robust to - High temperatures
Solid Oxide ceramic 600 — 1000 impurities accelerate
- High efficiency degradation




1-B PEMFC — Operating principle

As mentioned earlier, a fuel cell serves as an electrochemical converter. In the case of Proton
Exchange Membrane Fuel Cells (PEMFCs), the reactants are hydrogen and oxygen. This
electrochemical process involves oxidoreduction reactions between these two reactants, generating not
only electricity but also heat and water. In this process, hydrogen is supplied at the anode (corresponding
to the negative electrode due to loss of electrons) while oxygen is supplied at the cathode (positive
electrode with a gain of electrons). At the anode, a catalyst facilitates the separation of hydrogen
molecules into protons and electrons, a process known as hydrogen oxidation. The resulting protons
migrate through the selectively permeable membrane, while electrons pass through an external electrical
circuit, generating a continuous electric current. At the cathode, assisted by a catalyst, oxygen molecules
are reduced by protons and electrons generated during oxidation, leading to the formation of water

molecules.

For convenience, in the remainder of the manuscript, the terms oxygen and hydrogen will be used to
designate diatomic elements or gases.

The underlying electrochemical reactions described previously are represented by the half and
overall equations below and a schematic diagram describing the operating principle of a PEMFC is
shown in Figure I-1:

Anode oxidation H,—2H*+ 2e (I-1)
1 -

Cathode reduction 5 0,+ 2H* + 2e~—H,0 (1-2)

Overall redox 1 (I-3)

reaction Hy +50,>H,0

o)

@ <&

Cathode: 1/,0, + 2H" + 2¢- 2 H,0

D%

Anode: H, = 2H" + 2e-

Membrane
. . Cathode . .

a s QP r=m=)

Figure I-1: Schematic representation of PEMFC operating principle.

Global reaction: H, + 1/,0, = H,0

1-C PEMFC — Components
For an individual cell, the electromotive force, also known as the theoretical maximum voltage
under standard temperature and pressure conditions, is 1.23 volts. To increase the output voltage and
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meet power requirements, multiple cells can be connected in series to form a stack. Each cell consists
of a membrane, two catalyst layers (Anode and Cathode), two Gas Diffusion Layers, and two bipolar
plates that separate adjacent cells within the stack. The combination of the membrane, catalyst layers,
and Gas Diffusion Layers is commonly known as the Membrane Electrode Assembly. A schematic
diagram is presented in Figure [-2 and each element is described in the following of this section.

PEMEFC stack

End plate
b

Membrane Electrode Assembly

4 A)

Individual cell

Membrane

Catalyst Layer
Gas Diffusion Layer
Bipolar plate

Figure I-2: Schematic diagram of PEMFC cell components.

1-C-a Membrane

As its name suggests, the membrane is the central component of PEMFCs, serving multiple
critical functions. Firstly, it maintains a constant separation between the anode and cathode
compartments to prevent direct contact between hydrogen and oxygen. Secondly, it conducts protons
from the anode to the cathode. Lastly, it must be electronic insulator.

In PEMFCs, the widely used reference membrane is a perfluoro sulfonic acid membrane as
Nafion, due to its properties, including high chemical and mechanical resistance, making it well-suited
for fuel cell applications. However, effective proton transport in the membrane requires continuous
humidification. Its ionic conductivity is highly dependent on the concentration of water, emphasizing
the need for proper hydration to ensure optimal fuel cell performance.

1-C-b Catalyst Layers

The second crucial element in the cell environment is the catalyst layer, which is present at both
the anode and cathode and is specifically designed to facilitate electrochemical reactions. This layer is
a complex, multicomponent porous structure composed of two essential elements: Carbon black acts as
a support for electron transport within the catalytic layer, providing a conductive pathway. Moreover,
nanometric platinum particles act as catalysts, accelerating electrochemical reactions at both electrodes.
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When these elements come into contact with the polymer responsible for transporting protons to the
cathode, a reaction site is created. The reaction sites are the exclusive sites for oxidation and reduction
reactions within the catalytic layer. The whole surface of the catalyst layer is commonly named the
active area and represents the surface where reactions take place. Concerning the porous structure, its
role is to ensure the correct and homogeneous transport of reactants and water within the catalytic layers.

1-C-c Gas Diffusion Layers

Located between the bipolar plates and the catalytic layers, the gas diffusion layers are porous
and hydrophobic elements responsible for several roles: Firstly, gas diffusion layers ensure the uniform
diffusion of reactants to the catalytic layer, addressing the non-uniform flow of reactants from bipolar
plates to enhance overall performance. Their hydrophobic nature prevents the accumulation of liquid
water in the porous structure and facilitates the efficient evacuation of generated water at the cathode.
Finally, they provide a conductive pathway for electrons generated during the hydrogen oxidation
process at the catalytic layer to reach the bipolar plate.

In general, the materials most commonly used to manufacture gas diffusion layers are carbon
fiber paper and carbon cloth covered with a hydrophilic material such as PTFE to ensure proper water
management [7].

1-C-d Bipolar plates

The final components of a PEMFC cell are the bipolar plates located at each end of the cell. Its
role is multiple. Firstly, it ensures electrical connectivity between the different cells of the stack,
enabling a continuous flow of electrons through the external circuit. In addition, the bipolar plate
transports reactants from the external power circuits to the anodic and cathodic diffusion layers inside
the cell while protecting the catalyst layer from corrosion or erosion caused by flows [4]. It also plays a
crucial role in dissipating the heat generated by electrochemical reactions to maintain optimum operating
temperatures. Finally, the bipolar plates contribute to the mechanical strength of the cells, improving the
overall durability and structural integrity of the fuel cell.

The main materials employed to manufacture bipolar plates: are graphite, metal alloys, and
carbon-based composites [7]. Traditionally, graphite has been a popular choice for fabricating bipolar
plates in PEMFC:s due to its corrosion resistance and high surface conductivity. However, despite these
advantages, graphite possesses inherent drawbacks such as weight, bulk, brittleness, gas permeability,
and expensive manufacturing processes. On the other hand, metal alloys present favorable mechanical
properties, impermeability to gases, lightness, low volume and cost advantages compared to other
materials. However, they do exhibit sensitivity to corrosion, which is a notable consideration in fuel cell
durability and mastering the surface state can be challenging. Carbon-based composites offer good
electrical conductivity and resistance to corrosion; however, their complex manufacturing process and
high cost represent significant limitations.

1-D PEMFC — From stack to system
To ensure the correct supply of reactants and optimum control of operating conditions, it is
necessary to integrate various auxiliaries with the stack (also known as the Balance of Plant). There are
generally 4 main circuits managing stack flows which are: hydrogen supply circuit, oxygen supply
circuit, thermal management circuit, and electrical management circuit summarized in Figure I-3.
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Air Exhaust H, Exhaust

Cooling

Figure I-3: Schematic representation of the main PEMFC circuits.

1-D-a Hydrogen supply circuit

Given that hydrogen production is typically separate from its use in fuel cells, storage becomes
essential for transportation. There are three primary methods of hydrogen storage: pressurized storage
up to 700 bar, liquid storage at 20K, and storage in metal hydrides. To make stored hydrogen suitable
for fuel cells, it is crucial to supply hydrogen at a relative pressure between 0 and 2 bar using a pressure
regulator. Additionally, the hydrogen mass flow is also be controlled through a mass flow controller. In
order to participate to the water management in the fuel cell, hydrogen can be humidified before entering
the stack. It's important to note that due to the heightened sensitivity of flow controllers to humidity,
placing them after the hydrogen humidifier is not recommended. Additionally, humidifying the anode
side may not always be necessary, as water and nitrogen from the cathode compartment can permeate
through the membrane into the anode compartment, offering a potential simplification of the system
architecture in many on field applications.

As the price of hydrogen is a major expense, and it is generally necessary to supply more
hydrogen than is needed to ensure uniform distribution between cells, it is possible to implement
methods to limit consumption while providing sufficient flow for correct operation. The first, termed
"recirculation," entails repurposing a portion of the humid hydrogen from the stack outlet. This recycled
hydrogen is blended with fresh hydrogen and reintroduced at the stack inlet. While recirculation offers
the advantage of securing stable operating conditions within the fuel cell and minimizing hydrogen
wastage, it introduces new elements that either draw additional electrical power (recirculation pump,
injector) or heighten the complexity of the system (ejector). The second method, known as "dead-end",
involves supplying the anode with a precise amount of hydrogen, sufficient to initiate electrochemical
reactions. Once the anodic valve outlet is closed, hydrogen continues to flow into the anode to maintain
the inlet pressure, gradually being consumed by the reaction. However, due to crossover effects, cathodic
species and water accumulate at the anode, leading to a reduction in hydrogen partial pressure and
overall stack performance. To restore performance and prevent degradation, it becomes necessary to
open the anode outlet valve for system purging. This purging process introduces a pressure drop as the
anodic pipe's output is exposed to atmospheric pressure, facilitating the removal of accumulated
cathodic species and water, thereby rejuvenating the anodic compartment.

Depending on the quality of the hydrogen used, some architectures include filters to eliminate
poisonous species before they enter the fuel cell.

1-D-b Oxygen supply circuit

The oxygen utilized in fuel cells is typically sourced from the surrounding ambient air. To ensure
the purity of the incoming air, a filter is employed to remove impurities. Maintaining a consistent flow
rate and minimizing pressure differentials between the anode and cathode compartments is crucial for
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optimal fuel cell performance. Therefore, a compressor is commonly utilized to regulate airflow.
Excessive pressure differences can exert mechanical stress, potentially causing damage to the
membrane. Additionally, to ensure proper humidification of the membrane, the incoming air undergoes
a humidification process facilitated by a humidifier.

1-D-c Thermal management circuit

The primary objective of a PEMFC's thermal circuit is to maintain the optimum temperature of
the PEMFC, as this parameter has a major influence on all the physical phenomena involved in the cell.
For this purpose, a cooling fluid in the form of air, water or a mix water and glycol to mitigate negative
ambient temperature. In cases where air is chosen as the cooling agent, the cooling circuit is seamlessly
integrated into the cathode circuit. This integration simplifies system architecture and minimizes the
number of components required. In the so-called "open cathode" configuration, both cooling and oxygen
supply are drawn from the ambient atmosphere. However, this solution is best suited for low power
applications, typically of the order of a few kilowatts, due to the thermal properties of air. On the other
hand, liquid cooling is an alternative approach in which a pump circulates the coolant through specific
channels inside the bipolar plates, and a heat exchanger removes the heat. This cooling process allows
a better control of the temperature throughout the PEMFC cell and a reduce the volume of the stack. In
particular, the use of water or mix as cooling fluids enables PEMFC cells to be better suited to higher
power ratings and higher specific power, thanks to the superior heat dissipation capabilities of these
liquids. In order to recover the water injected and produced by the reaction to supply the humidifier, a
condenser and a separator or a water exchanger can be added at the output of the cathodic circuit.

In addition to the heat extraction, a thermal management circuit can also be used to unfreeze the
PEMEFC in cold-start applications. A review of cold start strategies is proposed in [8], [9]

1-D-d Electric management circuit

To effectively cater to the electrical power demands of a fuel cell system, conversion of the
generated DC current into a format adapted to the user's needs is imperative. The voltage output of a
PEMFC is highly sensitive to operational factors like temperature, pressure, and humidity. To reconcile
these variations and ensure compatibility with user applications, the integration of a DC/DC converter
becomes crucial. This converter plays a pivotal role in certifying and regulating the PEMFC's variable
DC voltage output, transforming it into a stable and controlled format suitable for user requirements. A
battery is also needed to ensure the start-up of the system and feed the auxiliaries as long as the power
delivered by the stack is not high enough. This function can also be coupled to the need for a reversible
storage element in the system for energy recovery and reducing the stress of high dynamic load power
on the stack.
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1-D-e Overall system representation
To better visualize the different elements composing a PEMFC system, a simplified schematic
diagram is proposed in Figure 1-4.

Figure I-4: Simplified diagram of a PEMFC system architecture (valves are not shown).
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2 Introduction to PEMFC degradation

As outlined in the preceding section, ensuring the effective operation of a PEMFC system
necessitates the meticulous control of various reactant supply circuits, coupled with proper hydrical,
thermal and electrical power management. Any lapse in the oversight of these circuits, such as
component malfunction, can lead to a significant decline in the performance of the PEMFC stack.
Consequently, the stack can be utilized as a sensor to identify potential mismanagement within the entire
system. It is crucial to recognize, however, that even with precise control over all circuits, a decline in
performance over the system's lifespan may still occur, signaling the presence of internal degradation
mechanisms within the stack. This section introduces the main system management issues (also known
as faulty conditions) and then focuses on the various stack component degradation mechanisms that lead
to PEMFC end-of-life.

2-A Unsuitable system management

2-A-a Water management

According to authors in reference [10], [11], water management is one of the most important
issues in PEMFC. Given the crucial role of the membrane on the ion transfer and its reliance on proper
humidification, as well as avoiding condensation in the electrodes, maintaining an optimal humidity
balance becomes imperative for ensuring optimum performance. During operation, water is generated
at the cathode through the reduction of oxygen, resulting in a higher water concentration in the cathode
compartment compared to the anode. To equalize water concentration between the electrodes, water
diffuses through the membrane, a process commonly known as diffusion or, in some instances, back-
diffusion. Occurring mainly from the cathode to the anode, there are scenarios, such as when the anode
is wetter than the cathode, where water diffuses from the anode to the cathode due to differences in
concentration. Another well-known phenomenon in PEMFC is electro-osmosis, which involves the
transport of water molecules from the anode to the cathode driven by the electric field. Indeed, the
PEMFC environment is typically humid therefore protons are surrounded by a specific number of water
molecules, forming their solvation shell. Diffusion and electro-osmosis phenomena can be visualized in
Figure I-5.

Humidified H, » ‘ '

Q9 . « Humidified O,

Electro-osmosis

Membrane

Excess hulmdlﬁcd H, ' ‘ ‘ ' Excess hurmdlﬁcd o,
lefused H,O Pmduced H,O

Figure I-5: Schematic representation of diffusion and electro-osmosis phenomena in PEMFC.

When the water and temperatures in the stack are not properly managed, two problems can
arise: Flooding and Drying.
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Flooding in fuel cells is marked by the accumulation of liquid water within the cell.
While flooding can potentially occur in different gas diffusion layers, both anodic and
cathodic, it is more prevalent at the cathode. This is primarily attributed to water
production taking place at the cathode during the electrochemical reactions [12].
Nevertheless, according to [10], anode flooding is more likely to happen at low current
density. Initially, this water accumulation hinders the proper delivery of reactants to the
reaction sites, leading to an uneven distribution of reactants and, consequently, a non-
uniform generation of electrons across the catalytic layer (drop and oscillations in
voltage). At higher intensities, the accumulated water can completely obstruct access to
the reaction sites, resulting in reactant starvation and thus a drastic voltage drop.
Flooding is mainly observed when gas humidity is high, a situation that can be
intensified when stack temperature is low, which favors condensation. One method of
preventing flooding is to carry out regular purges of the fuel cell to evacuate water
accumulated in the cells.

Drying, also known as dehydration, is the opposite phenomenon of flooding. Whereas
flooding is characterized by an excess of water in the cells, drying is characterized by
an absence of humidity in the membrane. Because of the production of water at the
cathode, drying mainly occurs at the anode side [10]. The main consequence of drying
is a reduction in the membrane's ionic conductivity, resulting in a voltage drop. When
a cell is exposed to drying for a short period, performance can be recovered by
humidifying the membrane. However, when drying takes place over long periods or in
repetitive cycling, this can create mechanical stress on the membrane, leading to
irreversible degradation such as pinhole formation, creating direct contact between the
two reactants (gas crossover) [13].

2-A-b Reactants flow management

As the effective utilization of membrane properties rely on meticulous water management, the

control of reactant flow is equally critical to ensure optimal conditions for the electrochemical reaction.
Too much or no sufficient reactants can impact negatively the fuel cell performance. Starvation
phenomena are characterized by a condition in which the stack is deprived of at least one reactant,
resulting in a drop-in fuel cell performance. Starvation is also known as under-stoichiometry, where
stoichiometry factor is the ratio of the amount of reactant used to the amount of reactant required shown

in (I-4).

molar).

1= ans real (1-4)

gas —
ans theorical

With Ag,sthe stoichiometry factor without unit [-] and O, the gas flow (volumetric, mass or

The theoretical amount or reactant needed can be calculated using Faraday’s law (I-5):

o= I X Neeys (I-5)
as —
g Nelectrons X F

Where 74,5 is the molar flow in [mol.s'], I the current in [A], Neens the number of cells

connected in series in the stack, F the Faraday constant equal to 96485 [C.mol™'], and Neiecrrons the
number of electrons involved in the reaction (2 for H, and 4 for O,).

In a fuel cell, starvation phenomena can be induced by the failure of auxiliary components such

as the compressor or hydrogen reservoir but also by sudden load increase such as during the start-up
phase. Additionally, starvation may arise from flooding, where water droplets hinder the delivery of
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reactants to the reaction sites, impeding the overall electrochemical process. It is worth noting that
starvation can lead to a drying condition. Two types of starvations exist which are local and overall.

In local starvation, the distribution of gases is non-homogenous among the reactive sites situated
in the catalyst layer. Due to the heterogeneous distributions of gases, local starvation can lead to local
drying areas. Moreover, due to local starvation phenomena, the pressure at the anode or cathode can be
reduced which favors the permeation of the non-starved reactant. This permeation can lead to the
simultaneous presence of hydrogen and air at the same electrode surface and therefore lead to a
heterogenous current distribution. In the specific case where hydrogen and oxygen are both present at
the anode, carbon corrosion can be observed at the cathode. This phenomenon is detailed later in section
12-B-b.

Overall starvation, as the name suggests, is a severe aggravation of local starvation. In the case
of global starvation, the amount of reactant applied to the catalytic layer is insufficient for the
electrochemical reaction to take place (stoichiometry factor < 1). Global starvation can result in reverse
cell operation (i.e. a negative potential difference between anode and cathode), characterized by the
formation of hydrogen at the cathode or oxygen at the anode.

In case of anode overall starvation, since the fuel cell stack operates most of the time in
galvanostatic (current-controlled) mode and the cells are connected in series, the starving cell can be
forced to operate at the current set by the upstream cells. When the anode is starved of fuel, the anode
potential requires an additional source of electrons and protons. As a result, the anode potential increases
until becoming higher than the cathode potential and reaches a value at which other oxidation reactions
could occur to provide the remaining needed amount of current. Therefore, the cell is working in
electrolysis mode and produces a negative voltage value. At the anode, depending on the anodic
potential reached, oxygen production, carbon corrosion? , or platinum degradation® reactions can take
place to supply the remaining current required. However, according to [14], water electrolysis
deactivates after a short time, and carbon corrosion proceeds. Equation characterizing the anode
production of oxygen (I-6) is summarized below:

Anode Oz production 2H,0 - 0, + 4H* + 4e” (I-6)

Anode starvation has been the subject of a great deal of research, and the interested reader can
refer to references [14], [15], [16].

Regarding the cathode's overall starvation, it leads to a diminution in the oxygen electrode
potential below the equilibrium potential of the anode electrode. This is in contrast to the situation
observed in fuel starvation, where the anode electrode potential increases above the equilibrium potential
of the oxygen electrode. In other words, due to the lack of oxygen, the cathode potential drops to 0 (due
to overpotential, the cell voltage can reach a slightly small negative value). As a result, the cell functions
in a reverse mode where the anode reaction does not change but the cathode reaction presented in (I-2)
is modified as shown in (I-7).

Cathode H>
production

2H* +2¢~ > H, (7)
Authors in reference [17] show the impact on degradation during oxygen starvation, according

to them the long exposition to oxygen starvation leads to a degradation acceleration in the electrode.

However, due to the smaller potential difference between anode and cathode, cathodic starvation is much

2 The mechanisms of carbon corrosion are presented later in section I 2-B-b.
3 The mechanisms of platinum degradation are presented later in section I 2-B-b.
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less important than anodic starvation. The research on cathode starvation is always under study,
however, according to a recent study [18], short exposure to oxygen starvation may lead to beneficial
effects on performance. The interested reader in oxygen starvation can also refer to references [10], [15],
[18], [19].

(A) Anode global starvation (B) Cathode global starvation

Membrane
Membrane

Anode : C + 2H,0 = CO, + 4H" + 4e" (carbon corrosion)
Cathode : O, + 4H" + 4¢” = 2H,0 (Water reduction)

Anode : 2H, = 4H" + 4e" (H, oxidation)
Cathode : 2H" + 2e” 2 2H, (H, reduction)

Legend: @ e ' Co, ' H.0 ‘ 0. ‘ H @
Figure I-6: Schematic representation of global anode (A) and cathode (B) starvations.

2-A-c Fuel purity management

To maximize the efficiency of PEMFC, impurities in the reactant gases also have to be properly
managed. Indeed, beyond its good properties as a catalyzer performance to facilitate redox reaction of
PEMFC, platinum is also a good catalyzer for other chemical reactions. As a result, impurities in the
fuel and oxidant gases can have a significant impact on the performance and durability of PEMFCs
which is accentuated by the low operating temperature of PEMFCs compared to other types of fuel cells.
As poisoning is not directly linked to a controllable parameter such as temperature, it can be managed
mainly by careful attention to the quality of the gases purchased and present in the atmosphere directly
around the fuel cell.

The main source of impurities in a PEMFC is the result of hydrogen feed by reforming.
According to [20], reformation processes produce a hydrogen-rich reformate gas comprising 40-70% of
hydrogen, 15-25% of carbon dioxide, 1-2% of carbon monoxide, and a small amount of sulfur species
(H2S and SO,) and ammonia (NH3) species can also be produced. A common point of these poisoning
gases is that they lead to more severe degradation with the concentration and exposure time.

Sulfur species (H2S) are considered the most impacting poisoning gases. According to [21],
sulfur poisoning is cumulative and causes irreversible loss of catalytic activity (platinum degradation?)
towards hydrogen, oxidation. To minimize the irreversible degradations, operations under high current
and high potential should be avoided and even if irreversible loss cannot be recovered, some mitigation
techniques have been proposed:

e In reference [22], the authors proposed a simple and effective method to reactivate some
poisoned reaction sites. Their approach consists in applying a high voltage pulse of 1.5V to
oxidize the chemisorbed species on a platinum catalyst. Then a low voltage pulse of 0.2V is

4 The mechanisms of platinum degradation are presented later in section I 2-B-b.
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applied to reduce platinum oxide. During the recovery, the stack operation was stopped and fed
with nitrogen and hydrogen respectively to the anode and cathode.

o In reference [21], the authors observed that an increase in temperature leads to a reduction in
the ignition potential for sulfur oxidation. This phenomenon, in conjunction with faster electro-
oxidation kinetics, improves the effectiveness of removing adsorbed sulfur on catalyst surfaces,
at elevated temperatures.

Carbon species (CO & CO»). According to authors in [23], CO> gas is typically regarded as an
inert gas in PEMFCs, distinguishing it from the well-known poisoning effects associated with CO.
Despite its inert nature, CO, can exhibit interactions with platinum catalysts under specific conditions.
Through a reverse water-gas shift reaction, CO; can convert to CO on platinum surfaces, a process that
has consequences on fuel cell performance. Indeed, CO is specifically known for its affinity with
platinum and adsorbs platinum surface more easily than hydrogen. Therefore, it binds on reaction sites
and leads to a decrease in the active area available for hydrogen oxidation. As with sulfur species, the
decrease of the reactive sites number available for hydrogen oxidation on the active surface is reduced
with the accumulation of CO on the catalyst layer surface. However, carbon monoxide does not lead to
irreversible deactivation of platinum sites and can be recovered by oxidizing it to carbon dioxide. For
that purpose, several techniques can be employed and described below however, the interested reader
can refer to reference [24] which presents a recent review of CO mitigation strategies.

o Self-oxidation: According to the authors of reference [24], as the carbon monoxide
concentration accumulates in the active zone, the anodic overpotential increases. At a certain
level, the value of the potential reaches a limit enabling carbon monoxide to self-oxidize in CO,.

e Current pulse: To accelerate the recovery, it is possible to increase the anodic potential by
applying a current pulse to remove residues. The most common and easy-to-implement current
pulse technique is to temporarily increase the current [25]. A power converter topology is
proposed in [26] to realize a reliable pulse technique.

e Fuel starvation: As explained previously, fuel starvation can lead to an increase in the anode
potential. Therefore, periodic fuel starvation can be used to oxidize carbon monoxide. This
technique has been proposed in a patent [27].

e Air bleeding: Another technique used to remove the CO from the reactive sites in the anode is
to introduce a small amount of air in the anode. The air can be provided from an external source
(external air bleeding) or diffused oxygen through the membrane (internal air bleeding). In [28]
authors studied and modelized the effect of internal air bleeding. Furthermore, comparison
between the impact of internal and external bleeding is done in [29].

Ammonia (NH3) Similar to sulfur and carbon species, ammonia can lead to a significant decline
in fuel cell performance, influenced by both concentration and exposure duration. Unlike some other
contaminants, NHs does not directly act as a catalyst poison. Instead, when adsorbed in the reaction site,
it reacts with H' to produce NH4" ions and thus reduce the conductivity of the membrane. This process
results in a reduction of the electrolyte membrane's conductivity, impacting the overall functioning of
the PEMFC. The generated NH4" ions traverse the membrane to the cathode, where they undergo
oxidation to form nitrogen (N2), electrons, and protons which affect the oxygen reduction at the cathode
and thus lead to a decrease in overall cell performance. The interested reader in NH3 poisoning can also
refer to [23], [30].
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e To mitigate the NH3 effect, the most commonly used technique is the injection of a net reactant
for a long time. Depending on the poisoned concentration and time exposure it leads to full or
partial recovery of performances. In reference [31], The authors investigated the influence of
NHs at both the cathode and anode air in their study. Following anode poisoning, they
effectively restored a significant portion of the voltage by discharging with pure hydrogen,
purging with clean air, and conducting a cycle voltammogram scan. In the case of cathode
poisoning, the authors were able to recover voltage performance through subsequent operation
with pure air and a cycle voltammogram scan.

In addition to the description of the poisoning mechanism done above, the interested reader can refer to
references [32], [33], [23].

2-B Components degradation
Now that the main failure conditions linked to system management have been presented, it's
worth looking at the degradation mechanisms taking place at the component level. In this section, a
summary of the main degradation factors is presented, and interested readers can refer to the following
references [34], [35].

2-B-a Membrane degradation

To perform its role correctly, the membrane must be constantly exposed to stable and proper
water, thermal and mechanical conditions. The degradations linked to the membrane can be divided into
2 categories: mechanicals and chemicals [34].

e Mechanical degradations can appear under several conditions. The first one is linked to the
mechanical compression employed to maintain the whole stack. In the case of over-
compression, the heterogeneous pressure contact can lead to membrane cracks and pinholes
[36]. Vibrations can also lead to delamination and cracks in the membrane even if according to
[37], the effect is more significant on delamination than cracks. In the event of drying (or
starvation conditions leading to drying), the membrane, which needs water to transport protons,
may be weakened, and local hot spots, pinholes, or cracks may appear in the membrane [38]. In
contrast to drying, in negative temperatures, the water in the membrane can freeze. Due to the
difference in density, the water expands, leading to cracks [8].

e Chemical degradation can occur when the membrane is exposed to free radical attack. Free
radicals are mainly generated by the crossover of gases on the catalytic surface, resulting in
membrane thinning [39] which can amplify gas crossover.

The several degradation mechanisms presented above are summarized in Figure 1-7:

L Membrane degradation J
]

v v
Can be controlled in Can't be controlled
operation in operation
I
Fau.lt.y Drying [ Freezing ] [ Gas crossover ] [ Vibrations ] [ Ovcr—~ J
condition compression

A 4 A 4 A 4 A 4 Y
Condition Cracks & Cracks Free radicals Crack & Cracks &
impact Pinholes attack Delamination Pinholes
Figure I-7: Degradation mechanism linked to the membrane. “Can be controlled in operation” means controlled through the
supervision of the system.
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2-B-b Catalyst layer degradation

About the catalytic layer, under optimum conditions, its role is to ensure good electrical contact

of protons and electrons and good evacuation of the heat generated towards the gas diffusion layers.
Degradation linked to the catalytic layer can be divided into 3 categories: carbon corrosion, platinum
degradation, and mechanical stress.

Carbon corrosion, as its name suggests is characterized by the degradation of the carbon-based
materials used in the fuel cell component. It typically occurs through the oxidation of carbon
into carbon dioxide and can be represented by equation (I-8) [40].

Carbon corrosion C+ 2H,0 » CO, +4H* + 4e~ (-8

According to authors in [41], Carbon corrosion can lead to reduced performance due to
accelerated loss of active surface and altered pore morphology and surface characteristics. This
degradation mechanism can appear under several conditions:

ii.

Under normal operating conditions, specifically during cruise operation without faulty
conditions, carbon oxidation is favored by high temperatures and low relative humidity,
as indicated by reference [42]. Additionally, the research mentioned in reference [41]
reveals that a higher rate of carbon corrosion occurs under dynamic operation, such as
load cycling, and at high potentials, which corresponds to low current density conditions
typical of idling.

Furthermore, the coexistence of hydrogen and air at the anode can precipitate carbon
corrosion in the cathode of a PEMFC. This scenario predominantly emerges during the
start-up or shutdown phases of the PEMFC or in instances of local fuel starvation [43].
The presence of both hydrogen and air at the anode results in the establishment of two
distinct regions (Anode/Cathode): Ho/Air and Air/Air. In the Hy/Air region, the cell
behaves in accordance with normal operation, exhibiting a voltage across the cell.
Conversely, in the Air/Air region, where only air is present at the anode, no voltage is
generated. However, owing to the interconnected nature of the regions through bi-polar
plates on the same electrode, the voltage created in the H,/Air region is transferred to
the Air/Air region, thereby delineating two electrically separated segments of the cell.
In the Air/Air region, the applied voltage induces a current flow, known as the corrosion
current. Yet, in the absence of hydrogen at the anode to supply protons to the cathode,
carbon elements present in components (Catalyst Layer and Gas Diffusion Layer)
undergo corrosion at the cathode, providing the necessary protons and electrons. This
intricate process manifests as a reverse current, wherein protons flow from the cathode
to the anode, leading to water production at the anode. The illustrated phenomena are
depicted in Figure I-8, accompanied by a representation of the various reactions
involved:

Anode 2H, - + (1-9)
Hz/Air region

Cathode 0,+ +4e~—2H,0 (I-10)

Anode 0, +4H* + - 2H,0 (I-11)
Air/Air region

Cathode C+ 2H,0 -» COy +4H" + 4e” (I-12)
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Anode H./Air : 2H, = 4H" + 4
Cathode H./Air : O, + 4H* + 4e- = 2H,0-
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Figure I-8: Schematic representation of carbon corrosion due to Hz/Air mixing in a PEMFC anode.

e Platinum degradation: In addition to the degradation of the carbon supporting the platinum
particles, the platinum itself can be degraded under various conditions leading to a reduction of
active area. Platinum particle degradation can be categorized into 4 groups: Agglomeration,
Dissolution, Ostwald ripening, and Particle Detachment. To maximize the active area,
nanoparticles of platinum are strategically distributed on a carbon support. The use of smaller
particle sizes is favored for achieving a more extensive active area. However, insights from [44],
suggest that small particles exhibit higher surface energy, rendering platinum atoms susceptible
to dissolution at lower potentials due to the Gibbs-Thomson effect (Dissolution). Notably, at
low current density near the Open Circuit Voltage and load cycling, platinum dissolution occurs,
involving the reduction of platinum to platinum ions (Pt*") and water [34]. A well-established
mechanism associated with platinum dissolution is Ostwald ripening, where platinum atoms
dissolve from smaller particles and deposit onto larger nanoparticles [45]. This process can
occur through particle travel in the electrolyte (3D Ostwald) or diffusion along the carbon
support (2D Ostwald). If platinum particles contact each other, they can also agglomerate.
Agglomeration may arise when platinum particles come into contact, facilitated by migration,
collision, and carbon support shrinkage [44]. In cases of weak interaction between platinum
particles and carbon, attributed to carbon corrosion, a complete Detachment of platinum
particles may be observed [44]. Additionally, as elaborated in the previous section I 2-A-c, some
poisoning species can react with platinum, poisoning the reactive sites and accelerating the
degradation of platinum particles. The platinum dissolution phenomenon is represented by the
equations below [15]:

Pt + Hy,0 > PtO + 2H* + 2e- (-13)

PtO + 2H* + 2e~ - Pt?* + H,0 19

Mechanical degradation: Such as the membrane, freezing can degrade the catalyst layer by
delamination phenomenon, increasing dramatically the contact resistance and impeding the species
transfer.
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Carbon and platinum degradation mechanisms can be visualized in Figure 1-9. Also, a simplified
representation showing the link between undercut conditions and impact on the catalytic layer can be
seen in Figure I-10 :
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Figure I-9: Simplified diagram showing the degradations of the catalytic layer related to platinum and carbon.
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Figure I-10: Degradation mechanism linked to the Catalyst layer. “Can be controlled in operation” means controlled
through the supervision of the system.

2-B-c Gas Diffusion Layer degradation

Effective reactant transport is vital for the operation of PEMFC, underscoring the significance
of gas diffusion layers as a pivotal component. Similar to the other crucial elements mentioned earlier,
gas diffusion layers are susceptible to both mechanical and chemical degradation which are described
below:

o Mechanical degradation: As with the membrane, in the case of over-compression of the stack,
mechanical stress can occur. In the case of gas diffusion layers, this can lead to local or global
deformation, and have an impact on gas permeability [36]. However, it is worth noting that a
higher compression improves the electrical contact between the different layers leading to better
electrical and thermal conductivities [46]. In addition to over-compression of the stack, in case
of negative temperature, the water inside the layer can lead to ice formation. Repeated freezing
and thawing can alter the component, causing delamination [47]. Because the gas diffusion layer
is subjected to high reactant flows, the erosion generated leads to a loss of hydrophobicity [48].
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e Chemical degradation: Because the gas diffusion layers are manufactured using carbon-based
materials combined with hydrophilic material, it is possible to observe the carbon corrosion
phenomenon. It mainly be due to potential cycling and low relative humidity [10], but also
during start & and stop and starvation.

The several degradation mechanisms linked to gas diffusion layers presented above are
summarized in:

[ Gas Diffusion layers }

degradation
Can be confrolled in Can't be controlled
operation in operation
Faulle [ Flooding J [ Starvation ] [ Start & Stop ] [ Load cycling ] [ Freezing ] [ Erosion ] [ Over-‘ ]
condition compression
Condition . . A Loss of Cracks &
impact [ Carbon corrosion ] [ Carbon corrosion ] [ Delamination } [ et ] [ Pinholes ]

Figure I-11: Degradation mechanism linked to the gas diffusion layers. “Can be controlled in operation’ means controlled
through the supervision of the system.

2-C Overview of the dynamic ranges involved
As explained in the previous sections, a fuel cell system is a multi-physics element based on
different domains of study:

e Chemical and Electrochemical: Understanding of oxidation-reduction phenomena and the
impact of impurities.

o Electrical: FElectrical load management to maximize performance while minimizing
degradation.

e Thermal: Temperature control of the stack.

e Fluidic: Reactant and water management in the PEMFC.

e Mechanical: Maintain good stack compression to limit leakage or component degradation.

This multidisciplinary is also reflected in the fuel cell's reaction dynamics, as shown in Figure [-12:
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Figure I-12: Overview of degradation dynamics in PEMFCs. Reproduced from [49] with authorization.
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3 Characterization tools

To be able to observe the degradation of PEMFCs, diagnostic tools linked with experimental
protocols have been developed. These tools can be divided into two families: In Situ and Ex Situ. The
In Situ method permits observing electrochemical variables (voltage, current ...) under operating
conditions. On the other hand, Ex Situ methods are generally destructive and consist in characterizing
detailed structure and properties of each component. In this section, a short presentation of the main In
Situ characterization tools is proposed. Ex Situ methods are not presented in this article because they
are not adapted to on-board application and the interested reader can refer to reference [50] which
provides a general review of both In Situ and Ex Situ methods.

3-A Fundamentals of PEMFC
Before presenting the different characterization tools, a brief introduction to the fundamentals
of PEMFC modeling is introduced and can help the reader to have a better understanding of phenomena
involved.

From a thermodynamic perspective, the entire heat released by fuel cells reactions is defined by
the enthalpy change (AH) which indicates the entire heat released by the reaction at constant pressure
and represented by (I-15):

AH=-nxFxE, (-15)
Where 7 is the number of electrons involved in the reaction and F the Faraday constant equal to
96485[C.mol '], E, the thermo-neutral potential is equal to 1.48[V] and correspond to the potential if the
enthalpy change is completely converted to electrical energy.

At standard temperature and pressure conditions (i.e. 25[°C] and 101 325[kPa]), the maximum
voltage of an electrochemical reaction can be represented by the change in Gibbs free energy (AG’)
which is represented by (I-16):

AGY=-n X FxE° (I-16)
Where E’ is the theorical voltage at standard temperature and pressure equal to 1.23[V] and n xFxE is
the electrical work done by the reaction.

Because the pressure and concentration of reactants affect the Gibbs free energy and thus the
voltage generated, it is necessary to take account of these parameters. The Nernst equation takes account
about pressure and concentration and is expressed in (I-17):

"
g= 50— 2XT o (MW eroauers (1-17)
nxF yVYi

Reactants

Where R is the perfect gas constant equal to 8.314[J.mol"!. K], T the absolute temperature in
[K], Yis the activity of the products and v; the stoichiometric coefficients of specie i.

According to reference [5], the fuel cell voltage can be approximated by the subtraction of overvoltage
linked to 3 irreversible losses (activation, ohmic and concentration) to the theorical Nernst potential
resulting in (I-18):

1-18
V =E 'AVact - AVohm b A]/;:on ( )
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Activation overvoltage (4V,.) refers to the energy barrier that must be overcome for
electrochemical reactions to take place at the catalyst sites on the electrode surfaces. At low
current densities (corresponding to high cathode potential), a noticeable nonlinear drop in
voltage can occur due to the slowness of the O, reduction at the cathode and H; oxidation at the
anode. In these conditions, a portion of the generated voltage is lost in driving the chemical
absorption and desorption processes, highlighting the kinetic limitations associated with
activation losses. Activation overvoltage can be represented using Tafel equation and result in
(1-19):

AV =A Xln/]{—o/ (I-19)

Where A4 is a constant which depend on the fuel cell used and its operating state, j the current
density in [A.cm?] and jy is the exchange current density in [A.cm™] (i.e. electrode activity for
a particular reaction at equilibrium in the given operating conditions).

Ohmic overvoltage arise from the resistance encountered by the flow of electric current through
various components of the fuel cell. It is related to the electrical resistance of the electrolyte
membrane to the protons’ transfer, electrode materials, and the current collectors to the
electronic transfer, the latter being negligible versus the former. All the different resistances are
then grouped under the name internal resistance (R,). The Ohmic voltage drop is linearly
proportional to current density and is represented as shown by (I-20):

. 1-20
AVopm =J X Rint (I-20)

Where R; is the internal resistance in [Q].

Concentration overvoltage, also known as mass transport loss, arises from changes in the
concentration of reactants at the electrode surfaces as fuel is consumed. It is linked to mass
transport limitations and can occur when there is inadequate diffusion of reactants to the catalyst
layer. In the context of PEMFCs, concentration loss manifests as a reduction in reaction rates at
the electrode surfaces due to depleted concentrations of reactants. Concentration overvoltage
can be represented by (I-21):

Ji (1-21)
Ju—=J

AV,pn =B X In

Where B is a constant which depend on the fuel cell used and its operating state and j; the limit
current density in [A.cm™] at which the fuel is used up at a rate equal to its maximum supply
speed in these given operating conditions.

3-B Polarization curve
One of the most fundamental and widely used characterization techniques for electrochemical

systems is the polarization curve (also known as the IV curve). This method involves recording the
voltage output of a fuel cell at a steady-state current and repeating this measurement over a range of
current densities. By systematically varying the current, the polarization curve provides a comprehensive
overview of the cell’s performance, serving as a valuable benchmark for identifying changes after a fault
or assessing the extent of stack aging.
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Typically, measurements are taken by ramping the current from open circuit voltage (OCV) to
high current density and then reversing the process to account for hysteresis effects, which are often
influenced by the stack’s relative humidity. As current density increases, the observed voltage declines
due to a combination of resistive and kinetic losses within the cell. This curve reveals important insights
into various types of overvoltages: activation losses associated with electrochemical reaction kinetics,
ohmic losses stemming from internal resistance, and concentration losses linked to mass transport
limitations. Analysis of these regions enables a detailed assessment of the fuel cell's performance
characteristics, and helps to elucidate the underlying mechanisms affecting its function and efficiency.

A schematic representation of polarization curve is proposed in Figure [-13.
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Figure I-13: Schematic representation of a typical polarization curve for a PEMFC. All overvoltages occur at all current
density but their contribution to the voltage variation depends on the current density range: the range of the highest share is
indicated on the graph.

3-C Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS®) is another widely employed and non-
destructive characterization tool used to evaluate the performance of fuel cells. Unlike static polarization
curves, which provide insights into steady-state behavior, EIS captures the dynamic response of the fuel
cell system by estimating the impedance of the stack. This method offers valuable information over
different time scales and allows for a deeper understanding of various electrochemical processes, as
illustrated in Figure 1-14.

They can be conducted using either a fixed current (galvanostatic mode) or a fixed voltage
(potentiostatic mode). However, in fuel cell applications, the galvanostatic mode is generally preferred
due to its compatibility with the operational characteristics of fuel cells. In the galvanostatic mode, EIS
involves applying a small-amplitude, sinusoidal current signal across the fuel cell stack or individual
cell and recording the resulting voltage response. This procedure ensures that the system’s linearity is
maintained which is a critical requirement for accurate impedance measurement. Linearity implies that
the applied sinusoidal current perturbation produces a corresponding sinusoidal voltage response. To
achieve this, the amplitude of the current excitation must be kept sufficiently small to ensure the cell
remains within a pseudo-linear operating region. By varying the frequency of the sinusoidal signal, EIS
produces an impedance spectrum that reflects different electrochemical phenomena occurring within the
fuel cell. This spectrum is instrumental in identifying specific processes such as charge transfer, mass

3 Electrochemical Impedance Spectroscopy will be used many times. For ease of reading, it will be defined by its acronym EIS.
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transport, and double-layer capacitance. Each frequency range typically corresponds to a distinct
electrochemical process: high-frequency regions often represent resistive components and electrode
kinetics, while mid-to-low frequency ranges capture charge transfer and diffusion processes.

The comprehensive performance assessment offered by EIS is often presented through Nyquist
and Bode plots, which provide different visual interpretations of the data:

e The Nyquist plot typically displays the real (resistive) and imaginary (reactive) components of
impedance, illustrating the complex impedance as a semicircular arc and sometimes additional
features indicative of different electrochemical phenomena. A perfectly semicircular Nyquist
plot indicates a simple charge transfer process, while deviations from this shape can point to
issues such as mass transport limitations or the presence of additional processes like adsorption.

e Bode plots, on the other hand, show the impedance magnitude and phase angle as functions of
frequency. These plots are particularly useful for identifying characteristic frequencies where
phase shifts occur, which can help pinpoint the behavior of specific fuel cell components, such
as the anode, cathode, and electrolyte.

Figure I-14 below presents a diagram illustrating the process and results of a typical Els for a PEMFC:
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Figure I-14: Schematic representation of a typical Electrochemical Impedance Spectroscopy for a PEMFC.

The calculation of impedance follows the relationship where the impedance (Z) is given by the
ratio of the AC voltage response (V) to the AC current perturbation (I), as shown in Equation (I-22).
This ratio captures the complex interaction of resistive and capacitive elements within the fuel cell,
offering a robust analysis framework.

V(w,t) Vo xsin(wXt) (1-22)
I(w,t) Iy xsin(wXxt + P)

Z(w,t) =

Where ¢ is the time, w is the radial frequency in [rad.s'], ¢ the shift phase, Vj and Iy respectively
the amplitude of measured voltage and applied current.

The impedance expressed in (I-22) can be represented as a complex number using Euler’s
formula to form:

Z(w) = |Z| x e/® = |Z| X (cos ® + j X sin ®) (-23)

Overall, Electrochemical Impedance Spectroscopy is a powerful, non-invasive diagnostic
technique that resolves complex, overlapping processes, offering a comprehensive view of the internal
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mechanisms of fuel cells. By analyzing the Nyquist plot's arc shape and position, valuable insights into
the kinetics of electrochemical reactions can be obtained, while the low-frequency tail helps identify
diffusion limitations. This makes EIS an essential tool for understanding reaction mechanisms and
contributing to the optimization and advancement of more efficient fuel cell technologies.
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4 Position of the thesis

In preceding sections, the substantial advantages of PEM fuel cells in generating clean electricity
have been highlighted. Nevertheless, despite these merits, this technology exhibits a certain sensitivity
to variations in operating conditions, leading to the potential occurrence of various faults. While many
of these faults can be addressed by adjusting operational parameters such as temperature and pressure,
swift detection and identification of issues are crucial to minimize irreversible losses in the event of a
malfunction. To enhance the efficiency, reliability, and durability of fuel cell systems, extensive research
efforts are underway, focusing on the development of sophisticated Monitoring, Diagnosis, Prognosis
and Control (MDPC?) tools. In particular, these tools are actively evolving thanks to the participation of
European projects such as HEALTH CODE (2015 - 2018) [51], GIANTLEAP (2016 - 2019) [52] and
RUBY (2020 —2024) [53]. A diagram illustrating the principle of MDPC tools is shown Figure I-15:
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Figure I-15: Schematic representation of MDPC tools.

The work conducted in this thesis is integral to the European RUBY project, contributing to
advancements in the field. The aim of the RUBY project is to design, integrate, and test a comprehensive
and generalized MDPC tool capable of improving the efficiency, reliability and durability of Solid Oxide
Fuel Cell and Proton Exchange Membrane Fuel Cell systems for stationary applications. The global
objective of the RUBY project can be divided into 4 sub-objectives:

1. Improve fuel cells performance and durability by implementing an advanced and integrated
algorithm that combines monitoring, diagnosis, prognosis, control, and mitigation actions for
both technologies.

2. Design and engineer the hardware required for MDPC algorithms application, with attention to
sensor reduction issues and the specific constraints imposed by stack technologies and systems
applications towards industrial scalability.

3. Perform dedicated experimental campaigns for stacks and system characterization and MDPC
tool prototype validation embedded on fuel cell systems running in an operational environment.

4. Develop an advanced fuel cells management strategy (supervisory level), with functionalities
integrated with remote monitoring, for future smart-grid interaction and predictive maintenance
application.

¢ The term MDPC is commonly referred to as encompassing Monitoring, Diagnostic, Prognostic, and Control. In the context
of'this thesis, a distinction is made between the terms Diagnosis/Diagnostic (section I 1-A-b) and Prognosis/Prognostic (section
IV 1-A-a), although this nuance may not be universally adopted. This is why the terms "diagnosis" and "prognosis" will be
used when referring to MDPC tools.
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The work carried out within the framework of this thesis focused only on PEMFC technologies,
in line with objectives 1 and 3. More specifically, it involved:

e Develop a diagnosis tool based on Electrochemical Impedance Spectroscopy to identify the state
of health of the PEMFC.
e Develop a prognostic tool able to estimate the future evolution of a health indicator.

During the development of diagnosis and prognosis tools, a particular attention was paid to
reducing the need for user expertise’, in order to facilitate ease of use, embedded integration and
adaptability to new systems.

7 The term of user expertise encompasses both the end user (customer) and the MDPC tool developer, who is a user of the
algorithm developed.
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IT State of Health identification — Principle & Databases

Chapter introduction

One of the current challenges in the democratization of fuel cell systems is to determine and
identify malfunctions without having to shut down the system for maintenance. Shutting down a fuel
cell system is not always possible, especially for backup power and critical applications. Moreover, a
maintenance shutdown may generate significant additional costs. One way of limiting this constraint
and improving service life is to detect and identify the state of health during system operation in normal
and degraded conditions. The ability to identify a degraded condition at an early stage enables corrective
action to be initiated before irreversible damage is observed in the system. There are currently a large
number of methods capable of carrying out these tasks, but most of them require extensive knowledge
of the physical phenomena governing the system or of the experimental data obtained.

In this 2™ chapter, we aim to answer the question: How to identify an incipient abnormal
condition during system operation?

To answer this question, first of all, a state of the art on diagnosis methods is carried out. Each
diagnosis method family is presented according to its field of application in order to identify which one
is the most relevant for this work. Thereafter, a presentation of the available experimental data is made
as they play a major role. Selected databases as well as the experimental protocols are detailed. These
data are used to calibrate the diagnosis method and define fault identification spaces.
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1 State of the Art: Diagnosis methods

The State of Health (SoH)® of a fuel cell depends on several factors. The first is the technological
aspect, which includes the used materials, the design as well as the way of assembling the stack. The
technological aspect makes it possible to make the difference between two fuel cells’ suppliers while
also influencing the lifespan. The second factor is the characterization tool used to estimate the SoH.
Indeed, as presented in section 0, this choice determines the type of useful information that will be
usable. The last factor is the diagnosis algorithm which uses the information provided by the
characterization to detect a health condition. If a degrading or dangerous condition is detected, the
algorithm oversees identifying the fault, thus allowing the implementation of a corrective action.

Various diagnosis algorithms have already been applied to fuel cell systems to detect faulty
conditions such as gas contamination, starvation, and water management dysfunctions. These algorithms
are chosen to be classified into two approaches named “knowledge-based” and “data-driven”. The used
classification is still an open question, so this proposal is discussed.

1-A Definitions
As this work is at the crossroads of several disciplines, a set of definitions is given preliminarily
in order to avoid ambiguous statements.

1-A-a Artificial intelligence
The definition of artificial intelligence (also named AI) is not something settled. Several
definitions have been proposed over the years, in line with the evolution of domains and techniques.

In 1956, John McCarthy, a professor at Stanford University proposed a first definition of
artificial intelligence: “It is the science and engineering of making intelligent machines, especially
intelligent computer programs. It is related to the similar task of using computers to understand human
intelligence, but Al does not have to confine itself to methods that are biologically observable” [54].

A few years before this definition, in 1950 Alan Turing considered the question “Can machine
thinks” and introduced a method to judge the intelligence of artificial intelligence [55]. This test is now
better known as the “Turing test”. To pass this test, artificial intelligence must be able to converse with
a human without the human being able to reliably distinguish the program from a human being.

In the International Organization for Standardization ISO/IEC 2382:2015 [56], a definition of
artificial intelligence as a discipline is proposed. Because this definition is a member of an international
standard, it will be used in the manuscript.

Artificial intelligence: “research and development of mechanisms and applications of Al systems.
Research and development can take place across any number of fields such as computer science, data
science, humanities, mathematics and natural sciences.” [56]

This definition of artificial intelligence introduces new terms which are defined below. These definitions
are valid only for the scope of artificial intelligence and may be modified if the scope changes.

Artificial intelligence system: “engineered system that generates outputs such as content, forecasts,
recommendations or decisions for a given set of human-defined objectives. The engineered system can
use various techniques and approaches related to artificial intelligence to develop a model to represent
data, knowledge, processes, etc. which can be used to conduct tasks. Al systems are designed to operate
with varying levels of automation.” [56]

8 State of Health will be used many times in this manuscript. For ease of reading, it will be defined by its acronym SoH.
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Model: “physical, mathematical or otherwise logical representation of a system, entity, phenomenon,
process or data” [S6]

Knowledge: “abstracted information about objects, events, concepts or rules, their relationships and
properties, organized for goal-oriented systematic use. Knowledge in the Al domain does not imply a
cognitive capability, contrary to usage of the term in some other domains. In particular, knowledge does
not imply the cognitive act of understanding. Information can exist in numeric or symbolic
form. Information is data that has been contextualized, so that it is interpretable. Data are created through
abstraction or measurement from the world.” [56]

Task: “action required to achieve a specific goal. Actions can be physical or cognitive. For instance,
computing or creation of predictions, translations, synthetic data or artefacts or navigating through a
physical space. Examples of tasks include classification, regression, ranking, clustering and
dimensionality reduction.” [56]

Predictions’:  “primary output of an Al _system when provided withinput data or
information. Predictions can be followed by additional outputs, such as recommendations, decisions and
actions. Prediction does not necessarily refer to predicting something in the future. Predictions can refer
to various kinds of data analysis or production applied to new data or historical data (including
translating text, creating synthetic images or diagnosing a previous power failure).” [56]

Input data: “data for which an Al system calculates a predicted output or inference” [56]

1-A-b Diagnostic & diagnosis

Currently, a common definition of diagnosis doesn’t exist. Indeed, diagnosis is a multi-domain
method where the definition is adapted depending on the specified domain. In this manuscript, the
selected definition of diagnosis is the one provided by ISO 13372:2012, condition monitoring and
diagnostics of machines [57].

According to this standard, the diagnostics method is defined as: “examination of symptoms and
syndromes to determine the nature of faults or failures (kind, situation, extent)”. [57]

The diagnosis is defined as “conclusion or group of conclusions drawn about a system or unit under
test. This gives more detailed information about the kind, situation and extent of a
monitored fault or failure.” [57]

The employed underlined terms are defined by the standard as follows. As these terms introduce
new terms, they are all listed below in alphabetical order.

Descriptor/Feature: “data item derived from raw or processed parameters or external observation”
[57]

Equipment: “machine or group of machines including all machine or process control components” [57]

Failures: “termination of the ability of an item to perform a required function. Failure is an event as
distinguished from fault, which is a state. Failure is the manifestation of a fault. A complete failure of
the main capability of a machine is a catastrophic failure (as defined by the end user).” [57]

Fault: “condition of a machine that occurs when one of its components or assemblies degrades or
exhibits abnormal behaviour, which may lead to the failure of the machine. A fault can be the result of

9 In the framework of this thesis, to limit confusion between diagnosis and prognosis algorithms, the term "identification" is
used to describe the estimation of current health status, and the term "prediction” to describe the future one.
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a failure but can exist without a failure. Planned actions or lack of external resources are not a fault.”
[57]

Function: “normal or characteristic action of a machine or the system of which it is a part”

Parameter: “variable representing some significant measurable system characteristic” [57]

Machine: “mechanical system designed expressly to perform a specific task, such as the forming of
material or the transference and transformation of motion, force or energy. This is also sometimes
referred to as equipment” [57]

Sign: “characteristic parameter of a signal, which shows information about a state. Compare symptom”
[57]

Symptoms: “perception, made by means of human observations and measurements [descriptors], which
may indicate the presence of one or more faults” [57]

Syndromes: “group of signs or symptoms that collectively indicate or characterize an abnormal
condition” [57]

System: set of interrelated elements that achieve a given objective through the performance of a
specified function.

Definitions of the terms "online" and "offline" are also added. The definitions of these terms
are however adapted to the diagnosis field of study and differ from the definitions given in the
standards used previously.

Online: Synonym to real time usage of algorithm and correspond to the period where fresh data are
monitored and used to perform diagnosis.

Offline: Operating mode in which historical data are used to develop diagnosis models.

Moreover, to our knowledge, the term “State of Health” is not defined in a standard. Given the
absence of an established definition, we propose to define it using our own terminology and
framework:

State of Health (SoH): Categorical condition in which the system under study is situated (e.g. nominal,
starvation, drying etc.).

1-A-c Diagnosis families

Since the definition of diagnosis in the literature is not settled and may change according to the
studied field, the definitions of the different diagnosis approaches may also be subject to variations. To
our best knowledge, even if main terms can be found in standard as defined previously there is no
standard providing a global definition of the different families of diagnosis. Nevertheless, a
classification is needed to sustain the choice of a relevant approach. Then for clarity and ease of reading,
the different diagnosis families used in this manuscript are defined below as well as a way to sort them,
which is not yet settled unanimously (Figure II-1).

Data-driven diagnosis refers to algorithms that detect the relationship between data based
solely on data and machine learning techniques. Data-driven can be based on the use of pre-defined
models or only on data knowledge. There are two types of data-driven diagnosis respectively named
"supervised" and "unsupervised". The difference is the knowledge of the algorithm's objective class.
Supervised methods create a relationship between data and a known class, while unsupervised methods
simply separate data according to internal differences. Nevertheless, in the scope of diagnosis, it is
necessary to introduce a label with non-supervised algorithms. Indeed, the unsupervised method can
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separate faulty conditions from nominal conditions without the need to know the data label. However,
this knowledge is necessary in inference mode to isolate the exact condition detected.

Knowledge-based diagnosis refers to approaches in which the diagnosis decision is based on
explicit knowledge. Knowledge can be derived from a physical model, domain expertise, or expertise
on the system under study.

Data-driven and knowledge-based diagnosis can be divided into two sub-categories which are “model-
based” and “non-model-based” and are defined below:

Model-based diagnosis refers to a diagnosis approach that uses explicit models to reason about
the behavior of a system or process and identify the causes of observed faults or anomalies. The explicit
models used in model-based diagnosis represent the known or expected behavior of the system and its
components. The models used in model-based diagnosis can take different forms, depending on the
nature of the system being diagnosed. They can be based on mathematical equations, physical laws,
rule-based representations, heuristic knowledge, or pre-defined models combined with data processing.
In addition, model-based can perform diagnosis using regression tasks and residue analysis or direct
classification depending on the retained method.

Non-model-based diagnosis refers to diagnosis approaches using only machine learning
techniques combined or not with statistical data analysis to infer the causes of observed faults. The
objective is to adapt the intrinsic data characteristic without any a priori models and fewer equations.
Non-model-based can perform classification and regression tasks.

In Figure II-1 below, the different diagnosis methods are sorted according to the definitions
given. These methods are described in the following sections.

Data Model
knowledge + R + knowledge
y Iy
Data-driven Knowledge-based L >

Y e V
Non-model-based Model/Rule-based
— > ==
Black box Grey box White box

Artificial Intelligence

Figure 1I-1: Classification of diagnosis techniques according to the definition used.

1-B Knowledge-based diagnosis approaches

1-B-a Principle & Generalities

As explained previously, knowledge-based diagnosis consists of representing a system using
information based on knowledge of physical phenomena, heuristic rules, or user expertise. Developed
models can be used to perform two types of tasks which are regression and classification. In regression
tasks, residuals between model and system outputs are analyzed and used to determine the SoH of the
analyzed system. Figure II-2 shows the principle of model-based diagnosis using a residue generator:
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Figure II-2: Principle of model-based diagnosis using a residue generator.
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In the case of classification tasks, the output of the model is directly a categorical variable
representing the system SoH. The comparison of predicted and real SoH is realized during the design
of the method but not during the inference.

The main challenges of the knowledge-based approach are the definition of normal and
abnormal operating thresholds or boundaries. In addition, the identification of good variables giving
enough information to isolate a fault is a key point. Indeed, it is important to limit the number of sensors
to reduce costs and simplify the system architecture. Moreover, the reliability of the model is crucial.
To optimize model-based algorithms, different types of methods have been developed. Each has its
strengths and weaknesses even though they all follow the same basic principles. The following section
details several types of model-based methodologies.

1-B-b Presentation of knowledge-based algorithms

Even though the principle of knowledge-based algorithms is the same, differences may appear
depending on the type of knowledge employed to define the model. Indeed, some models are based
solely on physical equations, others integrate experimental and health data, and some may even be based
on expertly defined rules or heuristic knowledge. These 2 families of models are respectively named
"white box", and "grey box". References [58], [S9] may provide more information to the interested
reader.

01 White box models

The first family called the “white box” uses algebraic and/or differential equations to describe
physics-based phenomena occurring in a system. In the case of PEMFC modeling, the most used
physical laws are Nernst, Planck, Butler-Volmer, Fick, and heat equation which reproduce respectively
the behavior of charge transports, mass, and heat transfer phenomena. In references [11], [15], [17],
[60], [61], [62], [63] a macro homogeneous description of a membrane air-fed and the predicted
polarization are compared with experimental results.

White boxes have the advantage of being more accurate and spatially better resolved, however,
the online implementation and the complexity of the calculations lead to a high calculation time.
Moreover, maximizing the accuracy of the white-box models needs information on the composition,
internal parameters and the design of the fuel cell which is not always available and restrains the
conditions in which it is applicable.

02 Grey box models

To replace the complex mathematical equations in white box models, some models named “grey
boxes” use empirical formulas, tables, or rules to create a model representing the system. The main grey
box models are presented below:

- Parameter identification models
The parameter identification models rely on the fact that either components or physical
phenomena are correlated with a nominal condition. Faulty conditions are defined as system parameters.
When parameters reach a certain limit, the correlation fault can be detected and isolated. One example
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of a parameter identification model is developed in [64] where a correlation between the value of the
diffusion layer resistance and the water content in the fuel cell was identified. This model uses an
equivalent circuit to calculate some relevant PEMFC parameters.

- Observer-based models

Observer models are based on mathematical equations to describe the system’s behavior. A
model is implemented with the system and runs in parallel with it. This method uses an observer to
generate residuals between the measured value of the system and the value obtained from the observer.
It is one of the most common approaches implemented for model-based diagnosis. These models focus
on state estimation without any diagnosis phase. Fault Detection and Identification (FDI)!° is done by
an analysis of residuals. Model-based observers are divided into several categories: Kalman filter,
Luenberger, and sliding mode observers [65].

o Kalman filter is a recursive filter that estimates the internal state of a linear dynamic system
(i.e., minimum mean square error) from noisy measurements acquired at discrete real-time
periods. Authors in [66] present a Kalman Filter to detect drying and flooding in a PEMFC.
The developed approach uses a time-domain waveform to identify 3 parameters of a simple
linear circuit modeling the stack.

o The Luenberger observer compares the measurable and estimated quantities of the system.
It provides a convergent error dynamic through the feedback gain. In [67], authors use a
linear parameter variation observer with the Luenberger structure applied for the calculation
of the residuals. This methodology allows linearizing the system equations and solving the
analytical problem in discrete-time state space. Another model-based diagnosis is proposed
in [68] where authors used a Linear Parameter Varying dynamic model with a Luenberger
observer scheme for fault detection and isolation.

o Sliding mode observers are based on the control theory of the sliding mode variable
structure. They direct the dynamic response of the system in a continuous and targeted
manner to follow the predefined trajectory and finally converge close to the surface of the
predefined sliding mode to reconstruct the system states. Authors in [69] develop a non-
linear observer-based fault diagnosis approach for PEMFC. The model used to design the
observer is a modified super-twisting sliding mode algorithm.

o Parity space methods adopt parity relations (i.e., the redundant relationship between
features) instead of an observer to generate residuals. In the FDI parity space, the generation
of residuals, and the dynamics of residual signals concerning defects and unknown inputs
are presented as algebraic equations. The parity space method is based on the verification
of the static relationship between the different measurements in the time window. Reference
[70] defines a parity space as the orthogonal of the observability matrix. This method avoids
the state’s influence on the system. In reference [59], the authors present parity space as a
useful method to linearize a system in a discrete subspace which allows for simplifying the
computational cost.

- Fuzzy Logic
Fuzzy logic can be very powerful in describing complex systems, mainly with ambiguities and
non-linearities. Fuzzy logic tends to represent human reflection by combining: IF-THEN rules and
logical operators AND — OR, with the objective to convert a numeric value to a fuzzy set (Fuzzification
process). Thanks to IF-THEN rules, a membership is assigned to each fuzzy set and then converted to a
numerical value (Defuzzification process). Rules design can be based on user expertise or data using

10 Fault Detection and Identification will be used many times. For ease of reading, it will be defined by its acronym FDI.
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machine learning algorithms. In reference [71], the authors proposed a diagnosis model of PEMFC using
fuzzy logic to detect water management problems.

The main advantages of grey boxes are their calculation time and their simplification of the equations
compared to white boxes. Nevertheless, defining these models requires knowledge and the identification
of the parameters in the grey boxes may require a significant numerical effort. It is worth noting that
some grey box models can integrate data-driven techniques to improve models. It depends on the
algorithm use and cannot be stated as a rule of thumb. Then the borders of classification can be blurred.

1-C Data-driven diagnosis approaches

1-C-a Principle & Generalities

Sometimes, the development of models to describe non-linear and multi-fault systems can be
complicated and time-consuming. To alleviate this problem, methods have been developed that enable
a diagnosis to be performed without representing the system by a model. These so-called "data-driven"
methods create a relationship between a set of data and a SoH condition using only data.

They perform the diagnosis in two steps: A training step where the algorithm uses known data
to generate a relation between a label and features. Generating this relationship may require an
optimization process to determine the best parameters to use. This step is usually performed offline on
a computer because it may require significant computing power and time. It is then followed by the SoH
identification of a new data item during online execution.

The training of any data-driven algorithm can be decomposed into 5 steps.

e Database collection consists of obtaining a large amount of quality data which can be
quantitative or qualitative. This is the most important step of non-model-based algorithms.
Indeed, these algorithms only rely on the given data and can only classify the conditions
encountered during learning. This is why the database must be as complete as possible, without
bias and the data must be similar to those that will be obtained when using the algorithm online.

o Features extraction from the experiments. Indeed, the raw data obtained during the
experiments can contain a lot of redundant or irrelevant information that can disturb learning
and increase the computation time. This step is often done using knowledge that came from
expertise and/or literature.

o Features standardization to put them all on the same scale. This allows giving the same
importance to all the features by preventing amplitude differences between the features. A
variable of order 0.1 will have much less importance than another of order 10e3 if they are not
scaled in the same way. Also, some standardization methods reduce the impact of outliers using
statistical measures.

e Features Selection: Once the interesting features have been extracted and scaled, it is necessary
to select only the relevant ones. The objective is to reduce the computation time while favoring
the independence between the features (i.e., limiting the information redundancy). This step can
be done either by the user's expertise, statistical approach, or empirically by analyzing the results
obtained.

e Offline Identification'': The last step is to create the relationship between known SoH and
selected features to be able to represent and differentiate the set of known health states in a

11 Data-driven models can perform both classification and regression tasks. In this manuscript they are both define under the
term “Identification tasks” when used to detect a SoH condition.
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multidimensional space. Offline, it is mainly used to estimate the identification performances
of a model.

Online use (i.e., in real-time) involves using the model with newly acquired data. The features are
extracted and processed as defined in the training. This new processed data is then passed to the data-
driven algorithm which will identify the corresponding health status.

The several steps for offline and online parts are shown in Figure II-3.
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Figure 1I-3: Principle of data-driven algorithms

As data-driven algorithms use large databases, they can learn with the noise which makes them
more robust to noisy data. These algorithms are efficient tools due to their simplicity, flexibility, and
ability to handle non-linear problems. In addition, these methods do not require any knowledge of the
system structure. However, they can only handle situations already encountered during the learning
phase and the generation of data may entail additional costs.

The interested reader can refer to reference [72] where the authors present, an overview of
several identification methods for control systems.

1-C-b Extraction of features

As explained earlier, the database is the central part of the data-driven diagnosis. They are
composed of statistical features that are qualitative, quantitative, or both which represent a condition. In
the field of electrical engineering, these features are often contained in signals (voltage, current,
temperature...) because they are sensitive to the occurrence of certain types of faults. It is then sufficient
to analyze these signals to detect and identify the SoH. However, the direct use of these measurements
in algorithms is limited by the fact that the oscillations observed in the signals are harmonic or stochastic,
which makes them difficult to analyze. To limit the impact of stochastic or harmonic phenomena, signal
processing methods can be employed. These methods extract the relevant features from noisy signals
and feed them into diagnosis algorithms.

Effective signal processing methods require the selection of relevant signals to use for
monitoring as well as a good signal analysis approach to interpret them. Three known techniques for
signal processing are described below: Fast Fourier Transform, Short-Time Fourier Transform, and
Wavelet Transform.
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- Fast Fourier Transform and Short-Time Fourier Transform
The idea behind fast Fourier transform methods is to convert a stationary signal from a time domain
into a frequency domain. The original signal is then transformed into a power spectrum in which
are represented the magnitude and phase for each frequency studied. The interest of the power
spectrum is that significant components can be obtained by analysis. In reference [73], the authors
used a fast Fourier transform to correlate the stack voltage with the pressure drops across the
cathode/anode of a PEMFC.

The main limitation of the fast Fourier transform is that in practice it is not common to
obtain stationary signals. For that purpose, an upgraded version of the fast Fourier transform untitled
short-time Fourier transform has been developed. The principle of the short-time Fourier transform
is to decompose a signal into a set of small segments with a given window length. This allows
assimilating each segment to a stationary signal and then processing to a traditional fast Fourier
transform Authors have shown that one of the best substitutions of the Gaussian function in the
Fourier domain is a square sinusoidal function that can form a biorthogonal window function in the
time domain. The merit of a biorthogonal window is that it could simplify the inverse short-time
Fourier transform and the inverse wavelet transform which is described below.

- Wavelet Transform

The wavelet transform is an alternative method for the analysis of transient signals. This method
is useful to optimize time and frequency resolutions. The basic idea of wavelet transform is to represent
any function as a superposition of a set of wavelets. Unlike short-time Fourier transforms, wavelet
transform uses an adjustable size for the window with the frequency of the local area. A high frequency
will be associated with a smaller window than a low frequency. This allows a better compromise
between temporal and frequency resolutions. The wavelet transform can be dissociated into type
categories which are the continuous wavelet transforms and the discrete wavelet transforms. In reference
[74], a discussion about short-time Fourier transform and wavelet transform is made. According to the
authors, in reference [75] continuous wavelet transforms are a more efficient method for the time and
frequency resolutions of signal however they are hardly applicable in real-world applications. On the
contrary, the discrete wavelet transforms are more practical, need less time calculation, and have a
powerful de-noising capability. One crucial point is the selection of wavelet type as developed in
reference [76]. Authors in [77] have done a presentation of a signal-based method using wavelet
transforms to detect and identify a high air stoichiometry fault.

1-C-c Standardization of features

One of the key points in the development of data-driven algorithms is the generation of good-
quality features. Indeed, good features decrease the predominance of possible outliers and noises, reduce
the computation time, and also improve the accuracy and the robustness of the results. In the case of
algorithms that rely on distance calculations, the choice of a relevant standardization method is crucial.
It consists in adjusting data values when they are not in the same range to eliminate distortions of the
SoH space and make them comparable. Magnitude differences between features may affect algorithms’
performances, especially when some features have, by nature, a much larger value magnitude than
others. Moreover, some standardization methods are not sensitive to outliers and thus avoid the use of
Outlier Detection techniques. Interested readers in Outlier Detection techniques can refer to references
[78], [79].

There are three main families of methods to standardize data: Normalization, Linear scaling,
and non-linear transformation. A short presentation of the main standardization of each family is
presented below. Each algorithm presented is implemented in Scikit-learn [80] and the interested reader
can refer to [81], [82], [83].

01 Normalization

In general, the features of the dataset are the ones to be standardized; however, it is also possible

to standardize each sample so that its norm equals 1. This latter method of standardization is named
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normalization. It is interesting to normalize samples when the objective is to quantify the similarity of
any pair of samples.

Mathematically, a norm is the total size or length of all vectors in a vector space of matrices.
The norm of a vector x can be calculated at several levels (p) by using (II-1) described below:
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7

where p €R is the level of the norm and x is the vector to be normalized.

In data-driven diagnosis, normalization generally uses 3 levels of the norm which are: L1 norm
is the sum of absolute values of vector x (p=1). L2 norm corresponds to the second level of the norm
(p=2) which is the sum of squared values of x. The infinite norm corresponds to the level when p — co.
Once the norm is calculated, each member of vector x is divided by the norm to obtain a unit vector.
The formula is presented in (II-2):

X
Xnormalized :m (Ir2)
Normalization is a powerful process, which can be used for tasks where it is possible to observe
variability between the different conditions to classify. It is well adapted for clustering and text
classification, however, in the case of noisy data, normalizers are sensitive to outliers which can impact
the norm calculation.

02 Linear scaling

Linear standardization methods are the most widely used methods to scale features. They are
quite simple to implement and work well for most databases. In addition, linear scalers are very useful
to accelerate algorithms that use descent gradients. Indeed, in the case where one feature is higher than
the other, it is more difficult to converge to the optimal value of the function. Different linear scaling
methods use several indicators to standardize.

The first scaling method consists of scaling data in the range [0-1], it is also called “Min-Max
feature scaling”. It consists of using minimal and maximal data as boundaries and rescaling data. Min-
Max scaling is represented by (II-3):

X - min(x) (11-3)

X. = —
sealed = max(x) - min(x)

One of the advantages of the Min-Max scaler is that it allows putting in the same interval features
that can be very different while keeping all information since the distance ratios are kept. In the case of
algorithms based on the distance between points, it allows comparison between items with small and
large values.

The second method of scaling data is called "Max Absolute Scaling". It uses the maximum
absolute value of a vector x to scale the features in the range [0, 1] or [-1, 1] depending on whether they
are negative values. This method consists of dividing the vector x by its maximal absolute value as
shown in (I1I-4):

X
Xscaled:m (1r4)

The Max Absolute scaler is very similar to the Min-Max scaler, nevertheless, it should be used
for data that are already centered on zero.
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The third method of linear scaling is called "Standard scaler". The objective of this method is to
transform the features so that they have a mean of zero and a standard deviation of one as shown in
(I1-5):

X K (11-5)
O—X

Xscaled =

With p the mean and o the standard deviation.

Standard scaler allows for data centering and makes easier the use of statistical machine learning
algorithms such as Principal Components Analysis. The main disadvantage of the three linear scalers
presented above is that they are very sensitive to outliers in the dataset.

This is why standardization algorithms using statistics were developed. It is the case of a robust
scaler that uses the median and interquartile range (IQR) of data to reduce the importance of outliers.
The formula to standardize data is presented by equation (I1-6):

p _ x-median (11-6)
scaled — —  ap
IQR

Equation (7) looks similar to (6), however median and IQR are more robust to outliers than
mean and standard deviation because they use the position of the data rather than the values.

03 Non-linear transformation

Even if the "robust scaler" permits the reduction of the importance of extreme values, it can be
better to use non-linear transformations that allow a change in data distribution. Two types of
standardization allow doing this: power transformations and quantile transformations.

Power transformations are parametric and monotonic transformations. They are useful to
stabilize the variance of features that are heteroscedastic and map data to make them more Gaussian-
like. There are 2 main power transformations: Box-Cox and Yeo-Johnson transformations. Box-Cox
transformer [84] is defined by (I1I-7):
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With x vector to transform, and A the power parameter of transformation which is determined
through maximum likelihood estimation.

Box-Cox transformer allows transforming a dataset into a Gaussian-like distribution. However,
it allows only strictly positive values. This is not the case with the Yeo-Johnson transformer [85] which
has no restrictions and is defined in (II-8):
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The Box-Cox and Yeo-Johnson methods have the same objectives; however, they are slightly
different. Indeed, in the case where the values are strictly positive, the Yeo-Johnson transformation is
identical to the Box-Cox power transformation of (x+1). However, these two methods are regularly used
in many domains such as machine learning. In [86], properties of Box-Cox transformation for pattern
classification are presented. In [87], the effect of standardization is studied on speech emotion
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recognition; the Yeo-Johnson transformer is compared to linear scaling and normalizer. In [88], the
authors study the effect of linear scalers and non-linear transformers with K-nearest-neighbor and
Support Vector Machine algorithms!2. It is worth nothing that in the Scikit-learn [80], as Box-Cox and
Yeo-Johnson transform the data to a more Gaussian distribution, the non-linear transformer is followed
by a Standard linear scale which is generally well suited for normal distributions.

In addition to the power transformer which makes data Gaussian-like, the quantile transformer
uses information contained in the quantile to make data follow a uniform or normal distribution. The
quantile transformer formula is presented in (II-9):

G F(x)) (11-9)

With F the cumulative distribution function of x and G the quantile function of output
distribution G.

Quantile transformers are very useful to reduce the importance of outliers. The negative point
of this function is that it distorts correlations and distances within and across features because it smooths
the original distribution. Nevertheless, the characteristics measured at different scales are more easily
comparable. In addition, it is worth noting that when a new sample is transformed with a quantile
transformer, it is not possible to extrapolate it, unlike other standardization methods. Indeed, if the new
data are larger or smaller than those used to determine the transformation boundaries, the standardized
value is limited to the minimum or maximum fitted value. For example, in the case of a uniform
distribution, the possible range is [0, 1], so if a new outlier appears, the standardized value will be 0 or
1.

1-C-d Selection of features

Once the features are correctly transformed, it may be necessary to select only those containing
the most relevant information. Indeed, a reduced number of correlated features not only accelerates the
computer's calculation speed but also improves the visualization of results in 2D or 3D graphics. In
addition, too many features can generate more confusion and/or create a model too specialized with
training data, which eliminates any possibility of generalization to unknown data (Overfitting
phenomenon). Most of the used feature selection methods are based on statistical approaches such as
correlation coefficients and statistical tests such as Chi-squared ANOVA F-Test and Mutual
Information. Other methods commonly used are Principal Component Analysis and Fisher's
Discriminant Analysis which assume a linear correlation between features. To handle non-linear data,
non-linear forms have been developed called Kernel Principal Component Analysis and Kernel Fisher's
Discriminant Analysis. In all cases, the objective is to maximize the variance to have significant
variations in each feature.

- Kernel Principal Component Analysis

Principal components analysis is the most common dimensionality reduction method for
numerical variables. With this method, correlated variables are converted into uncorrelated principal
components representing the largest variance among features using a linear transformation. In reference
[89] a fault classifier based on multi-sensor signals and using the principal components analysis method
is used for the diagnosis of a PEMFC. The main advantage of Principal Components Analysis is that it
improves results by reducing the number of correlated features without needing the label of data. It is
an unsupervised dimensionality reduction method. While principal component analysis performs linear
transformation to generate uncorrelated principal components, the Kernel extension maps input data into
a high dimensional feature space using Kernel functions (e.g., polynomial, radial basis function,

12 Identification algorithms are described later Il -1-C-¢
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sigmoid, cosine, ...). Once the transformation from input space to feature space through non-linear
mapping is done, a linear principal component analysis is performed on the mapped data to generate
principal components. Reference [90] presents an approach using Kernel Principal Component Analysis
and Support Vector Machines'® to determine the type of rotor fault in an aircraft engine.

- Fisher Discriminant Analysis & Kernel

Fisher Discriminant Analysis is a kind of supervised linear dimensionality reduction technique.
In the case of diagnosis, data obtained from several states of health are collected and categorized into
classes. The idea of Fisher discriminant analysis is to select a set of discriminant numerical features by
maximizing the scatter between classes and minimizing the scatter among each class. Fisher
discriminant analysis is a very powerful method for dimensionality reduction when they respect the
assumptions that observation is normally distributed and that they share the same covariance matrix. In
[91] a comparison between principle component analysis and Fisher discriminant analysis as feature
selector methods are done for faults diagnosis of automobile gearboxes. Results show that Fisher
discriminant analysis provides a more acceptable dimension reduction than Principal components
analysis. To overcome the linearity of the method, the Kernel technique can be integrated to map the
input data into a high-dimensional feature space. In reference [92], the authors reformulated Kernel
Fisher Discriminant Analysis as a two-step process. The first Kernel principal component analysis is
performed in input space, followed by Fisher's linear discriminant analysis. In [93], a diagnosis approach
applied to the Tennessee Eastman benchmark process is proposed. In the proposed fault diagnosis, the
Kernel Fisher Discriminant Analysis is used to select features, then the Gaussian mixture model and K-
nearest neighbor'* are applied to detect faulty conditions.

- Correlation coefficients (Pearson, Spearman Kendall)
Correlation coefficients are statistical measures to catch relationships between variables. Relationship
values are in the range [-1, 1]. The closer the relationship between two variables is to 1 or -1, the closer
the correlation between these two variables will be perfectly positive or negative (depending on the sign
of the value). There is no correlation between the two variables when this value equals 0. There are
several types of correlation coefficients, but the three main ones are Pearson, Spearman, and Kendall.

- Pearson product-moment correlation coefficient consists of the measure of how strong the
linear correlation between two numerical variables is.

- Spearman rank correlation coefficient is a non-parametric measure of the rank correlation
between two numerical or ordinal variables. It consists in assessing how well the
relationship between two variables can be described by a monotonic function.

- Kendall rank correlation coefficient is a non-parametric hypothesis test used to measure the
ordinal association between two ordinal variables.

Authors in reference [94] present a comparison between Pearson’s and Spearman’s correlation
coefficients. In [95], the authors proposed a fault diagnosis method for bearing. Their proposed approach
is based on a variational mode decomposition using PCC and combined with convolutional neural
networks and support vector machine!'®. Reference [96] presents an improved weighted K-nearest
neighbor'* based on Spearman’s rank correlation to classify medical data. In reference [97], authors
explored the impact of feature selection on several classification methods with a focus on the three
Correlation Coefficients and statistical tests. Their analysis revealed that Spearman correlation
coefficients give the best results and improve diagnosis performance.

13 Identification algorithms are described later in section 1-C-¢
14 Identification algorithms are described later in section 1-C-¢
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- Chi-square

The Chi-square test statistic is a measure of dependency between two categorical features. In the domain
of feature selection, this test can be applied between a feature and a target class. A high Chi-square result
indicates a dependency between the characteristic and the target class, which is what is intended. In
reference [98], several feature selection and classification algorithms are applied to detect heart disease.
The best results were obtained when the Chi-square feature selection was combined with a Bayesian
Network classifier'#. In [99], the authors showed that using the Chi-square test improved identification
results for heart disease.

- Relief Based Algorithms
The original Relief algorithm is a supervised feature selection algorithm originally designed for binary
classification problems by Kira and Rendell [100]. To determine the best features, the method iteratively
takes a random observation and searches for the nearest neighbor in the same class and the nearest in
any other class and calculates a score (weights). For each feature, it determines a relevance score to the
target. This score can vary in the interval [-1, 1], where +1 corresponds to the features that best separate
the observations in the training set, and -1 to the worst features. Since the original version of relief
algorithms, a lot of variations have been developed. One of the best-known and most widely used
variants is the ReliefF algorithm [101], which extends Relief to multi-class problems. To improve
resistance to noisy and missing data, this variation replaces the nearest neighbor selection with the K-
nearest neighbor selection. In this section only Relief and ReliefF are presented, however, the interested
reader can refer to references [102], [103].

- ANOVA F-test
ANOVA (analysis of variance) is a tool to compare the means of several populations, based on random,
independent samples from each population. It provides a statistical test to determine if the population
means from two or more samples of data are equal or not (i.e., came from the same distribution).
ANOVA is a parametric test that assumes a normal distribution of values (null hypothesis) and can be
used when one variable is numeric, and one is categorical. In the domain of feature selection, the
objective is to compare features. In the field of feature selection, each feature is generally considered
independent. In this case, the test used is the one-way ANOVA F-test. To carry out a comparison in
which the number of independent variables is two, it is necessary to use the two-way ANOVA. In the
scope of feature selection, it is commonly one-way ANOVA, which is used, therefore, in the following
of the manuscript ANOVA refers to one-way ANOVA.
F-test is a class of statistical tests that calculates the ratio between variances. F-test is used with ANOVA
to measure the ratio between explained and unexplained variances. Three assumptions must be satisfied
with ANOVA F-test: samples are independent, from a normally distributed population and standard
deviations of the groups are all equal (homoscedasticity). It measures the linear dependency between
two variables. In [104] a feature selection based on ANOVA F-test and Principal Component Analysis
is done to classify jet fuel mixture. Authors [105] used a One-way ANOVA F-test with a specific type
of Neural Network (Extreme Learning Machine)'® to detect stress in Office Work Activities. The main
advantage of the ANOVA F-Test is its straightforward computation and interpretation. The limiting
factor is that its applicability is only valid with specific assumptions.

- Mutual Information
Mutual information, also named information gain, is a quantity that measures the mutual dependence
(i.e. it quantifies the amount of information) between variables. It is a non-parametric test which signifies
that it doesn’t require a normal distribution to be analyzed and thus is not limited to linear dependence.
Mutual information is null if variables are independent, and it increases as dependency increases. In
[106] a general criterion function for feature selection using mutual information is proposed. In addition,

15 Identification algorithms are described later in II -1-C-e
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authors in reference [107] proposed a filter-based mutual information dimensionality reduction to
improve the classification of hyperspectral images using a support vector machine' classifier. Mutual
information is an efficient tool to catch statistical dependency but due to the fact it is a non-parametric
test, it needs more samples to be accurate.

Interested readers can also refer to references [108], [109], [110], [111], [112], [113],[114],[115],[116]
which review feature selection methods in general.

1-C-e Data-driven identification algorithms

Identifying the current condition is the final step in data-driven diagnosis algorithms. As
explained previously, identification algorithms can perform regression and classification tasks. In the
case of regression tasks, as with knowledge-based algorithms, the output of the algorithm is compared
with the system output to identify a SoH. However, since the objective of diagnosis is to detect a
condition, data-driven classification algorithms are preferred to reduce the number of steps. In this
section, different algorithms are presented. They are separated according to whether they use predefined
models (black boxes) or not (non-model-based).

01 Black box models

The latest model-based algorithms are based on pre-defined models trained using data or rules.
They are called “black boxes” because internal parameters are not known. Instead of white and grey
boxes, the pre-defined models are simple and not linked with rules or physical equations. Different
machine learning approaches for black box models are described below:

- Artificial Neural Networks

Artificial neural networks are models inspired by the functioning of animal brains. With data
given as input, neuron models build in two steps a non-linear mapping of the system. First, each input
is weighted and added, then the result is used as an argument of a function designed by the network. In
[117], authors proposed a Matlab/Simulink artificial neural networks model to describe a PEMFC
integrated into a complete vehicle powertrain. More recently, a proposed brain-inspired computational
paradigm called “Reservoir Computing” was developed for fuel cell diagnosis [118]. The considered
“Reservoir” is made of a particular class of complex dynamics emulating a virtual neural network and
modeled by a non-linear delay equation. Artificial neural networks have the advantage of excellent non-
linear approximation ability. However, they need high computation time for the training step. The higher
the number of faults classified, the larger and more complex the network. This can lead to a long and
difficult training of all faults without significantly increasing performance.

- Bayesian Networks

Bayesian networks are graphical-probabilistic structures using a database to process. They are
constructed in two steps: finding network structure and calculating conditional probabilities from data.
The relationship between the nodes of each layer is a cause-and-effect relationship that can be quantified
by conditional probabilities. In [119] a Bayesian network is used for PEMFC diagnosis. A graphical
model presenting the cause-effect relationship between features and another probabilistic method
captures numerical dependence between variables. Bayesian networks are robust tools for dealing with
diagnosis problems which are uncertainty, decision, and reasoning. Nevertheless, time compilation can
be very slow.

- Adaptive Neuro-Fuzzy Inference Systems
The adaptive neuro-fuzzy inference systems model is a mix between artificial neural networks
(data-driven) and fuzzy inference systems (knowledge-based). A fuzzy inference system is the process
of formulating the mapping from a given input to an output using fuzzy logic. Adaptive neuro-fuzzy
inference systems combine human-like reasoning with the connections structure of artificial neural
networks. This method is interesting for the diagnosis domain because it contains the advantages of
artificial neural networks and fuzzy logic. Authors in [120] proposed a diagnosis model based on
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Adaptive neuro-fuzzy inference systems used to detect failures in a photovoltaic system. In reference
[121] a hybrid model based on fuzzy and pattern recognition techniques is proposed for PEMFC
diagnosis. Neural fuzzy algorithms are a powerful tool that is adapted to noisy data for fuel cell systems.
However computational time for the training of an Adaptive Network-Based Fuzzy Inference System
can be significant.

- Support Vector Machines
The support vector machines algorithm is based on statistical learning theories. The concept is
to map non-linear data into a high dimensional space (i.e., feature space) where the boundary decision
is represented by a hyperplane and then use a process of linear regression to perform the model. In
reference [122], a diagnosis model using support vector machines as a fault classifier for PEMFC
systems is presented.

The main advantage of black box models is their efficiency with complex and non-linear
systems such as fuel cells. However, the optimization step to determine the best model parameters can
be time-consuming during training.

02 Non-model-based
- K-nearest neighbors

K-nearest neighbors is one of the best-known non-parametric methods used for classification and
regression. The principle is that known data are arranged in a space defined by the selected features.
When new data is supplied to the algorithm, the algorithm will compare it to the classes of the “k”
closest data to determine the class of the new data. In [123] a study of K-nearest neighbors algorithms
is performed to classify breast cancer. The analysis consists of the observation of the impact of
parameters such as distance and classification rules on classification results. The major advantage of the
K-nearest neighbors’ classification is its simplicity, it is also an efficient method. However, despite its
efficiency, computation times can be long with large databases, the determination of the number of
neighbors to use (k) requires trial and error and the algorithm is weak with outliers which can strongly
impact its efficiency.

- K-Means & Fuzzy C-Means clustering
The principle of clustering is to divide unlabeled data into several groups called clusters Thus they can
be categorized as “non-supervised” methods. In the case of fuel cell diagnosis, clusters detected could
correspond to faults such as flooding or drying at several levels. K-Means and Fuzzy C-means'®
clustering are two well-known clustering methods. FCM uses a weighted centroid based on probabilities
whereas the membership assigned by the K-Means algorithm only depends on the closest cluster.
Reference [124] presents a double-fuzzy diagnosis methodology to detect online faults in PEMFC.
Firstly, a fuzzy clustering approach is done before the use of a fuzzy logic approach (rules). In [125]
authors present a model to diagnose a PEMFC system of tramways based on K-Means clustering. K-
Means is used to filter singular sample points, then Lloyd's method is used to quantify sample vector
sets and obtain the discrete code combination of training and test samples. The Baum-Welch algorithm
and the backtracking algorithm are respectively adopted to form and infer a discrete hidden Markov
model.

Non-model-based are interesting algorithms due to the low need for knowledge to handle
complex systems. Training times for non-model-based methods are much shorter than for black-box
methods, due to the simplicity of the algorithms. Nevertheless, the common point of black-boxes and
non-model-based algorithms is their need for data. Indeed, to be effective, they need a large and
representative database, which is not always possible due to experimentation time and cost.

16 Fuzzy C-means will be used many times. For ease of reading, it will be defined by its acronym FCM
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1-D Training & Evaluation of diagnosis algorithms

To define diagnosis algorithms, it is necessary to define metrics able to measure the correct
identification of data and the generalization of the methods to unknown data. Since a large proportion
of algorithms use a database, a common technique is to separate the global database into 3 parts
respectively named “training”, “validation” and “testing”. In this way, the algorithms use the training
data to update their weights or create relationships between features and known conditions. Validation
data are used to measure identification performances during training. They will also be used to observe
the possible overfitting of the algorithm. Test data are only used once the algorithm has been trained to
measure the model's ability to generalize to completely new data. It's worth noting that validation data
are never used to train the network. However, in methods where weights are updated (e.g., neural
networks), they can be used to decide when training stops (before overfitting), thus creating a bias and

justifying the use of test data.

A possible rule to separate the database is to use 60% of the data for training, 20% of the data
for validation, and 20% for testing. This method separation is not optimal as the results can vary
depending on the distribution of the data especially with small datasets. Indeed, it does not give a global
idea of the performance of the diagnosis because a bias is created during the separation of data. In the
case of a large database, it is possible to assume that the distribution of data in the training, validation,
and testing sections are close to one another. To overcome this problem and get an overall idea of
performance, it is possible to employ a training technique called cross-validation, presented below.

1-D-a Cross-Validation

Cross-validation is a training method used to evaluate the generalization performance of a
diagnosis algorithm. This method is mainly used for small databases and consists of dividing the
database into several parts ("k" parts) to train it with "k-1" parts and validate it on the last part. Different
methods of cross-validation exist such as K-Fold cross-validation but one of the more powerful for a
very small database is the Leave One Out cross-validation. The algorithm is trained with all data except
one and iterates to test all for each iteration. Then, classification metrics for the training and validation
data are extracted, and at the end of Leave One-Out cross-validation, these metrics are averaged. In this
way, the bias generated by data separation is compensated for, and the results obtained give a more
general idea of the generalizability of the algorithm. Figure 1I-4 explains the principle of the Leave One
Out methodology with 5 data:
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Figure II-4: Presentation of the Leave One Out methodology



1-D-b Classification metrics

To analyze the cross-validation results, it is important to define proper classification metrics.
The corresponding indices provide a precise analysis of the results obtained to observe any possible
classification bias. Several indicators to evaluate fault diagnosis performances are proposed [126].

- Confusion matrix
The first index is the confusion matrix, which introduces the notion of non-detection and false alarm
and thus allows to observe the 4 cases of classification which for a specific condition "f" are:
e “Tp” is the number of samples correctly assigned to “f”
“Fn” is the number of samples wrongly assigned to “f” (non-detection)
“Fp” is the number of samples wrongly not assigned as “f” (false alarm)
“Tn” is the number of samples correctly not assigned as “f”

Table II-1 displays an example of a confusion matrix:

Table 1I-1: Representation of confusion matrix

Actual condition

Det.e.c ted True False
condition
True Tp Fp
False Fn Tn

- Accuracy score
The accuracy score is a global measure that provides a representation of the number of correct
classifications under all samples. Equation (II-10) shows the formula to determine the accuracy score:

Ip +1Tn (11-10)
Tp +Tn+ Fp + Fn

Accuracy=

- Precision score
Precision score focuses on the quality of positive identification. It corresponds to the ratio of correct
positive classification to all positively detected classifications. This score is useful when it's important
to reduce the number of false positive identifications. The formula for the precision score is presented
in (II-11):

Ip (1-11)

Precision= m

- Recall score
The Recall score, also called sensitivity, is defined as the ratio of correct positive classification to all
occurrences of actual true conditions. Unlike the accuracy score, it focuses on false-negative
identifications and can be calculated as shown in (II-12) :

Tp (1I-12)

Recall= m

- F1score
Finally, the F1 score is one of the most useful indices to evaluate an algorithm. It combines precision
and recall scores into one score. It is calculated as the harmonic mean of precision and recall and is
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useful for finding the right balance between false positives and false negatives. The F1 score formula is
presented in (II-13):

2 x Recall x Precision (II-13)

FI =
score Recall + Precision

1-E Synthesis

As shown in the previous sections, there is a wide variety of diagnosis methods, each with its
advantages and disadvantages. At present, methods based on purely physical models have the advantage
of not requiring a large database, only some data to validate it. Unfortunately, the application of this
type of model requires precise knowledge of the physics of the system under study, as well as details of
the system components. Model-based methods based on the use of data (black boxes and grey boxes)
allow the use of simpler models, but finding a simple model with good parameters can be time-
consuming. Non-model-based methods have the significant advantage of requiring no physical
knowledge of the system. Indeed, there is no comparison between the output of a model and the system.
The algorithm directly identifies the condition of the system, based on known data and statistical
methods. On the other hand, these methods require particular attention to data pre-processing. Even if
the generation of databases can be costly and time-consuming, it is not impossible for manufacturers to
quickly generate data to characterize the main issues they face. In addition, the current use of cloud
computing can make it possible to collect user data online to allow algorithm updates to be implemented
based on new data obtained. Figure II-5 summarizes the state of the art. The various methods described
are classified according to their diagnosis family.
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Figure 1I-5: Classification of the methods described according to their respective diagnosis families.
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As fuel cell technologies are evolving rapidly, diagnosis algorithms need to adapt quickly.
Moreover, due to the confidentiality of proprietary industrial know-how, it can be difficult for
developers to obtain the parameter values required for physics-based models. For these reasons, in this
thesis, a data-driven approach, and in particular a non-model-based algorithm, was preferred. Indeed, as
explained above, this approach relies exclusively on data (which can be acquired from the final product
and during its lifetime), with a minimum of expertise.
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2 Databases’ presentation

As the chosen method is based exclusively on data, particular attention will be paid to the
description of the available databases. As part of the RUBY project, EIS was chosen as the diagnostic
tool for FDI. Indeed, as explained in section I 3-C, EIS!7 is one of the most widely used techniques for
characterizing fuel cells. Furthermore, the possibility of performing EIS using modified DC/DC
converters simplifies measurement without the need for additional equipment. As the progress of the
RUBY project has not yet enabled us to obtain sufficient data to validate our algorithm in that
framework. However, a total of 4 databases are generated using data from the European project EU-
H2020 Health Code [51] and the French-ANR Diapason project [127] for this purpose.

It is important to note that all the databases come from past projects finished before the start of
this Ph.D. In some cases, few information on the stack and experimental conditions has been provided.
Consequently, the content presented in each database may vary and not be uniform. It illustrates the fact
that the algorithm developers and users must comply with the available data, particularly in an industrial
environment.

2-A Database 1: Health Code project - Backup system

2-A-a Stack presentation

The first database came from the European project Health Code. The selected data for this first
database concerned a hydrogen and oxygen (H»/O) stack provided by FElectro Power Systems
Manufacturing Srl (EPS). The stack is a 3kW water-cooled system dedicated to backup electric power
applications. In operation, hydrogen is supposed to be generated by an electrolyzer, thus avoiding
containment failures. To facilitate experimental testing and reduce costs, the fuel cell has been reduced
to a short stack of 8 cells and 200 cm?. The nominal conditions specified are summarized in Table I1-2:

Table 1I-2: Nominal conditions specified for the H2/O: stack used in database 1.

Pressure Gas inlet [Pa] 1.36 x10°
Anode (H>) .
Over-stoichiometry factor'® [-] 1.90
Cathode (Os) Pressure Gas inlet [Pa] 1.42 x10°
athode
? Over-stoichiometry factor'® [-] 2.90
Anode & Cathode Relative humidity [%] 50+10
Temperature [°C] 62+5
Stack .
Current density [A.cm?] [0-1.20]

2-A-b Presentation of experimental resources

01 Test bench

To offer a better understanding of how the data were acquired, a short presentation of the test
bench is given in this section. The test bench used is initially designed for air-fed PEM fuel cells up to
5 kW. The following fuel cell supply modes can be tested: open cathode, closed cathode, or recirculation.
In addition, fuel cells can be tested on stationary or dynamic (i.e. profile-tracked) points. The test bench
allows simultaneous control of various parameters, which are presented in Table II-3.

17 Reminder from section I 3-C: Electrochemical Impedance Spectroscopy (EIS) is a dynamic characterization tool proving
information in frequency domain. The principle of an EIS is to inject a small AC disturbance and analyze the voltage
response of the fuel cell to extract its impedance. The operation is repeated for different frequencies of disturbances. Then,
the analysis of impedance spectra obtained may provide information on many fuel cell conditions, such as membrane
degradation, catalyst activity decrease, reactant poisoning, humidification, and aging.

18 The over-stoichiometry factor can be calculated using equation (II-14) detailed in the following.
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Table 1I-3: Test bench-controlled parameters

Parameter controlled Limits
Temperature Coolin.g water 20— 80 [°C]
Reactive gases 20— 80 [°C]
Relative humidity Reactive gases 0—100 [%]
Cooling water 0 —20 [L.min™]
Volume flows Hydrogen 0 — 500 [N1.min]
Air 0 — 100 [NL.min™]
Pressure Reactive gases 0 —2.5 [barg]
Current Fuel cell 0-1000 [A]

Figure 11-6 and Figure 1I-7 show the synoptic diagram and a picture of the used test-bench:
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Figure 1I-6: Synoptic diagram of the test bench used for experimental testing
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02 Monitored variables during tests

For ease of reading, the different variables used to generate and monitor faulty conditions in the
H,/Os test are presented here. A total of 15 variables are used. They can be divided into 4 groups: anode
and cathode gas supply, cooling, and stack measurements, and are presented in Table 1I-4 below:

Table 11-4: Monitored variables during EIS measurements in faulty conditions

Element Variable Description Acronym
used
Stack Current [A] / . . I
Stack ey — ] Operating point of the fuel cell i
Individual measurement of each -
Cell Voltage [V] stack cell
H, Inlet Pressure [mbarg] Gas pressure, irrrlllczfisured at stack Py _inlet
H, Inlet Temperature [°C] Gas temperatur?;ﬂr;easured at stack Thp_inlet
Relative humidity in gas measured RHp; inlet
Anode H; Input Relative Humidity [%] in the pipeline close to the stack
inlet
H, Calculated Relative Humidity Calculated relative humidity at RHp, stack
[%] stack level
. L Estimation of reactant stoichiometry A2
Hz Estimated Stoichiometry [-] calculated according to (11-14)
O it s i) Gas pressure, irrrlllza;sured at stack Poy inlet
@ et Pmrsasiins [°C Gas temperatur?r,ﬂrélteasured at stack To2 inlet
Relative humidity in gas measured RHo; inlet
Cathode O, Input Relative Humidity [%] in the pipeline close to the stack
inlet
H, Estimated Relative Humidity Calculated relative humidity at RHo; stack
[%] stack level
. o Estimation of reactant stoichiometry o2
(O sttt Sip ity [ calculated according to (1I-14)
H>0 Inlet Temperature [°C] Inlet temperature of water cooling Teool inlet
. H,0 Outlet Temperature [°C] Outlet temperature of water coling Teoot outlet
Cooling a tor fuol coll
F20 Flow [L.min"!] Water flow useq or fuel ce Qmo
cooling
_ ans X Nel;ectrons X F (1I-14)

A
835 Neens X I X 60 X V

With Qgs, the volumetric flow in [l.min'], Neecrons the number of electrons involved in the
reaction (2 for H, and 4 for O,), F the Faraday constant equal to 96485[C.mol"'], N.s the number of
cells in the stack, / the current in [A], and V' = 22.4 [1] which is the volume of a mole at standard
temperature and pressure.

2-A-c Faulty conditions tested

A total of 5 faulty conditions were tested on the H»/O; stack, related to water management and
reactant supply. All tests were carried out in our laboratory using a home-made spectrometer to perform
EIS measurements. As these tests were carried out in-house, it is interesting to note that the raw
measured data are accessible. A brief analysis of these data may help to improve understanding of the
results obtained, particularly about the stability of operating conditions, which is essential for EIS
measurements. In addition, it is worth noting that all retained EIS spectra have been monitored for a
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current density of 1.05 A.cm™ which corresponds to a nominal operating condition. Other current
densities were tested at 0.225 and 0.6 A.cm™ but not retained in the final database.

01 Faulty conditions tested & Protocols

The first condition tested is the nominal condition, which characterizes the stack when no faulty
conditions accelerate cell degradation. The second condition tested is flooding!®, where only one level
of flooding has been studied. The third faulty condition tested is the drying®® for which three levels of
relative humidity are tested, corresponding to low, medium, and high intensity.

The two last conditions tested are the hydrogen and oxygen starvations®'. Unlike drying faults,
where different levels of relative humidity are tested, for starvation faults only the exposure time is used
to differentiate levels of dehydration. Indeed, because starvation degradation dynamics are faster than
water management (milliseconds compared to seconds), they are more sensitive to time exposure. The
several operating conditions tested are summarized in Table II-5. It should be noted that the various tests
are sorted in order of achievement and not according to fault level.

Nominal conditions are fixed according to the manufacturer's recommendations (Table 1I-4). In
order to generate flooding conditions, the relative humidity in the cathode and anode inlets was increased
to a level close to saturation (100%) to ensure that saturation in the stack was 100%. Because the stack
tested is short (8 cells) it is necessary to reduce the stoichiometry of both gases. Indeed, a high flow rate
prevents the accumulation of water droplets responsible for flooding.

To create drying conditions, the relative humidity of both inlets is reduced. Three levels are
tested to simulate low, moderate, and high drying.

To generate the hydrogen starvation faults, 4 tests correspond to 4 fault levels are carried out.
Tests “3h” and “4h” are closer to nominal conditions than the “1h” and “2h” tests. The generation of
low H starvation fault level “3h” consists of reducing stoichiometry to 1 and processing EIS
measurement directly after the reduction. In the second tested failure level, "4h", the hydrogen pressure
is reduced while maintaining conditions other than those recommended. To increase the level of failure,
the second test involves lowering the hydrogen inlet pressure to 100mbarg. Reducing hydrogen pressure
increases the concentration losses which means that the amount of H, molecules available near reaction
sites is reduced. The last two fault levels tested consist of adding a small amount of flooding in the anode
channel, in addition to having a stoichiometry of 1. To achieve this, the relative humidity of the anode
was increased, while the cathode was dried by deactivating the boiler.

Oxygen starvation fault is constituted by 3 tests performed under the same conditions. The only
difference is the time of exposure to the fault. The test “40” was performed at a slightly lower relative
humidity (45%) but is similar to test “10”.

19 Reminder from section I 2-A-a: flooding fault consists in increasing the amount of water inside the fuel cell. At low
intensities, this can lead to a non-uniform distribution of reaction gases, reversibly reducing fuel cell performance. At high
intensities, however, the accumulation of water droplets can block the channels preventing the gases from reaching the reaction
sites, resulting in an irreversible drop in performance.

20 Reminder from I 2-A-a: drying is the result of an improper water balance, with insufficient water in the channels. This results
in an increase in ohmic resistance and can lead to pinholes at higher intensities.

21 Reminder from I 2-A-b: starvation is the result of a lack of reactive gases. It exists two type of starvation which are local and
global. In local starvation, the distribution of gases along the reactive sites is non-homogeneous resulting in a heterogeneous
current distribution along the membrane (which can lead to dry zones). Global starvation occurs when the quantities of reactive
gases are insufficient for the electrochemical reaction to take place leading to a voltage decrease and drying zones. In the case
of anodic global starvation, high currents can force a cell to operate in electrolysis mode, generating irreversible losses.
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Table II-5: Database 1, stack parameter controlled to generate faulty conditions during EIS measurements.

i Teool .PH; Poz BHHz RHoz Mp Moo
[A.cm?] ot:tlet inlet _inlet inlet  inlet [
[°C] [mbarg] [mbarg] [%] [%]
Nominal
In 1.05 62 360 420 55 50 1.9 29
Flooding
1f 1.05 57 360 420 90 100 15 1.5
Drying — Tests 1, 2, 3
1d 10 10
2d 1.05 62 360 420 20 20 1.9 29
3d 5 15
H: Starvation — Tests 1, 2, 3, 4
1h 420 70 x> 1
2h 1.05 62 360 420 70 x> 1 29
3h 420 55 55 1
4h 1.05 62 100 420 55 55 1 29
O: Starvation — Tests 1, 2, 3, 4
lo 55 55 1
20 55 55 1
1.05 62 360 420 1.9
30 55 55 1
40 45 45 1

In addition to the conditions tested, it is interesting to have a look at the spectrometer
specifications which are presented in Table 1I-6 below:

Table 1I-6: Specifications used for EIS measurement.

Input Value for laboratory test
Frequency 5 kHz — 10 mHz (log scale)
Current value 5 - 10% of DC or fixed values <5 A
Number of periods 1 — 20 (depending on frequency)
Sampling frequency At least 100 times the injected frequency

02 Experimental results

In this section, the different spectra obtained are presented. In addition, monitored variables
during tests are presented. For all EIS measures, a cell and a stack spectrum are monitored in parallel.
In this section only, the stack spectra are presented and used in the final database.

[Tat)

22 The condition with an “x” means that the boiler of the corresponding channel has been deactivated during the test.
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02-1 Nominal condition

Figure 11I-8 presents the 8 spectra obtained in nominal conditions. Spectra are displayed in
Nyquist and Bode diagrams. The monitored variables during EIS measurement are presented in Figure
I1-9 and Figure 1I-10.
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Figure II-8: Nyquist (4) and BODE (B) diagrams showing stack spectra obtained during tests under nominal conditions
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Figure II-10:Evolution of operating conditions during stack EIS measurements in nominal conditions. The highlighted area
corresponds to EIS spectra measurements (2/2)

Looking at Figure II-9 and Figure II-10, the acquired spectra exhibit close proximity with
minimal noise. In addition to the fact that no degrading conditions disturbed the measurement, they
show that the operating conditions remained stable during the measurements, which is essential for EIS

measurements.
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02-ii Flooding condition

Figure II-11 shows the 8 spectra under flooding conditions in the Nyquist and Bode plot. The
evolutions of operating conditions during the flooding tests are presented in Figure II-12 and Figure
I1-13.
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Figure II-11: Nyquist (A) and BODE (B) diagrams showing spectra obtained during tests under flooding conditions
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Figure 1I-13: Evolution of operating conditions during EIS measurements in flooding conditions. The highlighted area
corresponds to EIS spectra measurements (2/2)

As for nominal conditions, the spectra obtained are close to each other and without noise.
Indeed, operating conditions during the test are stable. Nevertheless, it is worth noting that the voltage
of cell 8 is slightly smaller than the other cells (AV = 0.05)*. However, this difference is not visible on
EIS spectra.

23 The analyze of loss voltage is described in section 02-vi, once all fault spectra are described.
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02-iii Drying condition
Figure 11-14 described the 24 spectra under drying conditions in the Nyquist and Bode plot. The
evolutions of operating conditions during tests are presented in Figure II-15 and Figure 1I-16.
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Figure 1I-14: Nyquist (4) and BODE (B) diagrams showing spectra obtained during tests under drying conditions
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Figure 1I-16. Evolution of operating conditions during EIS measurements in drying conditions. The highlighted areas
correspond to EIS spectra measurements (2/2)

As shown in Figure 1I-14, the 3 fault levels tested can be easily differentiated by the human eye
based on the amplitude of the spectrum. It is noteworthy that test conditions 2d (low drying) and 3d
(high drying) are slightly unstable. Indeed, for these tests, it is possible to observe that both anode and
cathode humidity are not constant and decrease by ~10% during the tests. This decrease can be explained
by the very slow boiler dynamics. Nevertheless, these instabilities are not visible in spectra. As with the
flooding condition, it is possible to observe that cell 8 voltage is lower than other cells’*.

24 The analyze of loss voltage of cell § is described later in section 02-vi.
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02-iv H; starvation condition
Figure 11-17 described the 30 spectra under H, starvation conditions in the Nyquist and Bode
plot. The evolutions of operating conditions during tests are presented in Figure II-18 and Figure 11-19.
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Figure 1I-17: Nyquist (4) and BODE (B) diagrams showing spectra obtained during tests under H> starvation conditions.
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Figure 1I-19: Evolution of operating conditions during EIS measurements in anode starvation conditions. The highlighted
areas correspond to EIS spectra measurements (2/2)

In Figure 1I-17, the evolution of the several tested fault levels tested is visible. Spectra are less
concentrated, and an increase in magnitude is visible at low frequencies. It is interesting to note in Figure
II-18 that the voltages of cells 7 and 8 are lower than those of the other cells and that the difference
increases with each test. This indicates that local starvation is more pronounced in terminal cells. Also,
it's possible to observe a spectrum with a much higher magnitude than other. This spectrum corresponds
to the last one obtained during the 4h test, in which a drastic voltage drop can be observed on cell 8.

In Figure 11-18, during test “1h” and “2h” the relative humidity in the cathode channels is not
shown, as the boiler was shut down during the test and the measured values were inconsistent (< 0).

Again, the voltage of cell 8 is lower than other cells. In addition, when both cell 8 and stack
measurements are realized in parallel, the voltage decrease is accentuated?.

25 The analyze of loss voltage of cell 8 is described later in section 02-vi
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02-v O; starvation condition
Figure 11-20 described the 24 spectra under H, starvation conditions in the Nyquist and Bode
plot. The evolutions of operating conditions during tests are presented in Figure II-21 and Figure 11-22.
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Figure 11-20: Nyquist (4) and BODE (B) diagrams showing spectra obtained during tests under O: starvation conditions.
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Figure II-21: Evolution of operating conditions during EIS measurements in cathode starvation conditions. The highlighted
areas correspond to EIS spectra measurements (1/2)
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Figure II-22: Evolution of operating conditions during EIS measurements in cathode starvation conditions. The highlighted
areas correspond to EIS spectra measurements (2/2)

Figure I1-20 shows the evolution of spectra over time and fault levels. Unlike other faults tested,
spectra at low frequencies are noisy while test conditions are stable. Indeed, the starvation fault has a
major impact on fuel cell life and performance. This is why, in test 3, where the degradation tested was
at its maximum, only 3 EIS spectra were processed. It is worth noting that during the cathode starvation
test, the behavior of cell 8 is similar to other cells.

02-vi Analysis of cell 8 behavior

As discussed in the presentation of all the tests, the behavior of cell 8 is different from that of
other cells under conditions of flooding, drying, and lack of anode. To propose an explanation of the
atypical behavior of cell 8, several hypotheses can be made. Indeed, it's not unusual for a cell at one end
of a stack to behave differently from other cells. In the case of a flooding fault, due to the accumulation
of water produced by each cell, the last cell may experience a more severe flooding at the cathode. In
the context of drying out, gas flows can drive water production away from the first cells, which can
accentuate the fault level of the end cells, which benefit from the accumulation of water produced by
each cell. Regarding starvation faults, it is generally the first cells receiving the gases that tend to work
better than the last. Indeed, even if the distribution of gases between the cells is generally done in
parallel, the cells at the start benefit from less pressure drop phenomena and therefore recover more
materials than those located at the end of the supply chain.

Nevertheless, in the case of cell 8, the behavior impacted during both flooding, drying, and
anode starvation can hardly be explained by the previous hypothesis. Another possible explanation is a
degradation of the cell itself where a pressure leak or loss of membrane permeability leads to local
starvation even in flooding conditions. Unfortunately, because this stack has been re-sent to the
manufacturer once the project is finished, no test can be further performed to isolate the exact origin of
the problem.
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2-A-d Selected spectra for the final database

Even if several EIS spectra are measured for each condition, only some spectra have been
retained in the final database. We don't know how this selection was carried out, but we can assume that
it consisted of eliminating noisy and irrelevant spectra. During testing, EIS was carried out at both cell
and short-stack levels, but only the short-stack spectra were selected to generate the database. The
selected short-stack spectra are described in Table II-7 and can be visualized in Figure 11-23.

Table 1I-7: Databasel - Table summarizing the selected cells in the final database
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Figure 1I-23: Database 1 - Nyquist (4), and BODE (B) diagrams showing spectra selected in the final database.

According to Figure 11-23, it is possible to observe that faulty conditions spectra at low intensity
are very similar to nominal ones. However, as the degradation increases, the difference becomes more
visible. It can be pointed out that starvation spectra (particularly H») at low frequencies are noisy, which
may be due to the diffusivity phenomenon.

However, it can be concluded that the data selected for Database 1 are of good quality and reflect
spectroscopic measurements made with a laboratory spectrometer.

2-B Database 2: Health Code project - u-CHP

2-B-a Stack presentation
The second database also came from the European Health Code project. The stack tested is the
Ballard FCgen 1030V3 commercial stack. It is a 1.3kW water-cooled fed by air and reformed hydrogen
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(Ho/Air) and included in a micro-combined heat and power system (also known as a u-CHP)
manufactured by Ballard Power System. The different tests have been done by other partners of the
project than FEMTO-ST. The stack is composed of 46 cells with an active area of 100cm?. The nominal
conditions specified by the manufacturer are summarized in Table II-8.

In addition, the specificities for the EIS measurements are the same as the one described in Table
II-6, nevertheless, the actual frequency range tested was slightly reduced to the range [0.05 Hz - 2kHz].

Table II-8 Nominal conditions specified for the Ha/Air stack used in database 2.

Element Parameter Value
Pressure Gas inlet [Pa] 1.24 x10°
Anode o
Over-stoichiometry factor [-] 1.3
Pressure Gas inlet [Pa] 1.15 x10°
Cathode o
Over-stoichiometry factor [-] 2
Anode & Cathode Relative humidity [%] 83.3
Temperature [°C] 57
Stack )
Current density [A.cm™] 0.4

2-B-b Faulty conditions tested

A total of 7 conditions have been tested during the project. As with the stack in the previous
database, nominal conditions, flooding, drying, and reactant starvations were tested. However, as the
system operates with a methane reformer, carbon monoxide? , and sulfur poisoning®’ faults have been
added to simulate a failure of this element. All tests were performed at a current density of 0.4 A.cm™,
The various tests carried out are summarized in Table 11-9 below:

Table 11-9: Fault test retained for the database 2 generation.

Condition Tested Number of fault levels tested
In Nominal 1
fa & fc Flooding (Anode & Cathode) 2
da & dc Drying (Anode & Cathode) 2
1h H, starvation Unknown
la Air starvation Unknown
Anode CO poisoning
1co, 2¢co, 3co, 4co, 5co, 6¢o 4-8-12-80-120-160 ppm 6
Anode H,S poisoning
1s, 2s, 3s, 4s 4-6-8-10 ppm 4

26 Carbon monoxide poisoning fault is defined as CO poisoning in the rest of the manuscript. As a reminder from section I 2-

A-c, CO molecules are absorbed on catalyst activity reaction sites normally available for H> (platinum reduction). This results
to a diminution of active area dedicated to the electrochemical reaction. At anode, CO poisoning can be recovered by increasing
the anode potential to a value where CO oxidize into CO2 and releasing reaction sites. But the kinetic adsorption of CO is faster
than desorption.

2 Hydrogen sulfide poisoning fault is defined as H2S poisoning in the rest of the manuscript. As CO poisoning, S-containing
species are adsorbed on active catalyst sites which prevent the reactants from being adsorbed at the catalyst surface. However,
the strong adsorption between sulfur and platinum makes the electrodes overpotential higher and thus recovery of reaction sites
very complicated.
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2-B-c Selected spectra for the final database

The selected spectra to generate the final database during the project are presented below. Table
II-10 summarizes the number of spectra selected in each condition. During testing, EIS were carried out
at both cell and stack levels, but only the stack spectra were selected to generate the database.

Table 1I-10:Database?2 - Table summarizing the selected cells in the final database.

Nominal | Flooding | Drying H2. A1r. .CO. .HZS. Total
starvation | starvation | poisoning | poisoning
No. of 3 8 6 8 6 24 21 76
spectra

Figure I1-24 and Figure II-25 present the spectra in Nyquist and Bode diagrams. A focus is placed on
low poisoning fault, this is why high poisoning spectra are removed in Figure 11-25%.
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Figure I1-24: Database 2 - Nyquist (A), and BODE (B) diagrams showing spectra selected in the final database.

28 The hidden conditions designated as high poisoning are 4co, 5co, 6¢o and 4s.
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Figure 1I-25: Nyquist (4) and BODE (B) diagrams focusing on non-highly poisoned spectra.

It is interesting to note that spectra corresponding to high levels CO-poisoned cells have a clear
positive imaginary part at low frequency. This phenomenon is explained in [128] and it can be easily
integrated into diagnosis algorithms to isolate this condition. Regarding other faulty conditions, it is
possible to observe that the spectra under flooding, drying, and starvation conditions are close to those
under normal conditions. It is also worth noting that the starvation spectra are less noisy than those in
database 1.

In conclusion, it can be said that the spectra selected are of good quality as there is little noise
in the data (which can be explained by the use of a laboratory spectrometer), despite a very low number
of spectra under nominal conditions (i.e. 3), creating an unbalance in the operating conditions to detect.

2-C Database 3: Health Code project - u-CHP

2-C-a Stack presentation

As part of a collaboration with the University of Salerno during the Ph.D., another database
from the European Health Code project was studied. The EIS spectra obtained come from tests on the
stack described in database 2 (I 2-B-a) therefore the stack presentation is not duplicated. However,
during the tests two stacks were tested, one fresh from the factory and another after more than 10,000h
in the field.

2-C-b Faulty conditions tested

To generate database 3, several conditions have been tested and are respectively: Drying,
Flooding, Air starvation, and H, starvation. All tests were performed at 0.4 A.cm?and a summary of the
controlled variable is shown in Table II-11. The interested reader can find more information about the
tests performed in references [129], [130]. As in database 2, the EIS measurements were performed in
the range [0.05Hz — 2kHz].

73



To generate drying conditions for the anode and cathode, the relative humidity was lowered to
reduce the dew point, while the stack temperature was fixed at its nominal value. During flooding tests,
the relative humidity of the flooded channels (anode or cathode) was increased to 100%. In addition,
stack temperatures were reduced to lower the dew point in the unflooded channel, thus limiting water
mass transfer. To generate hydrogen and air starvation conditions, the stoichiometry was reduced.
However, despite the fluctuations observed, temperatures of the stack remain close to the nominal
temperatures (max difference =1°C), which means they can be considered non-impacting.

Table 1I-11: Database 3 - stack parameter controlled to generate faulty conditions during EIS measurements.

Tstackin~ Tstack out A2 RHupx  DPpp % Aoz RHair  DPar®
[°C] [°C] [-] [0] [°C] [-] [%0] [°C]
Anode Drying - 1, 2, 3
1da 65 48.1
2da 57.1 63.6 1.3 45 40.9 2 83 53.1
3da 25 30
Cathode Drying-1, 2, 3
1dc 65 48.1
2dc 57.1 63.5 1.3 83 53.1 2 45 40.9
3dc 25 30
Anode flooding — 1,2,3,4
1fa 55.1 62 53.1
2fa 53.1 60.4 49.3
3fa 51.1 58.7 1.3 100 >3 2 83 47.2
4fa 49 56.8 45.3
Cathode flooding — 1,2,3,4
1fc 55.1 61.8 51.1
2fc 53.1 60.3 49.3
3fc 50.9 58.5 = e 47.2 2 LU 2
4fc 49 57.1 45.3
H; starvation — 1,2,3,4
1h 58 64.6 1.05
2h 57.2 64 1.02
3 57 63.9 1 83 53.1 2 83 53.1
4h 57.2 64 0.97
Air starvation — 1,2,3
la 58 64 1.6
2a 57 63.9 1.3 83 53.1 1.5 83 53.1
3a 57.1 64.6 1.4

2-C-c Selected Spectra for final database

Table I1-12 summarizes the number of spectra selected in each condition. In addition, the spectra
are shown in Figure 1I-26. Both EIS cell and stack spectra were carried out during testing, nevertheless,
only cell spectra were selected to generate the database.

29 DW refers to the Dew Point
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Table 1I-12: Database3 - Table summarizing the selected cells in the final database.

. . . Air
Flooding Drying H, starvation starvation Total
No. of 32 24 32 22 110
spectra
0.008 ~
—=— Air Starvation -=— Drying g
—=—- Hp> Starvation === Flooding g 0,006
N
o - LE}
0.002 LT 2 0004
&
=
= 0.002
0.000 4
a T : T B
E 10° 10°
g —0.002 1 (B) Frequency [Hz]
N
I
—0.004
—0.006

0002 0004 0006 0008
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10" 10°
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Figure 11-26: Database 3 - Nyquist (4), and BODE (B) diagrams showing spectra selected in the final database

In Figure I1-26, it is possible to observe that spectra are noisier than in other databases. This can
be explained by the fact that EIS measurements are performed on single cells, whereas in all other
databases, EIS measurements are performed on the whole stack, leading to an averaging effect.
Moreover, the overlap between all conditions at low intensity is even more striking. This will enable the
robustness of diagnosis algorithms to be measured in case of noisy spectra and difficult conditions.

To conclude on database 3, we can say that compared to the other databases, the selected spectra
are of average quality due to the presence of moderate noise. However, the presence of noise remains
acceptable for measurements on cells obtained by laboratory spectrometers.

2-D Database 4: DIAPASON project — Stationary & automotive applications

2-D-a Stack presentation

To generate the fourth and last database, an Ha/Air fuel cell suitable for use with reformate gas
and manufactured by 3M society has been tested. All tests were performed in our installation during the
French ANR project Diapason. The test bench used is similar to the one used to generate database 1
(section II 2-A-b01), therefore the presentation of installation is not duplicated.

The fuel cell tested is composed of 20 cells with an active surface area of 100 cm?. All tests

retained were performed at a current density of 0.5 A.cm™. The nominal conditions specified by the
manufacturer are summarized in Table 1I-13.
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Table II-13 Nominal conditions specified for the H2/Air stack used in database 2.

Element Parameter Nominal value Operating range
Pressure Gas inlet 1.5 x10° [1-2]x10°
[Pal
Anode 2
Over-stoichiometry 13 [1.2-3]
factor [-] ' :
Pressure Gas inlet 1.5x10° [1-2]x10°
[Pa]
Cathode ol
Over-stoichiometry 2 [1.5-3]
factor [-] :
Anode & Cathode Relatlv[e(;ol }l midity 50 [25-75]
Temperature [°C] 80 [60 —90]
Stack Current density 0.5 [0-1]
[A.cm?] .

2-D-b Faulty conditions tested

During the test campaign, 3 faulty conditions were tested at a current density of 0.5 A.cm™.
They are respectively nominal, drying, and flooding conditions. For flooding and drying, several fault
levels were tested under different operating conditions. All operating conditions are summarized in
Table II-14.

During tests under nominal conditions, all parameters are set following the manufacturer’s
recommendations, except for the anode’s relative humidity, which is lowered to 35%. The first objective
was to generate a faulty condition, however, after expert analysis of the spectra obtained, they were
detected as being in nominal condition. To generate drying and flooding conditions for the anode and
cathode several modifications in temperature, gas stoichiometry, and relative humidity were done.

Table 1I-14: Database 4 — stack parameter controlled to generate faulty conditions during EIS measurements.

Tstack RHip M2 RHir Mir
[°C] [%0] [-] [%] [-]
Nominal
In 80 35 1.8 75 3
Drying — 1
1d; 60 35 3 75 3
2d; 60 35 1.8 75
3d, 80 75 3 35 2
Drying — 2
1d; 60 75 1.8 35 2
2d; 60 35 3 35 2
Flooding — 1
11 80 75 3 75 3
Flooding — 2
1f; 60 75 1.8 75 3
2f, 80 35 3 75 2
Flooding — 3
113 60 75 3 75 2
2f3 80 75 1.8 75 2
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In addition to the conditions tested, it is interesting to have

which are presented in Table II-16 below:

Table 1I-15: Specifications used for EIS measurement.

a look at the spectrometer specifications

Parameters Values
Peak-to-peak excitation current [A] 5
Starting frequency (fd) [kHz] [kHz 5
End frequency (ff) [mHz] [mHz 50
Cut-off frequency (fc) [Hz] 1
Number of points per decade in high 10
frequency [ff.fc].
Number of points per decade in low frequency
5
[ fe,ff].
Number of high-frequency validation periods 10
Number of low-frequency validation periods 5

2-D-c Selected Spectra for final database

The selected spectra to generate the final database during the project are presented below. Table
II-16 summarizes the number of spectra selected in each condition. During testing, EIS was carried out
at both cell and stack levels, but only the stack spectra were selected to generate the database. Spectra

are shown in Figure 11-27

Table 1I-16: Database 4 — Table summarizing the selected cells in the final database

Nominal | Flooding (1) | Flooding (2)

Flooding (3) | Drying (1)

Drying (2)

Total

No. of

20 20 40
spectra

60

39

219
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Figure 1I-27: Database 4 — Nyquist (4), and BODE (B) diagrams showing spectra selected in the final database

According to Figure 1I-27, Nominal and Flooding (1) conditions practically overlap. As for the other
faults, despite the more distinctive differences, there are transition zones where the spectra also overlap
(e.g. Drying (1) and Drying (2)).

To conclude on database 4, it can be said that the spectra selected are of good quality, with low noise
thanks to the use of a laboratory spectrometer and controlled operating conditions.
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Chapter conclusion

In this chapter, various works aimed at presenting fuel cell operating condition detection and
identification are carried out. The aim of this chapter is to answer the question: How to identify an
emerging abnormal condition during system operation?

To answer this question, firstly, a state of the art of diagnosis methods have been presented. As
the diagnosis topic lies at the crossroads of several disciplines where the paradigms and the goals are
not the same, the main definitions have been established and fixed according to international standards,
in order to be clear about the concepts we develop. Then, the main families of diagnosis approaches
were detailed, highlighting the advantages and weaknesses of each. From this state-of-the-art, it appears
that a balance needs to be found between the complexity of the physical model and the need for large,
unbiased data bases to feed Machine Learning algorithms. In both cases, it is necessary to rely on the
user’s expertise to correctly tune the algorithms with a relevant choice of parameters. It means that even
though a large amount of data is available, the use of such an approach is far from being straightforward
and neither is the transfer from one technology to a new one. The applicability of this approach to
industrial applications is therefore questionable.

Then, the various selected databases were presented. This part is the more important given the
scarcity of open-access data on fuel cells. A total of 4 databases containing EIS spectra monitored are
presented. The test campaigns were carried out as part of a European project and a French national
project. It was found that the 3 databases (1-2-4) composed of spectra measured on stacks are of good
quality. Database 3, on the other hand, is made up of spectra measured on cells, which are noisier due
to the nature of the measurement. In all, the 4 databases represent a total of 493 spectra, providing
enough different test scenarios to create a large diagnosis tool. For the field, it represents a noticeable
amount of data. Nevertheless, compared to other industrial products like ball bearings in mechanical
engineering or components in electronics, the data remains scarce, biased, and noisy. It implies adapting
the algorithms and putting special care into the preprocessing phases like feature standardization and
selection.

As a main contribution of this thesis, it has been decided to focus on the design of the diagnosis
tool to adapt to the targeted applications, the fact that most of the fuel cell technologies are still in fast
development and that the adaptation to the new products should be as straight as possible. Furthermore,
the industries involved in the design of a stack and the design of the system can be different. It means
that even if case-deep expertise in fuel cell physics is available in the company to adapt the physical
model, the know-how secret might make it difficult to reach the needed parameter values. As a result,
the choice of a data-driven method and more specifically non-model-based algorithm was preferred,
with data that can acquired on the final product and during the lifetime of the system. Indeed, because
of their simplicity of use and the total absence of physical models, these methods are well-suited to use
by non-experts. The next chapter is dedicated to the presentation of the diagnosis tool developed, with
a specific focus on the reduction of expertise requirements.
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IIT State of Health identification — Designed Approach & Results

Chapter introduction

As mentioned in the previous chapter, the development of a diagnosis approach is a complex
task, requiring a careful balance between physical knowledge and data handling. Because of this
complexity, one of the current limitations to the development of diagnosis tools is that they are mainly
reserved for experts, both in terms of development and use. One way of improving the accessibility of
diagnosis algorithms is to simplify them and make them sufficiently generic so that the process of
finding the right parameters is no longer resource-intensive. According to the state of the art, this can be
achieved by using data-driven methods and specifically non-model-based algorithms rather than
complex physical models. These are very simple algorithms, in which the complexity of physical model
selection is transferred to the data processing level.

This 3™ chapter is dedicated to answering the question: How can the expertise required to
develop diagnosis algorithms be reduced?

To answer this question, the diagnosis method developed is initially presented. A specific focus
is given to elements aimed at reducing the need for expertise. The results are then presented and
discussed. Throughout the results section, the algorithm developed is compared with a version
parameterized by an expert.
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1 Designed diagnosis approach

Since the approach developed is based on data-driven techniques, and as explained in section II
1-C, the algorithm is decomposed into 2 steps. First offline training is carried out to determine
empirically or by expertise which parameters give the best results (factory setting). Once these
parameters are set, new data are classified online, during the system operation.

It is important to note that only databases 1 and 2 were used to develop the diagnosis algorithm.
Databases 3 and 4 are used at a later stage to test the algorithm’s performance without having to re-
calibrate the parameters in order to evaluate the performance and genericity of the proposed algorithm

1-A The approach
The training of the algorithm can be decomposed into 5 steps as explained in 1-C. These steps
are respectively: Database collection, Feature extraction, Standardization, Feature selection, and
finally SoH Identification. Except for the database collection step which has been presented in the
previous chapter, all the other steps are described in the following. The global process of diagnosis is
presented in Figure III-1.

Parameters’
optimization

Off line

On line

Figure Ill-1: Global principle of diagnosis algorithms

1-A-a Feature extraction

Several pieces of information can be extracted from EIS spectra. One approach is to use all the
information available from the impedance spectra obtained to feed the diagnosis algorithms. This
involves using the real, imaginary, phase, and amplitude parts of each recorded frequency. This method
can provide interesting results, but it implies the use of a large number of features, increasing
computational times and necessitating particular precautions when selecting features to limit
redundancy. In this thesis, we have focused on feature extraction based on physical knowledge of
impedance spectra and on data analysis. The extracted features are presented below and can be
visualized in Figure III-2.
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Firstly, the polarization resistance (Rpola), is extracted from spectra. It corresponds to the point
where the imaginary part becomes positive at low frequency and gives information about the global
performance of the fuel cell. Because the condition is not always respected in the available data or can
be complicated to isolate in case of noisy spectra, when the polarization resistance cannot be calculated,
it can be approximated by the maximum amplitude (Mm), which is similar to the extraction amplitude
at the lowest frequency. In our study, we deliberately used these two measures to check whether the
feature selection algorithm is capable of correctly detecting this redundancy. The minimal magnitude
(mm) is also extracted to obtain information on the total ohmic resistance (also named internal
resistance) and can provide information on the stack humidification level. The difference between both
magnitudes (4mag) is introduced to measure the width of spectra and obtain information about the mass
transport rate of reactants. In addition to extracting parameters from the amplitude of spectra, it is also
possible to analyze the phase to extract interesting information. The maximal and minimal phases (Mp
and mp), respectively provide information on electrolyte membrane-related degradation and the charge
transfer of hydrogen oxidation reaction. To observe diffusion phenomena, the phase at the lowest
frequency (PI), is extracted. The angle difference between P/ and Mp (4pha) is then calculated to
measure the height of phase spectra.

- After analyzing the spectra, it can be seen that the phase of the spectra can be expressed as a
first-order frequency equation in the low-frequency range. [1 — 10] Hz. This linearity is particularly
visible in H»/O; technology but also applies to Ho/Air technology. The equation is presented in (III-1).

Phase=AX f+B (HED

Coefficients (4) and (B) are determined for each spectrum and are extracted as features. They
allow obtaining information on charge transfer of oxygen reduction reaction.

Nyquist Bode
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Figure I11-2: Example of Nyquist and Bode’s diagram showing extracted features

1-A-b Standardization

Since data-driven approaches are based on data, a well-known phenomenon is the presence of
outliers in the data. Even if the selected databases are of good quality, this phenomenon may occur
during online monitoring and data collection. Furthermore, in database 2, even though the poisoning
spectra cannot be considered as outliers, it is possible to observe a large discrepancy in scale with the
spectra for other faults. To determine which standardization approach is the most adapted for global
utilization, a comparison between several standardization approaches is presented later in section III 2-
B.

1-A-c Feature Selection
Because some features extracted can be redundant or may contain irrelevant information, a
selection of the ones that carry more information has to be done. As shown in section II 1-C-d, most
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feature selection methods involve either comparing features with each other (filtering) or sorting them
by measuring a statistical relationship between the target class and the features. In the developed
approach, a first filtering step is performed using Pearson’s correlation coefficient to eliminate features
with high linear correlation. For a pair of features x and y, it is calculated as presented in (I1I-2).
cov(x,y) Yie (i — D —y)

p(xy,y;) = = (111-2)
(i — 271 [ - 9]
Where x, y are the variables to compare, x/y their respective mean, cov(x,y) is the covariance matrix
and o; the standard deviation of element i.

When the absolute correlation value of a pair is above a defined threshold, the variances of the two
features are compared and the lower one is removed. In the designed approach, the threshold fixed is
0.9 which corresponds to a very high linear correlation.

Then, to sort the non-deleted features in descending order of interest, the ANOVA F-test is retained. It
measures the linear dependency between two variables. According to [105] the One-way ANOVA can
be calculated using equations (III-3) and (I11-4) :

2
Ygea(x — %)
MSS,, = 29" 97 (111-3)
w n—k
Ygeong (%, — )"
MSSy = 22 v ¢ (111-4)

Where MSS)y, is the mean sum of squares within the class group, MSSy is the mean sum of
squares among the class group, X, the average data for each group class, X; is average data in the group
class, ng is the total of data in each class, 7 is the total of all data, and £ is the total of all classes.

Then, the F-test can be calculated using (I11-5).

MSS;

Fstar = MSS,, (-5)

This score is used to compare characteristics. A high F-statistic means that the variation between groups
is greater than the variation within groups. This can be interpreted as meaning that there is a statistically
significant difference between group means and that the feature can therefore differentiate the groups
well.

1-A-d Offline identification

Once the relevant features have been selected, the next step is to identify the state of health
corresponding to the system’s current situation. For that purpose, the designed approach uses Fuzzy C-
means (FCM) clustering to group data in clusters where each of them is associated with a SoH condition.
Fuzzy C-means clustering was chosen over other data-driven algorithms because of its simplicity and
its ability to handle medium to large databases, while still having a low time complexity. For each fault
condition, the user selects the number of groups used to separate the data. Then the Fuzzy C-means
clustering algorithm separates the data using the equations below:

For a collection of n data in a dataset X = {x;, x2, ..., x»} to be separated into ¢ clusters, the
objective function J,, to be minimized is defined as shown in (I1I-6):

n c

Jm(U,V) = Z (i)™ (dij)? (111-6)
1

j=1 i=
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where u;; is the membership of the data ; in cluster /and m € [1, o] a fuzzifier that controls the
fuzziness of the membership of data. In this study, m is fixed at 2 which is a default value. The
membership can be calculated using (II1-8):

_ 1
Wij = Z (1L-8)
¢ <M)m
N TR
and the cluster coordinates can be calculated using (I11-9):
_ Xja W)™ (111-9)

C. ————————————————————————
' Xy ()™

Then, once the clusters are generated for all faulty conditions, the C-means algorithm is run
again with fixed cluster coordinates. This allows obtaining the membership of the data in the different
clusters. The cluster with the highest membership corresponds to the SoH identified. However, for a
better understanding of the results, the algorithm shows the maximum membership obtained in each
faulty condition. Figure III-3 shows the principle of the C-means clustering to create clusters and how
the identification is performed.
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Figure IlI-3: Schematic representation of cluster generation and SoH identification steps
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After expert analysis of databases 1 and 2, the estimated number of clusters used is shown in
Table III-1 below

Table 11I-1:Presentation of the cluster estimated by an expert analysis for the databases 1 and 2

Number of clusters estimated

. . . Anode Cathode | Low CO H,S
Nominal | Flooding | Drying . . . LT
starvation | starvation | poisoning | poisoning
Database 1 1 1 3 3 3 - -
IDatabase 2 1 2 2 2 2 3 4

This approach presents several advantages: Firstly, its high flexibility. Indeed, because of the
fuzziness, the algorithm can handle uncertainty and imprecise data. It accepts overlapping clusters which
can improve the performance with complex data. Moreover, the results are more easily interpretable, as
the algorithms return the membership of all clusters, not only the one closest to the new data. The second
advantage is the computation time. Indeed, because C-means clustering is a simple algorithm it is easy
to implement and well-adapted for medium to large databases. The training time complexity of Fuzzy
C-means clustering is of order O(nxc?xdx*i) [131] with “n” the number of data; “c” the number of
clusters, “d” the number of features and “i”” the number of iterations. The computation complexity
increases linearly with the number of data, features, and iteration but quadratically with the number of
clusters. This is why research aimed at improving the computation times of the Fuzzy C-means
clustering algorithm is still appearing regularly, as shown by the references [132], [133].

1-A-e Online

During the online operation of the algorithm, the main objective is to run the diagnosis algorithm
using the parameters determined during offline operation. Indeed, the offline part is generally done on
computers and could be once for all for a given type of commercial product. On the contrary, for the
online part, the algorithm is implemented in an embedded system, with electronic cards such as Arduino
or Raspberry Pi, and will be run during the operation of the system, on-site. Since these cards have lower
computing power, it’s not always possible to re-train the algorithm while keeping calculation times
acceptable. However, this assumes that the training data are sufficiently large and representative of all
the cases that the system is likely to encounter. If the system has scheduled maintenance, the refreshing
of the offline step could be done on these occasions, and the algorithm reloaded on the embedded card.
The steps involved in the online execution of the developed diagnosis algorithm are described below:

e First, a new EIS measurement is performed. This measurement can be triggered
automatically or manually by a user wishing to know the SoH of the system. During this
acquisition, the control system has to set constant operation conditions to comply with the
stationary hypothesis. Then, the magnitude, phase, imaginary and real parts, and the
frequencies of the spectrum are loaded.

e Secondly, the best features determined by the feature selection step are calculated from the
loaded data.

e Thirdly, the features are standardized according to the information set during training.

e Finally, the SoH is identified from the membership to the previously calculated clusters. For
this purpose, as explained in (III -1-A-d), the Fuzzy C-means clustering algorithm is run
with fixed centers, allowing to determine the membership of the new data in each of the
clusters.
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The overall operation of online processing is described in Figure I1I-4:
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Figure I1I-4: Overall operation of online processing

1-B Minimizing the need of user’s expertise

1-B-a High Carbon Monoxide Detection

Even if the principle of the algorithm is identical for the two stacks tested, it can be modified in
order to adapt to the tested faults. In the case of database 2, the carbon monoxide poisoning of the anode
is tested. As explained previously (II - 2-B-¢), at high intensity, CO poisoning presents a singularity.
The imaginary part becomes strongly positive at low frequencies, which does not appear in the other
faults tested. To isolate this specific condition, a new step is added to the algorithm before the generation
of features. As only the imaginary part at the lowest frequency (Img/) is used the feature standardization
and selection steps are not performed. To identify the condition, two clusters are calculated, the first
containing all data related to CO poisoning, and the second all other data. Each group is calculated using
the averaging of the data concerned which is similar but faster than using C-means clustering with 1
cluster. Figure III-5 shows the dispersion of data according to the associated condition.
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Figure IlI-5: Box plot highlighting the importance of the low-frequency imaginary part for the detection of a high CO fault
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1-B-b Automatic feature selection

The presented feature selection in section III 1-A-c is based on the combination of filtering and
ranking steps to reduce the number of features to use and obtain better results of classification. However,
it needs an empirical study to determine the best number of features to select. Instead of empirically
testing the features, the obtained F-Test scores are represented as a percentage of the sum of the scores.
The sum of the scores has no real statistical interest, but it can be used to identify features with a low
overall contribution. Then, the algorithm selects all features which are above a threshold defined by the
user. The use of a threshold has the advantage of selecting only features containing sufficient
information, thus reducing complexity and computation time. However, using the threshold is possible
because the filtering step removes redundant features (which would therefore have the same F-Test
score)

To illustrate the benefits of using a threshold, in section III 2-C, the classification performances
of 3 thresholds are studied. Figure I1I-6 shows the synoptic of the automatic feature selection process.
The user’s expertise is still needed to set a proper threshold. Then the next improvement is to detect

automatically the best number of features.
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Figure I1I-6: Flow chart detailing the full process of feature selection designed; In the figure, PCC refers to Pearson
Correlation Coefficient
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1-B-c Automatic cluster number selection

The proposed methodology (section III 1-A) implies a precise knowledge of each data and the
actual corresponding state of health of the stack. This knowledge is not always accessible and cannot be
applied when the user wants to re-train the algorithm using the newly classified EIS. To overcome these
difficulties, and to determine the optimum number of clusters (i.e., to solve a cluster validity problem),
it is possible to use validation clustering indices. These indices are designed to analyze the structure of
the data and compare the results obtained for several numbers of clusters to determine which one is
optimal.

Among the validation criteria reported in the literature, the designed approach focuses on the
indices presented below. Other cluster validity indices can be found in [134] and more recently in [135],
however, these indices introduce one or several thresholds used to exclude noisy data. As we aim to
propose a method that relies as little as possible on expert knowledge, these indices are not included.
Moreover, a comparison between the different indices is proposed later in section III 2-D.

In 1974, Bezdek proposed the first index named Partition Coefficient [136], [137], [138]. It
computes the relative mean of the fuzzy intersection between pairs of fuzzy subsets by their algebraic
product. It is defined in (III-10) and the best number of clusters is obtained when Vp¢ is maximized.

1 n c
-1 S

j=1i=1
where u;; is the membership of the data ; in cluster i.

A modification of the Partition Coefficient index has been proposed by Dave in [139] to correct
the monotonic tendency (i.e. the tendency to favor a large number of clusters as the number of data
increases). The new index is named “Modified Partition Coefficient” (Vuprc) and the modification
consists of applying a linear transformation. Vipc is defined in (III-11) and the optimum number of
clusters is reached when Vypcis maximized:

Vupe = 1 - L(1 = Vpe) (ML)
c—1
In addition to the two previous indices, Bezdek defined another validation clustering index based
on the Shannon entropy function [140]. This index is named Partition Entropy (V»£) and its objective is
to describe the fuzzy uncertainty contained in each data. To calculate this fuzzy uncertainty in a subset,
it calculates the average of the fuzzy entropies Vpg as shown in (I11-12):

n [
1
1I-12
Vep = _;Zzuij logq uy; (1)
=1i=1

where a € (1,0). In this study, we retained only @ = 1 which corresponds to the natural
logarithm. The best number of clusters is obtained by minimizing Vpe.

To compensate for the monotonic tendency of Vpg, a first modification has been proposed in
[140], [141] with the Scaled Partition Entropy (Vspz). The idea of Vspr is to refine the lower limit of Veg
and is defined in (I1I-13):

Veg (I11-13)

Vspg = ——
SPE = Yog_¢
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Another adaptation of PE is presented in [141] with the Normalized Partition Entropy (Vwre).
Vape 1s Dunn’s normalized version of Veg and such as for Vspg, it aims to counter the trend towards
monolithic decrease. Vape is defined as shown in (III-14) and the optimum is reached when it is

minimized.
Vipp = m (1I-14)

Other validity indices that use other metrics than those based on Partition Coefficient or Entropy
can be found in the literature. Some indices such as Fukuyama-Sugeno [142], Fuzzy Hypervolume
[143], Xie and Beni [144], Kwon [145], PBM [146], and PCAES [147] can be cited.

The Fukuyama-Sugeno validity index (Vxs) is based on the difference between compactness and
separation metrics. Compactness is determined by the intra-cluster distance while separation is
calculated by the inter-cluster distance. Vs is defined by (III-15) and the optimal number of clusters is
obtained when Vs reaches the minimum value.

c n
u X C 2— C;i — _
i= j=

where C is the geometric center (i.e average of data) represented by (I1I-16):

n

Z % (111-16)

j=1

Cc =

S|k

Gath and Geva proposed in 1989 the fuzzy hypervolume validity index (Vruy) which uses the
fuzzy covariance matrix and is developed in (IlI-17) and (I1I-18). The optimal number of clusters is
obtained when Vryy reaches the minimum value.

c

1 -
Veny = Z[det(Fi)]E 11-17)
i=1
T -
F o= 25 (ui)" (g — ) (% — ) (IL-18)
l Y1 (uij)m

In 1991, Xie and Beni proposed an index for clustering [144] using m=_2. In 1995, this index was
modified by Pal and Bezdek [148] to accept different values of m as shown in (11I-19):

3 uy™ x|
min 2
n; ¢j( llec = <[

(111-19)

Vxg =

In (ITI-19), the numerator represents the compactness of the fuzzy partition, and the denominator
is the grade of the separation between clusters. The optimal number of clusters is obtained by minimizing
Vxg. However, Xie and Beni stated that the validity index decreases monotonically when the number of
clusters is close to 7.

In 1998, Kwon proposed a validity index (VK) to eliminate the monotonically decreasing
tendency when the number of clusters becomes very large. The equation is presented in (11I-20) and the
optimal number of clusters is obtained when Vi reaches the minimum value.

2 1 _
L X wy™ [l —all” + 2 Ty lle = ell? (I11-20)

min( ||¢; — cgl|?
nin e, - ccll?)

Kwon —
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Pakhira proposed in 2003 the PBM validity index which is used for crisp clustering and
proposed a modified version that incorporates fuzzy distances called the PBMF validity index (Vewmar)
[146]. Because the definition of this index is not entirely unambiguous in the literature, the one given in
[149] is used. Its equation is shown in (III-21) and the optimal number of clusters is obtained when
Vepur reaches the minimum value.

VeeMF = ! X E>< D, (111-21)
¢ m
With
Dc = max||c; — (111-22)
L
n c
Jm = Z wi))™||% — <] (111-23)
j=1i=1

According to the authors, E1 is a constant value that is maintained because, otherwise, the index
values could become very close to 0. In [150], authors calculate it as the sum of the respective distances
of each sample to the whole center. This formulation is represented by (I11-24):

n
E, = Z X — ¢ (111-24)

j=1

In some formulations, the Vpzyrindex can be used with an exponent 2, nevertheless, the original
authors stated in [149] that this exponent is only used to improve the difference of the index values
between hierarchy levels.

In 2005, Wu and Yang proposed the Partition Coefficient And Exponential Separation index
(Vrcars) [147] which pays special attention to outliers and noisy data while validating the partitioning
results. It combines a measure of compactness and separation criteria of partitioning. In reference [147]
it is calculated as shown by (III-25):

¢ n ¢ . 2
w2 —min {|[¢; — ¢ ||} TI1-25
Voeams = z : 2 ulJ _ Z exp izk 5 (i )
M T

i=1 j=1 i=1
_ B n 2 111-26,
Uy = {rslilsrlc{zj'=1uij } (i )
g, = Yicalle; = cll? (11-27)
T C

In (III-26), *uy, is calculated using minimal compactness. In, [147], the authors state that
.2

};1 ILL is bounded between ]0, 1]. However, by calculating *u,, using the minimal value it is the less
M

this condition cannot be satisfied. We assume that this is an error and use the equation of u,, proposed
in [151] and detailed in (III-28):

Uy = Max {Z ;%) (IT1-28)

91



1-C Synthesis

As described in the previous sections, the designed diagnosis approach consists of several steps,
and none of them should be neglected. Because this thesis aims to provide general approaches with a
low need for expertise, it has been chosen to focus on non-model-based methods, thus reducing the
constraints linked to the need to know the system’s pure physics. In addition, the databases using the
EIS characterization tool were selected. In fact, the EIS tool can provide information in the frequency
domain, enabling certain conditions to be detected easily. Moreover, a considerable amount of research
is currently being carried out with a focus on simplifying its online implementation.

After EIS characterization, the first features are extracted from the obtained impedance spectra
obtained, based on the physical phenomena knowledge. The use of physical phenomena makes it
possible to select only those relevant points that are known to show aspects of physical phenomena in
the various spectra. It would have been possible to use feature extraction from all the imaginary and real
raw data, but this would have increased the complexity of the algorithm, computation time, and probably
noise, which can lead to a drop-in performance.

Then the first selected features are standardized. The choice of a standardization approach
capable of performing well on several databases of different quality is carried out in the next section Il
2-B.

To select only the most relevant features, both Pearson’s Correlation Coefficient and the
ANOVA test are used. The Pearson Correlation Coefficient is used to remove redundant features
(filtering step) and the ANOVA F-test selects those similar to the target variable (ranking). Since the
ANOVA F test can only sort features from the most to the least relevant, it is necessary to use empirical
tests or the user’s expertise to select the best one. To simplify this constraint, features are compared
with each other, and a simple threshold is used to determine which features should be retained. In section
III 2-C, several thresholds are studied to determine a reference value.

The identification algorithm selected is Fuzzy C-means clustering, because of its simplicity and
its ability to process medium to large databases with reduced time complexity. The main parameter to
be defined is the number of clusters in each condition. It can be defined using a precise analysis of data,
however, to reduce the need for expertise, several cluster validity indices are compared in section III 2-
D to estimate a cluster validity index that can be used as a general rule.

The overview of the designed diagnosis approach is presented in Figure III-7. The elements to
be studied are highlighted.
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Figure IlI-7: Overview of the diagnosis approach developed
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2 Results & Performances analysis

2-A Computing environment

Before presenting the results, specific attention is given to the computer environment used to perform
the diagnosis. Indeed, developing Open science is one of the priorities of the European Commission
[152]. It promotes a more accurate verification of scientific results. In addition, the diffusion of data and
knowledge contributes to make knowledge accessible to all. With the aim of improving data
management, “FAIR Guiding Principles for scientific data management and stewardship” [153] was
published in 2016. The authors aimed to provide guidelines for improving the Findability, Accessibility,
Interoperability, and Reusability of digital resources including numerical experiences.

In order to respect this principle, details of the programming language used are specified. Furthermore,
parameters used to optimize the Fuzzy C-means clustering are presented.

It should be noted that clustering optimization is stochastic (i.e. results may vary depending on the
initialization point). Therefore, all simulations are run 5 times, but only the best results are presented

2-A-a Programming language

All simulations were performed in a Python environment. Indeed, Python is a free open-source
language widely used in a lot of applications including web development, machine learning, artificial
intelligence, data science, etc. As this language is currently used by a large community, Python has a
rich ecosystem of libraries and frameworks for scientific computing. In addition, it is easier to inspect,
modify, and enhance the existing libraries than with proprietary language. However, since open-source
languages are community-driven, updates and patches are community-dependent.

To help reproduce the results, details of the used libraries and their versions are given below in
Table I1I-2:

Table 111-2: Presentation of the library used to develop the diagnosis algorithm

Library Version Scope
Python [154] 3.9.17 -
Numpy [155] 1.25.0
Numerical and
Pandas [156], [157] 1.53 mathematical
computations
Scipy [158] 1.10.1
Scikit-Learn [80] 13.0 Data analyze and machine
learning algorithms
o Fuzzy Logic and
Scikit Fuzzy [159] 0.4.2 Clustering
Matplotlib [160] 3.7.1 Data visualization

2-A-b Fuzzy Clustering parameters
With the same idea to allow reproducing the results, all parameters used to optimize the Fuzzy
C-means clustering are shown in the table below:
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Table I1I-3: Fuzzy C-means clustering parameters

Parameters Value used
Fuzzifier m 2
Error threshold to stop training le-5
Max number of iterations 100
Metric Euclidean

2-B Impact of standardization
As discussed previously, the standardization of data is an important step of data-driven
algorithms. It scales data at the same level and reduces the outlier’s influence. This section aims to
determine a scaler that offers good overall performance. To this aim, the performances provided by the
scalers presented in section II 1-C-c are evaluated.

Figure III-8 and Figure I11-9 show the results obtained using the databases 1 and 2 respectively
but also the number of features needed to obtain the best results. Data monitored in database 1 have all
the same order of magnitude, which is not the case with data in database 2 which contains spectra in
poisoning conditions. Results were obtained using the Leave One Out cross-validation method, as it
allows us to get as close as possible to real-life conditions. In real operation, EIS spectra are tested 1 by
1, but this also maximizes the number of spectra used to train the algorithm, which is particularly
interesting given the small amount of data available. As shown in Figure III-8 and Figure III-9,
standardized data allow improving the efficiency of the diagnosis algorithm. Indeed, the choice of a
correct standardization methodology allows for improving the F1 score by about 10% for both databases.
The results in table form are presented in appendices V - 1.

In the case of database 1, the best results are provided by the main linear scaling methods and
non-linear transformations. However, it is interesting to note that the three normalizers L1, L2, and
infinite generate more confusion in the algorithms (a 7 to 10% decrease in the F1 score compared to the
case with raw data). This loss of performance means that samples are not different enough from each
other to obtain good-quality features. Max Absolute scaler doesn’t improve classification results
compared to other scalers which provide an F1 score better than 90%. Nevertheless, only three methods
obtain more than 95% of correct classification: Robust scaler, Yeo-Johnson, and Uniform Quantile
Transformer. The specificity of these three methods is that they consider outliers that can be present in
data.

With regard to database 2, it can be observed that, compared to the database 1, the normalizers
slightly improve performance by around 3% due to the presence of samples at different scales. However,
compare to the first database, almost all standardization methods give results below 90%. In this
configuration, poisoning fault highly impacts the standardization of data to have a correct
standardization of them even if methods such as Robust scaler and Normal Quantile transformer are
dedicated to reduce the outlier importance. Best methods are Yeo-Johnson and Uniform Quantile
transformers which allow for obtaining better than 90% of correct classification.
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Figure III-9: Evaluation of diagnosis performance with several scalers for database 2

The results obtained for both datasets confirm the weakness of normalizers and linear scalers in
handling data with different scales. Normalizers need sufficiently different data to work with, which
makes them more efficient in dealing with outliers and large-scale features, but the results obtained with
them are insufficient compared to other standardization methods. Only the uniform quantile and Yeo-
Johnson transformers perform well (>90%) for both datasets, making them good candidates for future
generic use.

In the following, only the uniform quantile transformer is retained. However, it should be noted
that the Yeo-Johnson method could also have been used since both methods give similar results.

As a reminder from section II 1-C-c the uniform quantile transformer transforms each feature
so that it follows a uniform distribution in the interval [0, 1]. This has the advantage of scaling all features
to the same level, limiting the importance of outliers/out-of-scale values. The counterpart of this function
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is that it distorts correlations and distances within and between features, as it smooths the original
distribution. Also, as the distribution is calculated from the training data, extrapolation is not possible
and the values are bounded within the defined interval ([0, 1] for a uniform distribution. Figure I11-10
and Figure I1I-11 show the impact of standardization on databases 1 and 2.
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96



2-C Impact of automatic feature selection
Once the standardization method is fixed for both databases, it is interesting to investigate how
the automatization of the feature selection impacts the results. For this, three threshold values are tested.
The objective is to estimate a minimum percentage of information to be retained in each feature. The 3
thresholds tested are 10%, 5%, and 1%. In addition to the performance, the features selected will be
analyzed too. These results were again obtained using Leave One Out cross-validation.

Figure III-12 shows the results obtained with the 2 databases according to the threshold used to
detect features containing too little information, while Figure III-13 shows the percentage of feature
number retained depending on the threshold used. Looking at the results, it is possible to observe that
the threshold used has a moderate impact on the results. Indeed, compared to the results obtained in
Figure III-8 and Figure III-9, the F1 score decreases by a maximum of 5% and 1% respectively for
databases 1 and 2.

It is important to note that for both databases the maximum performance is reached using a limit
of 5%. The algorithm succeeds in obtaining the same results as in Figure III-8 and Figure III-9. The
limits of 10% and 1% lead to performance losses of about 5-2% for database 1 and 1% for database 2.
Even if the lost performances are quite low, this shows the importance of selecting the features correctly.
Too many variables containing little information lead to increased computational time as well as
distortions within the state of health space. On the contrary, a too-small space containing not enough
information will not give good results. The threshold of 5% allows obtaining the same performance (i.e.
keeping only the most important information). In the framework of this study, a limit of 5% seems to fit
well, it allows keeping only the variables containing the main information. In addition, it is worth noting
that in the case of the 10% and 5% limits, the first 5 features are most often selected as opposed to the
1% limit which tends to add 2-3 features. This shows that in general the most useful variables contain
more than 10% of information but keeping the features containing between 5% and 10% of information
allows having certain flexibility during the training which improves the final results.

In the following, the threshold of 5% is retained to select the most interesting features.

In addition to the number of features, it is interesting to study which features are most selected
during the cross-validation for both datasets. In the case of database 1, the ones retained are mp, Mp,
Coefficient B, Coefficient A, and mm where Mm, Rpola, and Apha are added when the 1% threshold is
used. For database 2, it is mp, Mp, Coefficient B, Coefficient A, Apha, with Mm and PI if the 1%
threshold is used which justifies the loss of performance.
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2-D Impact of cluster validity index

Once the feature selection step is improved, it is important to focus on the clustering step. The
number of clusters a user can define is limited by its knowledge of the database while utilizing scores
can enable the detection of nuances that may be imperceptible to the user. In this section, the cross-
validation is run twice. The first run simulates the offline steps. The algorithms are run with automatic
feature selection (using the 5% threshold) and automatic choice of the number of clusters. Then, the
features and number of clusters are fixed, and the Leave One Out cross-validation process is run for a
second time to simulate an online step. For each condition tested, the minimum number of clusters is

fixed to ¢, = 2 and the maximum number of clusters c,,4, = vn which is considered a rule of thumb
according to [148].
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The most selected cluster numbers and diagnosis performance obtained during the second run
are shown in Figure I1I-14 and Figure I1I-15. The results in table form are presented in appendices V -
2. The results show that several cluster validity indices give good results, close to the expertise-based
ones thereby demonstrating the possibility of automating this task.

Regarding database 1, indices Vpe, and Vipg, do not properly capture the separation between the
data. They concatenate data in only two clusters for all conditions. In addition, they give the lowest
performances in classification. Good performances are given by the other indices with an F1 score of
about 94%. Vwrc and Vs methods provide slightly better results even if they detect more clusters than
needed for nominal and flooding conditions. This can be explained by the fact that only 1 fault level is
tested while the minimum number of possible clusters is 2. However, for all other conditions tested the
Vwmpc index correctly approximates the correct number of clusters (within 1 cluster). The Vs index
detects 2 and 1 too many clusters respectively for the starvations (H> and O,) and drying conditions.

6 r 100%
- 98%

- 96%
- 94%
- 92%
- 90%
- 88%
- 86%
- 84%
- 82%
- 80%

& L& LD S & 8
@&q‘l&&@@@ FE @b% ‘OQ;“

NN

F1 score [%]

\)

Number of clusters
[§'%]

mmNominal m®Flooding mmDrying ®®H, starvation ™80 starvation =*F1 score

Figure IlI-14: Database 1 — Number of clusters selected and identification performances according to the different
clustering indices

With regard to database 2, the worst performances are given by Veuv, Vesmr, and Vs with a
decrease in performance of 1.6 and 2.9%. As with database 1, they detect more clusters than necessary
which shows a certain monotonic tendency that can be explained by a low amount of data. The Vg and
Vee indices detect again 2 clusters for each condition as well as the Vepc, Vxg, and Viwon. However,
they provide the same results as the ones given by Vmec, Vspe, and Vpcags (F1 score = 93%).

99



6 - 100%
L 989,
3 i T+ 96%
L 94%
L 929,
L 90%
L 88%
L 86%
L 84%
L 82%
L 80%

F1 score [%]

Number of clusters

AL LA LS AL LS AL ELEI
AN

A |

N NN

27
N
&
&
X
N
&N
N
X
N
N
N

I
&
&
N
3
N
&
&
=

N
N

)
A AT AT F PP

focincaa

SRV
g?
N%
N7
N7
R
N7
N7
N
A
N7
N7
NZ
N
N
NG|
N
N7
Nz
A
S?
N

OO

SSNominal #4aFlooding SSDrying #AH, starvation

ESAir starvation EICO Poisoning EIS Poisoning -*F1 score

Figure III-15: Database 2 — Number of clusters selected and diagnosis performances according to the different
clustering indices

As the above results show, cluster validity can have an impact on the performance of clustering
algorithms. Too many clusters can generate more confusion between two conditions, while too few
clusters can lead to not detecting a fault condition or fault level. In both databases, it is the Vvpc index,
which is one of the simplest indices to calculate and implement which provides performance that are
similar to the ones obtained with the correct number of fault levels.

Therefore, the Vmpc index is retained in the following of this dissertation. It is worth noting that the
size of the two databases is relatively small and the performances of simple and complex indices are
similar. For that purpose, a similar study should be conducted with a larger sample size. Indeed, even
if the best results are currently given by the Vupc index, a more robust and complex index such as
Vrcags can provide better performance when the database size is larger.

2-E Analyze of misclassifications
To better measure the impact of the automation steps on classification performance, it is
interesting to look at the classification errors. Table I11-4 highlights the confusion obtained using the
expertise-based parameters (expert) and the results obtained with the automated steps (aufo).
Simulations were carried out using Leave One Out cross-validation and the best-estimated features and
clusters were determined previously. Results show that generally, the same confusions appear between
the expert approach and the automatic one.

In database 2, the confusions are mainly between the two poisoning faults which can be
explained by the low severity of the fault condition. Both conditions have similar mechanisms at low
intensity, so the features are similar. There is also the presence of false positives linked to the drying
condition. Indeed, 3 conditions were detected as drying while they were labeled as nominal and flooding.
In this case, the confusion can be explained by the low severity of conditions combined with the small
number of data which strongly impacts the cluster centers calculation (3 — 8 — 6 data for respectively
nominal, flooding, and drying).
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Regarding database 1, the same conditions have been confused (i.e. O» starvation and H,
starvation). However, the automatic procedure generates confusion between drying and nominal
conditions. Starvation conditions are easily confused due to the noise generated on spectra and the
likeness of spectra. Drying confusions, as for database 2, can be explained by a low fault level combined
with a small number of data (i.e. 8 for nominal and 8 for weakly drying conditions). In both cases, the
automatic parameter selection does not generate aberrant confusion, and remains very close to the
optimal expertise-based results.

Table 111-4: Confusions resulting from databases 1 and 2 evaluations.

True condition Detected condition Numbe.r of

confusions
Expert database 1 O, starvation H, starvation 4
O, starvation H, starvation 2
Auto database 1 H> starvation O, starvation 1
Drying Nominal 2
Nominal Drying |
Expert database 2 Flooding Drying 1
CO Poisoning H,S Poisoning |
H>S Poisoning CO Poisoning 2
Nominal Drying 2
Auto database 2 Flooding Drying 1
H>S Poisoning CO Poisoning 2

In addition to identifying a fault, Fuzzy C-means can also be used to estimate a percentage of
membership in each cluster. The use of a membership percentage enables the algorithm to estimate a
degree of certainty about the detected state. It can also be used to weight the corrective action of the
control, by considering the most probable SoH instead of the most plausible one. For each database, the
main memberships detected are analyzed and shown in the 4 figures below. For ease of reading, only
the 3 clusters with the largest membership of misclassified data are shown.
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Figure l1I-16: Expert database 1 — 3 most probable conditions identified and corresponding membership
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Figure I1I-17: Auto database 1 — 3 most probable conditions identified and corresponding membership
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Figure 11I-19: Auto database 2 — 3 most probable conditions identified and corresponding membership.

According to the figures, it can be seen that the 3 main clusters account for the majority of
information. Indeed, they represent 50% or more of the total number of memberships. Furthermore, the
true condition always appears among the 3 most probable conditions, even if it’s not always the most
pronounced.

To better visualize the confusion generated by the automatic selection of parameters, the spectra
are plotted in Nyquist diagrams. Figure I1I-20 shows the misclassified spectra for database 1 and Figure
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[I1-21 for database 2. Only low levels of poisoning are shown to improve the visibility of the graph.
Moreover, no errors were detected for high levels of poisoning. Both figures show that all confusions
are located at the intersections between 1 or more conditions which confirms the difficulty of properly
isolating the weak conditions when they are all located in the same area of SoH space.
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Figure I1I-20 Database 1 — Nyquist plots highlighting the misclassified EIS spectra using the expert and automatic selection
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Figure 11I-21: Database 2 — Nyquist plots highlighting the misclassified EIS spectra using the expert and automatic selection
of parameters.

2-F Computing time measure

Because this method needs to be easily implemented for practical use, it is necessary to test
computation time on a low-cost embedded system. For this purpose, a Raspberry Pi (Rpi) Model B rev
2, with a 1 core 700 MHz BCM2835 CPU and 512 MB of RAM has been used. A comparison has been
done with a personal computer equipped with an Intell Core 117-8650U CPU @ 1.90GHz 2.11 GHz
and 16Go of RAM to show the possible computation times both with a low-cost system and a more
powerful system. The algorithms have been run in Leave One Out cross-validation 5 times using the
automatic parameter selection process. Training and identification times have been measured for each
loop of cross-validation and represented in Figure III-22. It is possible to observe that considering the
tested technologies, the execution times remain relatively low. Indeed, with a computer, the average
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training times are about 0.24 and 0.18 seconds for each database. Using Rpi, these times increase to
about 14 and 10 seconds. Given the specificities of the Rpi system, these run times are normal although
they are significantly longer than those of a computer. The average identification time for a computer is
0.016 — 0.018 seconds and for the Rpi is 0.04 — 0.14 seconds. Except for the execution time of database
2 on the Rpi, the times are approximately the same between the two tested technologies. The increase
in identification time for database 2 can be explained by the additional CO classification step that is not
done with the database 1 used. In comparison with the training times given by more powerful diagnosis
methods such as neural networks that take several minutes on a recent computer, this approach has the
advantage of being efficient and easier to re-train. This shows the possibility of using this approach to
regularly retrain the diagnosis algorithm with fresh data acquired online even with the on-board
hardware.
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Figure I1I-22: Execution times of the algorithms implemented on an Rpi system and a computer

2-G Application to databases 3 & 4

Now the diagnosis approach is presented, and the limits studied, it is possible to test the
performance on databases 3 and 4. Indeed, given that the method was developed on databases 1 and 2,
an unintentional bias may have been added. Testing the algorithm with two different databases will
verify this. To this end, databases 3 and 4 are treated as if they were new, with no expert analysis
possible. Only the automatic procedure is applied. As explained in section III 2-D, 2 executions are
performed. The first one is to determine the best parameters (features, number of clusters ...), and the
second one is to measure the identification performances with the fixed parameters.

As a reminder of sections Il 2-C and II 2-D, database 3 contains 110 EIS spectra of
Electrochemical Impedance Spectroscopy spectra of individual cells. 4 faulty conditions were tested:
Flooding, drying, H> starvation, and air starvation. The resulting spectra overlap and contain average
noise, making it difficult for human vision to isolate any faulty condition. Database 4 contains 219 EIS
stack spectra separated into 3 conditions: Nominal, flooding, and drying. Flooding and drying conditions
are respectively represented by 3 and 2 fault levels. Furthermore, only a small noise level can be
observed on spectra.
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2-G-a Final designed diagnosis algorithm
The automatic selection is run the first-time using Leave One Out cross-validation to determine
the best parameters. As defined previously, the automatic estimation of parameters consists in:

- Standardize features using a Uniform quantile transformer.

- Remove similar features with Pearson Correlation Coefficient (threshold set to 0.9)

- Detect the most representative features using the ANOVA F-test. Feature scores are
represented as percentages, and those below the 5% threshold are suppressed.

- Estimate the correct number of clusters without expert analysis, using the modified fuzzy
partition coefficient index.

The final principle of the diagnosis approach designed can be observed in Figure I11-23:
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Figure I1I-23: Final diagnosis approach designed including automatic procedure.

2-G-b Results on database 3&4

Using the final diagnosis algorithm designed, the results obtained for databases 3 and 4 are
summarized in the following Table III-5:

Table 111-5: Parameters estimated by the automatic procedure for databases 3 and 4

Database 3

Database 4

Number of features retained

6

4

Best features estimated

P1, Rpola, mp, Coefficient B,
Coefficient A, mm, Amag

Apha, Mp, Coefficient B, mm

Cluster number estimated

Air starvation: 3
Drying: 3
Flooding: 3
H: starvation: 5

Drying (1): 3
Drying (2): 3
Flooding (1): 4
Flooding (2): 2
Flooding (3): 2

Nominal: 2
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Then using the estimated features and clusters, the algorithm is run a second time with fixed
parameters. Evaluation metrics and the number of confusions are summarized in Table II1I-6 and Table
III-7:

Table I11-6: Evaluation metrics resulting from the diagnosis of databases 3 and 4.

Database 3 Database 4
Accuracy 83,6% 93,2%
F1 score 83,6% 93,1%
Recall score 83,6% 93,2%
Precision score 83,7% 93,1%

Table I1I-7:: Table listing the several confusions from databases 3 and 4 evaluations.

True condition Detected condition Number of confusions
. . Flooding 1
e H: starvation 4
Drvin Air starvation 1
fymg Flooding 3
. Drying 4
et H- starvation 2
. Air starvation 2
H: starvation Flooding 1
Drying (2) 1
. Flooding (1) 1
Drying (1) Flooding (2) 3
Auto Flooding (3) 1
database 4 Drylpg (2) Drylng (1) !
Flooding (1) Nominal 1
Drying (1) 4
Flooding (2) Flooding (1) 2
Flooding (3) 1

According to the results, the diagnosis algorithm provides good performances for both databases
without needing any expert analysis or empirical study to determine a good set of parameters. For both
databases, the F1 score is around 90%, which is close to those obtained with databases 1 and 2 (used for
training). Furthermore, the number of spectra contained in database 4 is much higher than those in the
other databases (219 data vs. around 100), demonstrating that the Vupc index, despite its simplicity,
provides a correct estimate of the number of clusters to use for larger databases.

Confusion analysis in database 3 shows that most misclassifications occur between anodic and
cathodic starvation faults, as well as drying and flooding faults. The same analysis can be carried out
with database 4, which shows the same trend, although the spectra are of better quality. As a result, it’s
possible to say that there are areas in which the pairs of flooding/drying faults and anode/cathode
starvations are sufficiently similar to mislead diagnosis algorithms. However, as the level of degradation
increases, it seems that confusion is reduced. Indeed, there is no confusion linked to high levels of drying
in database 4.
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The most probable conditions detected can also be studied to measure the degree of certainty of
the algorithm’s identification and whether the true condition appears in it. The 3 clusters with the largest
membership of misclassified data are shown in Figure I11-24 and Figure II1-25:
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Figure 111-24: Auto database 3 — 3 most probable conditions identified and corresponding membership
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Figure I1I-25: Auto database 4 — 3 most probable conditions identified and corresponding membership

As Figure I11-24 and Figure I1I-25 show, in most cases of confusion, the true conditions appear
in the 2" or 3™ position. Only 7 of the 33 confusions obtained for the 2 databases failed to detect the
true condition among the 3 most likely. These included 3 confusions between the 2 starvation conditions,
3 between flooding and drying, 1 between 2 levels of flooding and 1 confusion between H» starvation
and flooding. As explained previously, the confusions between flooding/drying and H»/Air starvation
conditions are not very surprising because of the similarity of these phenomena at low and moderate
intensity. Consequently, determining the most probable conditions, instead of one main one, could
greatly reduce algorithmic confusion, as well as provide weighting in the corrective response.

In order to provide visual clarification of these confusions, they are highlighted in Figure I11-26
and Figure I11-27. Both figures show that most confusion occurs in areas where faulty conditions are
close together.
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Figure 111-26: Database 3 — Nyquist plots highlighting misclassified EIS spectra with automated parameter selection
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Figure I1I-27: Database 4 — Nyquist plots highlighting misclassified EIS spectra with automated parameter selection
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Chapter conclusion

This chapter aimed to answer the question: How can the expertise required to develop
diagnosis algorithms be reduced?

To answer this question, several studies to simplify and improve the genericity of fuel cell
diagnosis algorithms have been investigated: A first overview of the designed diagnosis algorithm was
presented and various efforts to reduce the need for expertise in the standardization, selection, and
feature identification stages have been highlighted. Secondly, to identify generic elements and rules of
thumb, the elements aimed at reducing the need for expertise were compared with an algorithm
configured by an expert on 2 different databases.

It results from this comparison that from around 10 raw features coming from EIS spectra, it is
possible to improve the separation of the health state space using non-linear standardization methods
such as uniform quantile or power transformers. Furthermore, by using a feature selection step based on
both a filtering step (Pearson’s correlation coefficient) and a sorting step (one-way ANOVA F-Test), it
is possible to improve the results by comparing the F-test scores obtained between them. This allows
the relative importance of each feature to be compared. The results demonstrated that removing features
with a relative score of less than 5% produced similar results to those obtained by an expert-optimized
algorithm. To reduce the need for expertise in the identification step, the Fuzzy C-means clustering
algorithm was chosen due to its simplicity and low time complexity. In addition, it is also possible to
improve the ability of Fuzzy C-means clustering to automatically detect an appropriate number of
clusters associated with each tested condition. For this, 11 cluster validity indices were compared and
despite close results, it appears that the Modified Partition Coefficient index (Vwmec) offers very good
performance in spite of its simplicity.

To bring some robustness to the results, identification performance was measured using a
“Leave One Out” cross-validation approach. After analysis of the results, it appears that the approach
developed is capable of providing 90% or more correct identifications on the 4 selected databases. Also,
among the incorrect identifications, it appears that the real condition was generally present among the 3
most probable memberships.

In addition to its high performance, one of the strong points of this method is its speed of
execution, even on cheap systems. This low cost in terms of computing resources is of great importance
for small databases, as it means that the algorithm can be re-trained online to integrate new data as it
becomes available.

Related publications with diagnosis:

- [161] D. Chanal, N. Yousfi Steiner, R. Petrone, D. Chamagne, and M.-C. Péra, “Online
Diagnosis of PEM Fuel Cell by Fuzzy C-Means Clustering,” in Encyclopedia of Energy
Storage, L. F. Cabeza, Ed., Oxford: Elsevier, 2022, pp. 359-393. doi: 10.1016/B978-0-12-
819723-3.00099-8.

- [162] D. Chanal, N. Y. Steiner, D. Chamagne, and M.-C. Pera, “Impact of standardization
applied to the diagnosis of LT-PEMFC by Fuzzy C-Means clustering,” in 2021 IEEE Vehicle
Power  and  Propulsion Conference (VPPC), 2021,  pp. 1-6. doi:
10.1109/VPP(C53923.2021.9699234.

- [163] D. Chanal, N. Yousfi Steiner, D. Chamagne, and M.-C. Pera, “LT-PEM Fuel Cells
diagnosis based on EIS, clustering, and automatic parameter selection,” IEEE Transactions on
Vehicular Technology, pp. 1-14, 2023, doi: 10.1109/TVT.2023.3273084.
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IV Health Indicator forecasting — Principle & Databases

Chapter introduction

Estimating the Remaining Useful Life (RUL*) is another challenge for improving fuel cell
durability. Unlike other systems, such as bearings, fuel cell systems are recent and constantly evolving.
This evolution, while beneficial, makes it impossible to know precisely how performance will evolve
over time. It is therefore particularly challenging to have precise knowledge of the RUL, complicating
the implementation of techniques to delay the system’s end-of-life. To address this challenge, certain
algorithms can be implemented to capture degradation trends and extrapolate one or more health
indicators from initial data.

In this chapter, we aim to answer the question: How to capture degradation trends and
extrapolate performances during system operation?

To answer this question, firstly a review of the main prognostic algorithms is presented. The
advantages and limitations of the various methods will be highlighted to identify a method that combines
both simplicity of implementation and speed of execution. Then, the various databases selected for this
study are presented.
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30 Remaining Useful Life will be used many times. For ease of reading, it will be defined by its acronym RUL.
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1 State of the Art: Prognosis methods

In the same way that the diagnosis task is dedicated to identifying a SoH, the prognosis task
(also known as forecasting) is dedicated to estimating and extrapolating one or several Health Indicators
(His)*!. Unlike the SoH condition, which is a categorical variable, a health indicator is a numerical
variable that provides quantitative information about the current operation status. Several algorithms of
forecasting have already been applied to fuel cell systems. One of the objectives of these algorithms is
to forecast the future performances until reaching an end-of-life criterion and then calculating the RUL.

1-A Definitions
This topic work is at the crossroads of several disciplines, and different definitions can be found
in the literature depending on the concerned domain. Then, a clear understanding of the concepts used
in this work is needed to avoid any misunderstanding. So, in addition to the definitions presented in
section II 1-A, a set of definitions of terms related to the prognosis task is provided.

1-A-a Prognosis & Prognostic

To our best knowledge, no common definition of prognosis exists. In practice, prognosis is a
multi-domain task where the definition is adapted according to the specified domain. In this manuscript,
the definitions used are based on the standard ISO 13372:2012 [57] and ISO 13381-1:2015 [164].

Prognostics: “analysis of the symptoms of faults®? to predict future condition and residual life within
design parameters” [57]

Prognosis: “estimation of time to failure? and risk for one or more incipient failure modes**” [57]

Failure mode: “observable manifestation of a system fault*” [57]

Remaining Useful Life (RUL): “remaining time before system health falls below a defined failure
threshold” [164].

In the context of fuel cells, a commonly used threshold to define the RUL of a fuel cell is
represented by an end-of-life loss of 10%, originally defined by the US Department of Energy [3] and
commonly used by the scientific community.

Stationarity: According to reference [165], a timeseries can be defined as stationarity if it fluctuates
around a constant mean.

To our knowledge, the term “Health Indicator” is not defined in a standard. Given the absence
of an established definition, we propose to define it using our own terminology and framework:

Health Indicator (HI): Numerical value representing the system health. This value in generally in the
range [0 -1] where 0 is the end-of-life and 1 the begin-of-life.

1-A-b Prognosis families

As the definition of prognosis, the definitions of different prognosis families may also vary. To
the best of our knowledge, there is no standard that provides a comprehensive definition of the different
families of prognosis. Consequently, in the interests of clarity and ease of reading, the different
prognosis families used in this manuscript are defined below. The definitions provided are based on the

31 Health Indicator will be used many times. For ease of reading, it will be defined by its acronym HI.
32 The definition of this word is provided in the section II 1-A-b.
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same principle as the definitions of the diagnosis families (see section Il 1-A-c). The reader can therefore
refer to Figure II-1 to visualize the classification of the different prognosis families.

Data-driven prognosis refers to algorithms based on the use of pre-defined models or only on
data processing to perform forecasting tasks. There exist two types of data-driven prognosis algorithms
respectively named “supervised” and “unsupervised”. The difference lies in knowing the algorithm’s
forecasting objective. Supervised methods create a relationship between input data and a target value,
while unsupervised methods simply use statistics from previous values to predict the future value.

Knowledge-based prognosis approaches rely on explicit knowledge to forecast the future
behavior of a system. This knowledge can be obtained from a variety of sources, such as physical
models, domain expertise, or expertise in the specific system being monitored.

Data-driven and knowledge-based prognosis can be divided into two sub-categories which are “model-
based” and “non-model-based” and are defined below:

Model-based prognosis refers to approaches that use explicit models to simulate the behavior
of a system, usually as a function of time. The models used can be based on physical laws, heuristic
knowledge, or predefined models combined with data processing.

Non-model-based prognosis uses statistical techniques to identify consistent patterns and
tendencies in historical time series, and then use these patterns and tendencies to predict the future state
of the system without explicitly fitting a model to the data.

1-B Knowledge-based prognosis approaches

1-B-a Principle & Generalities

As mentioned earlier, knowledge-based prognosis relies on explicit knowledge to calculate
Remaining Useful Life. The knowledge used can come from physical laws, semi-empirical models, or
any other knowledge related to domain or system expertise. The principle of prognosis can be visualized
in Figure IV-1:

Time direction
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Predicted Health Indicator

Historical data

Figure IV-1: Principle of knowledge-based prognosis algorithms

Unlike knowledge-based diagnosis methods, in prognosis, there is no analysis of residuals.
Indeed, the purpose of the residual comparison is to detect a performance deviation and therefore an
anomaly. In the context of prognosis, where the aim is to predict a future state, such a comparison is not
possible.

In the following, several prognosis approaches based on the analysis of the evolution of fuel cell
physical parameters are reviewed.

1-B-b Presentation of knowledge-based algorithms

When it comes to fuel cell prognosis, modeling approaches often fall into the realm of “grey
box” models rather than strictly “white box” models. Indeed, although physics-based models can be
found at the component scale, fuel cell-scale models generally incorporate at least one empirical
parameter to accurately represent system behavior. In the context of this state-of-the-art, we will limit
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the study to prognostic algorithms aimed at predicting fuel cell performance behavior. However, the
interested reader may refer to references [166], [167], [168]. Reference [166] presents a multi-scale
mechanistic model of PEMFC materials degradation which can predict the MEA durability as a function
of operating conditions, initial material loading, and electrode microstructure. In [167], a review of
PEMFC modeling covering several relevant scales, from atomistic to system level, as well as a mean of
coupling the different scales is carried out. In reference [168] a review of Membrane Electrode Assembly
components degradation models is done with an emphasis on the physical model approach.

- Static and dynamic aging modelling

A now well-known prognosis-oriented model is proposed in [169]. The authors have designed
a physical model composed of a static and a dynamic part suitable for prognosis applications. The static
part relies on the measurement of the polarization curve and is formulated using the Butler-Volmer law.
Concurrently, the dynamic part is based on Electrochemical Impedance Spectroscopy and modeled by
Equivalent Circuit Model. This hybrid model provides a more complete understanding of system
behavior, taking advantage of both steady-state and time-varying characteristics to improve prognostic
capabilities. Their model has been validated on experimental data gathered in long-term tests.

- Kalman-Filters

In addition to identifying the SoH condition, observer-based algorithms such as Kalman filters
can also be used to model the evolution of a health indicator. In [170], authors developed a prognosis-
oriented aging model based on an Unscented Kalman Filter to describe the slowly-varying dynamics in
a fuel cell stack. They modelized the Electro-Chemical Active Area (commonly named ECSA) as an
aging parameter of the fuel cell degradation process. Although the proposed model has produced good
results, one of its limitations is that the reduction of ECSA is not sufficient to encompass all
degradations. It is therefore necessary to include other health indicators. Other studies based on an
extended Kalman filter have been carried out in references [171], [172]. In [171], the developed
algorithm estimates a health indicator and predicts the aging of a PEMFC using an Extended Kalman
Filter and an empirical model of degradation. The algorithm has been applied to a 5-cell stack under
constant current solicitation. A similar approach has been employed in [172] to an 8-cell stack under a
variable profile to simulate a micro-combined heat and power system (u-CHP) application. From the
state and uncertainty of the estimates provided by the Extended Kalman Filter, the authors in [172] used
an Inverse First-Order Reliability Method to estimate the RUL.

- Particle Filters

Another widely used algorithm used to perform prognosis tasks on complex, non-linear systems
such as fuel cells is the Particle Filter. Particle Filter algorithms belong to the family of observation-
based algorithms designed to estimate unobserved states in dynamic systems. They operate according
to Bayesian principles by propagating a set of particles through a state transition model and updating
them based on new observations. In reference [173], authors proposed a semi-empirical prognosis
algorithms. The designed model used includes a polarization curve modeling with the introduction of
aging. The prognosis task is performed by a Particle Filter and tested on a fuel cell under constant current
solicitation during 1000h. Authors in [174] proposed a prognosis algorithm to determine the RUL of 2
PEMFC:s. A total of 5 voltage models were tested (exponential, pure logarithmic, log-linear, linear, and
polynomial) and the forecasting was performed using a Particle Filter. The particularity of this work lies
in the introduction of a self-healing factor after each characterization and in the adaptation of the
degradation model parameters to the evolution of the degradation trend. The method was employed
during the IEEE 2014 PHM Data Challenge [175] and made the team win the RUL category.

In general, the number of knowledge-based approaches addressing prognosis is more limited
than for diagnosis. Most algorithms are based on the same principles, but it’s the Health Indicators and
models used that create the benefits. Like diagnosis approaches, knowledge-based approaches have the
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advantage of being less costly in terms of computing time and of being fairly accurate with new data,
but they do imply additional complexity in the development of physical models.

1-C Data-driven prognosis

1-C-a Principle & Generalities

Since it can be complicated to accurately model the behavior of a system, considerable efforts
have been invested in simplifying this constraint. To do this, these approaches capture patterns (trends,
seasonality, etc.) based exclusively on historical data. These data can then be used in pre-defined models
such as neural networks, or by simple statistical analysis. The principle of data-driven prognostic
approaches is summarized in Figure [V-2:
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Figure IV-2:Principle of data-driven prognosis algorithms (HI.: Health Indicator at n™ step)

A key distinction from model-based methods is that the data-driven algorithms generally start
by using past data to create a health indicator reflecting earlier periods. This significantly reduces the
number of variables to be used, making training easier and reducing the computational resources
required.

As with the diagnosis approach, it is common to use feature extraction, normalization and
selection steps to generate a reliable health indicator. Indeed, as data-driven methods rely on sensor data,
it is common for the degradation trend to be influenced by noise. In certain cases, this noise can obscure
or mask the underlying degradation pattern.

1-C-b Standardization

Because the forecasting task implied generally the utilization of non-stationary time series
(statistical properties are non-constant over time), it is necessary to use robust scaling algorithms able
to make extrapolated data close to the one used during the training. In addition to the standardization
approaches presented in section II 1-C-c, a new algorithm entitled Tanh estimator is introduced in this
section.
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Tanh estimator was introduced in 1986 by Hampel et al. [176] and according to [177], this
standardization approach is highly efficient and not sensitive to outliers. In this study, the formulation
proposed in [178] is retained and can be formulated using (IV-1):

Xscaled = % X tanh (0.01 X (x ; ,u) + 1) (Iv-1)

Where yu is the mean and o is the standard deviation of data.

In the original version from Hampel et al. The mean and standard deviation are found out from
the genuine score distribution The simplification introduced by [178] consists of focusing on the data
themselves instead of genuine distribution. This simplifies the estimation of these parameters, resulting
in a faster and simpler method. The nature of the tanh estimator is such that the domain is transformed
to have a mean of 0.5 and a standard deviation of about 0.01 represented by the constant term. In the
case of a forecasting task, the inverse transformation can be impossible if the predicted values are out
of the bounds ]0, 1[. Indeed, this is due to the use of the tanh function which is bound in the range [-1,
1]. Nevertheless, it should be noted that the tanh estimator compresses the data so much that the
occurrence of such a case is highly improbable, even for a very long prediction horizon.

In reference [179], a comparison between several standardizers is carried out within the
framework of a time-series forecasting application using a recurrent neural network. Results show that
the best performances are reached when the Tanh estimator is used.

1-C-c Data-driven prognosis algorithms

Black-box models are another commonly used method for capturing data relationships. These
algorithms rely on pre-defined models based solely on data and no physical knowledge. It is also
possible to use non-model-based algorithms (i.e., data-only), but their use is less common in prognostic
tasks, as extrapolation is required. A presentation of the main black-box and non-model-based
approaches is provided below in the following sections.

01 Black box models
- Support Vector Machine™

Although support vector machine algorithms can be used to perform classification and
regression tasks, they can also be adapted to perform prediction tasks. In reference [180], a support
vector machine is used to model fuel cell behavior. The model developed was validated using
experimental data and compared with a global diffusion model and an evolution strategy model. In
reference [181], the authors have carried out a comparison between a support vector machine and a
neural network to predict the performance of a fuel cell air compressor. Results show a better prediction
ability of neural networks. A novel hybrid model was established by merging the neural network and
the Support Vector Machine approach. The results of this new model outperformed all the other
individual models.

- AutoRegressive Moving Average
The autoregressive moving average model is one of the fundamental tools for predicting time series.
It is composed of two main elements. Firstly, the autoregressive component captures the relationship
between a variable and its lagged values. Then the moving average models the relationship between
an observation and the residual errors of a moving average model applied to lagged observations.
Authors in [182] use an autoregressive moving average model to perform long-term forecasting of
a PEMFC.

33 The principle of this algorithm has already been presented in section II 1-C-e01 and is therefore not reproduced here.
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- Adaptive Neuro-Fuzzy Inference Systems*’

In addition to diagnosis tasks, adaptive neuro-fuzzy inference systems can also be used as
prognosis algorithms to capture future performance trends. In reference [183], authors present adaptive
neuro-fuzzy inference systems designed to predict time-series. The algorithms have been applied to
predict the output voltage of 2 fuel cells during a long-term operation (1000 h). Another proposal of
their approach is to divide the voltage signal into normal operation signal and external perturbation
signal to help the network focus on only predictable information.

- Artificial Neural Networks
For several years now, research has been carried out into network architectures to improve
extrapolation performance. Neural networks can accurately model the behavior of a system based on
data only. Currently, four main architectures can be identified and are described below: Time Delay
Neural Networks, Recurrent Neural Networks, Reservoir Computing, and Transformer.

o Time Delay Neural Network is a specific type of feed-forward neural network where the
input weight has a tap delay line associated with it. This delayed representation of input
features allows the network to capture temporal relationships and dependencies. In reference
[184], a hybrid model of PEMFC voltage is proposed. The proposed model is based on an
autoregressive moving average and time delay neural network. The data are processed in
two steps. First, a physical aging model is used to remove the non-stationary trend of the
original stack voltage. The stationary nonlinear part is then processed by the neural network.

o Recurrent Neural Networks is a type of artificial neural network designed to process
sequential data such as time series and speech text. To this purpose, it captures and uses
information about the preceding elements of the sequence. One of the most widely used and
effective recurrent neural networks is the Long Short-Term Memory (LSTM?3*) [185]. They
are built using gated and control mechanisms to improve information management and
therefore better capture long-term dynamics. Authors in reference [186] proposed an LSTM
approach to perform RUL of a PEMFC. To select only relevant data, they used regular
interval sampling and data smoothing based on a locally weighted scatterplot. An important
point about LSTMs is that, although they are among the most widely used data-driven
algorithms, they require large amounts of data and fairly high computing power. To help
offset the need for IT resources, a similar but simplified architecture named Gated Recurrent
Unit was developed in 2014 [187]. Gated Recurrent Units have been used to perform fuel
cell RUL forecasting in reference [188]. The authors carried out a comparison between
several artificial neural network architectures and the results show better prediction
accuracy and convergence rate for the gated recurrent unit.

o Reservoir computing is a derivative of the classical design of recurrent neural networks.
Unlike recurrent neural networks, which have a large number of parameters to optimize,
reservoir computing algorithms map one or more input signals into a high-dimensional
computational space containing abundant transient dynamic states (called a reservoir). For
this, the reservoir weights are fixed and only a readout is trained by simple linear regression.
The concept of reservoir computing has been developed independently by Jaeger and Maas
in the form of Echo State Networks (ESN)** [189] and Liquid State Machine [190]. Authors
in [191] present an overview of main reservoirs and readout training methods. Although
both approaches can be used, ESN algorithms are currently the most widely used in the
community, due to their ease of implementation. In reference [192], an ESN is used to

3 Long Short-Term Memory will be used many times. For ease of reading, it will be defined by its acronym LSTM.
35 Echo State Network will be used many times. For ease of reading, it will be defined by its acronym ESN.
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perform a RUL prediction on a fuel cell tested during 1800h. The authors compared the
performance of direct prediction (predicting only the next time step) and iterative prediction
(the predicted value is used to predict the next time step).

o Another neural network approach commonly used to perform forecasting tasks is the
Convolutional Neural Network (CNN). Originally, CNN were designed to process images
more efficiently and effectively. Instead of using one feature by pixel, they use a hierarchical
structure based on convolutional and pooling layers. For one-dimensional data such as time
series, the same principle is used to extract the most relevant features. They can be used
alone or combined with other architectures such as LSTM or ESN to have a better feature
extraction. In reference [193], a CNN-Recurrent neural network approach is proposed to
forecast a fuel cell voltage. A comparison is made with other common architectures, and the
results show a better prediction of the designed approach. In [194], a comparison between
several networks is proposed to perform a short-term temperature forecasting. The results
show that the CNN is able to perform an efficient forecasting task and improve precision
over both linear and non-linear predictors.

o A more recent approach entitled Transformer neural network was introduced in 2017 [195].
The principle of the transformer is to divide the network into two parts: an encoder which
transforms the input sequence into a sequence of hidden states and a decoder which takes
the hidden states and produces the output sequence. The main novelty of the transformer is
the use of an attention mechanism, which consists of adding a set of weights for each
element of the input sequence that the model learns. Attention allows the network to focus
on different parts of the input sequences (unlike recurrent neural network which processes
the whole sequence). A comparison between the main artificial neural network architectures
is done in [196]. The prognosis algorithms have been tested on a fuel cell under dynamic
load conditions. Results show a good prediction performance of the transformer.

The main advantage of black box models in prognosis applications is their effectiveness in
capturing trends in a complex, non-linear system. Nevertheless, as they are based on historical data and
predefined models, data preparation and optimization steps are crucial and can be time-consuming
during training.

02 Non-model-based

Non-model-based approaches are less common in prognosis tasks. Indeed, since they don’t
incorporate any pre-defined models, they are better suited to interpolation tasks such as diagnosis.
However, some of the methods used in the literature can be found here. These are described below:

- K-nearest neighbors
Although K-nearest neighbors are one of the best-known and simplest techniques used in
classification tasks, it has been successfully applied to time series forecasting. In reference [197],
two methodologies to forecast time series using K-nearest neighbors are introduced. These
methodologies aim to improve algorithm parameter tuning and have been tested on two real data
sets outside the fuel cell field (retail and food services sales in the USA and milk production in the
UK).

- Moving Average algorithms
The moving average is commonly used as a filtering approach to smooth noisy data and identify
trends. However, this methodology can also be used to perform forecasting tasks by representing
subsequent data as the average of a window of past data. One of the best-known moving average
algorithms is the exponential weighted moving average, which represents the next value as a
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weighted average of past data. The main advantage of this algorithm is that it is possible to give
more weight to the latest data in order to get a better representation of the trend. In [198], to remedy
the lack of historical observations, the authors suggested using the exponentially weighted moving
average as a base model to forecast performance when only a few data are available.

Due to their low knowledge requirements, non-model-based methods are attractive algorithms
for capturing the evolution of simple systems. Learning times for non-model-based methods are much
shorter than for black-box methods, due to the simplicity of the algorithms. However, their simplicity is
also their weakness, making them less accurate and less robust to noise compared to black box models.

1-D Training & Evaluation of prognosis algorithms

As with diagnosis algorithms, in addition to the choice of the prognosis methodology, an
essential step is to choose robust metrics for training and evaluating algorithms. As a reminder from
section II 1-D, it is necessary to evaluate the algorithms using a known database. In order to evaluate
the generalization ability of algorithms, databases are separated into 3 parts respectively named
“training”, “validation”, and “test”. Training and validation data are used during the algorithm training
stages. Indeed, training data are used to create relationships between data and target, while validation
data are used as a generalization measure to avoid over-fitting. Indeed, a common phenomenon named
over-fitting occurs when relationships between data are so well learned that they cannot be generalized
to new observations. Test data are only used to measure generalizability to simulate new data monitored

online.

In time-series forecasting, data separation must be carried out with care, to retain consistent
information without shuffling or distorting the data. A commonly used technique named Time splitting
is presented below.

1-D-a Time-based splitting

Time-based splitting involves separating data using a time-dependent approach. In forecasting
tasks, the aim is to use past time marks to predict future ones. Consequently, the order of the data is
extremely important, and using the latest data points as validation data usually results in a better
representation of the future. A common approach is to divide the database into training and testing sets,
then split the training data into 70-90% for pure training and 10-30% for validation. The reproducibility
of results is measured by realizing several trainings of algorithms to consider the differences linked to
the initialization of parameters. To train the forecasting algorithms, it may also be possible to use cross-
validation. It’s important to note, however, that when black-box algorithms are used, computation times
can be considerably longer than with non-model-based algorithms. Consequently, it is more common to
observe a time-based split. The principle of time-based splitting can be visualized in Figure IV-3:
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Figure IV-3: Presentation of the Time-based splitting methodology
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1-D-b Forecasting metrics

To determine the accuracy of forecasts and the robustness of prognosis algorithms, it is
necessary to use reliable criteria. A commonly used metric to establish statistics with predicted values
is the Root Mean Squared Error (RMSE) which is formulated according to (IV-2):

n . . 2
RMSE — Z (prediction; — real;) (1v-2)
L n

=0

The RMSE computes the square root of the average of the squared differences between the
predicted values and the true values. The main advantage of this metric is that it returns a value on the
same scale as the original target making it more interpretable. Nevertheless, it implies a certain
sensitivity to large errors.

Another commonly used metric is the Coefficient of Variation (CV) which evaluates the
dispersion of prediction around the mean. It can be calculated using (IV-3):

o
CvV = ﬁ><100 -3)

Where ¢ is the standard deviation and y the mean of predicted values.

The coefficient of variation is a highly relevant measure for estimating the robustness of an
algorithm. Since this measure is expressed as a percentage, its interpretation is relatively simple and is
preferable to using the standard deviation alone. However, it must be noted that the coefficient of
variation is sensitive to the scale of the data. Consequently, it is not suitable when data values are close
to 0.

1-E Synthesis
As previously presented, there is a wide variety of prognosis techniques, each with its
advantages and disadvantages.

One of the main constraints of prognosis applications is the choice of a reliable and easily
measurable health indicator. Currently, methods based on purely physical models have the advantage of
not requiring a large database, but just a few data points to validate them (similar to diagnosis
approaches). However, this type of model is difficult to apply to RUL prediction applications. This is
because white-box models mainly use physical health indicators such as Electro-Chemical Active Area,
which are difficult to measure during fuel cell operation. To counter this limitation, model-based (black
and grey boxes algorithms) are developed. Instead of relying only on pure physical approaches, they use
monitored data to fit a physic-based or pre-defined model. Grey box models have the advantage of
remaining close enough to physics to reproduce normal behavior while adapting to real data. Black-box
models, on the other hand, have the advantage of adapting to data behavior only based on historical data.
This enables them to take into account abnormal events such as faults. However, it is necessary to have
enough data to correctly capture a good trend. Similarly, non-model-based algorithms are based solely
on past historical data. These algorithms are generally much simpler than model-based algorithms, but
they can only estimate future value based on statistics from previous data.
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Figure IV-4 summarizes the state of the art. The various methods described are classified
according to their prognosis families.

Prognosis
methodologies

¥ ]
[ Knowledge-based J R R R R R R R R > [ Data-Driven J
| May be combined I
, I ] I ]
White boxes Grey boxes [ Black boxes ] [ Non-model-based ]
{ { Support vector \ K-nearest-
Nernst model Machine neighbor

Butler-Volmer
model

ANFIS

Moving average

Kalman Filters

AutoRegressive
Moving Average

Fick model Particle Filters

I

Neural Networks

N

Figure IV-4: Classification of the prognosis methods described according to their respective families.
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With the rapid advancement of fuel cell technologies, prognosis tools need to be versatile
enough to accommodate different system designs in different industries. Given the constraints of fuel
cell data ownership and complexity to measure during operation, acquiring the specific parameters
required for physics-based models can be problematic. For this reason, a data-driven method, not based
on a predefined model, was chosen (black-box algorithm). This approach enables data to be collected
throughout the life of the system, capturing complex dynamics while reducing the need for specialist
knowledge.

125



2 Databases’ presentation

In order to design a robust and general prognostic approach, several databases have been
selected. Within the framework of the RUBY European project, since long-term testing will only start
at the end of this thesis, we will use historical data from on-site operating systems supplied by Ballard.
The other data come from other projects’ databases that are in open source.

2-A Database 1: IEEE Challenge 2014 static condition

2-A-a Overview of the data

The first database provided comes from the 2014 IEEE challenge [199]. This challenge aimed
to provide a database of fuel cells tested over a sufficiently long period to enable RUL prediction
algorithms to be used. For that purpose, a BZ100 Hydrogen/Air fuel cell has been tested in static
condition for approximately 1000 hours. The stack tested is composed of 5 cells with an active area of
100cm?. The nominal electric power is 230W at a current density 0.7 A.cm™.

As explained previously, the first database aims to monitor the behavior of a fuel cell over 1000
hours of operation under static conditions. For that purpose, all operating conditions were fixed to ensure
a quasi-static state. In addition, system characterizations (polarization curves and EIS) were performed
periodically to capture the stack’s static and dynamic behaviors. The test was carried out on a test bench
in our laboratory similar to the one described in section II 2-A-b01. Readers interested in the specific
features of this test bench can refer to it.

The test conditions fixed are summarized in Table 0-4:

Table 1V-1: Nominal conditions specified for the stack used in database 1.

Pressure Gas inlet [Pa] 1.3 x10°
Anode (Hz) Over-stoichiometry factor®® [-] 2
Relative humidity [%] 0 (dry gas)
Pressure Gas inlet [Pa] 1.3 x10°
Cathode (O2) Over-stoichiometry factor'® [-] 4
Relative humidity [%] 50
Temperature [°C] 55
Stack .
Current density [A.cm™?] [0-1]

Characterization tests were carried out once a week at intervals of around 160 hours. More
precisely, the various characterizations were carried out after 0, 48, 185, 348, 515, 658, 823, and 991
operating hours. The protocol used was as follows:

e Firstly, an EIS spectrum was measured at a nominal current of 0.7A.cm™ to measure the
fuel cell’s state before the polarization curve (which can lead to performance recovery).

e Then the polarization curve is measured. Stack and cell voltages are monitored under a
current ramp from 0 to 1A.cm™ in 1000s. To keep stoichiometric factors constant, the air
and hydrogen flows were reduced accordingly until a current of 20 A. Below this value, the
air and hydrogen flows are kept constant and equal to their values for a current of 20 A.

36 The over-stoichiometry factor can be calculated using equation (II-14) detailed previously.
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e Finally, a second EIS campaign was carried out. This time, measurements were taken at 3
different current levels: 0.7, 0.45 and 0.2 A.cm™. Between each measurement, the fuel cell
is stabilized for 15 minutes to ensure parameter stability.

2-A-b Experimental results
To have a better understanding of the data, the several results monitored during the test
campaign are presented in the following.

01 Monitored data in operation
Figure IV-5 and Figure IV-6 show the evolution of main fuel cell parameters. After an initial
analysis, it was observed that two acquisition frequencies had been used to record the data: a frequency

of 1Hz for the first 2 hours, then 3—10 Hz for the remaining 998 hours. To have the same temporal spacing,

all data were re-sampled to have a frequency of 3—10 Hz. Using, Figure IV-5 and Figure IV-6, it can be

observed that the evolution of the various parameters monitored is effectively quasi-static, while the
evolution of stack tension decreases over time. This supports the idea that the decrease in voltage is
linked only to fuel cell aging and not to any degrading conditions that may have occurred during the
test. It is worth noting that some performances recovering can be observed on the stack voltage
periodically. Indeed, during polarization curves, the fuel cell will operate at low and high current
densities. This has the advantage of removing potential degrading conditions (flooding/drying). Indeed,
low current densities tend to dry out the membrane due to low water production at the cathode, while
inversely, at high current densities, there is high water production at the cathode.
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Figure IV-5: Database 1 — Evolution of operating conditions during the aging test (1/2)
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Figure IV-6: Database 1 — Evolution of operating conditions during the aging test (2/2)

02 Polarization curves

For enhanced visibility of performance recovery, polarization curves are plotted in Figure V-7.
A decrease in voltage can be observed as the fuel cell operates. Moreover, the higher the current density,

the greater the voltage drop.
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Figure IV-7: Polarization curves obtained during each characterization procedure. The temporal aspect is represented by

the accentuation of color.
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03 EIS Spectra

To validate the hypothesis that the decrease in voltage is only related to aging, the periodic
characterizations of EIS spectra are also analyzed. To this end, the EIS spectra obtained before and after
each polarization curve are shown respectively in Figure IV-8 and Figure IV-9.
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Figure IV-8: Nyquist (A) and BODE (B) diagrams showing spectra obtained during tests before the polarization curve. The
temporal aspect is represented by the accentuation of color.
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Figure IV-9: Nyquist (A) and BODE (B) diagrams showing spectra obtained after polarization curves. The temporal aspect is
represented by the accentuation of color.
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As shown in the two figures, the spectra obtained do not show great disparities, demonstrating
the absence of faulty conditions during the characterizations. Moreover, it is possible to state that the
spectra measured are of good quality due to the low presence of noise.

2-A-c Selected Health Indicator
Based on the experimental results presented previously, it can be stated that the operating

conditions were stable over the entire 1000h test period. For this reason, it was decided to use stack
voltage as the only Health Indicator to be predicted. In this study, it has been chosen to focus on long-
term prediction. To simulate an application in line with this prediction horizon, the data were resampled
to select only one measure every 6 hours. To limit the impact of outliers, the resampled data are
calculated using a rolling median with a 6-hour window. Resampled data can be visualized in Figure

IV-10:
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Figure IV-10: Visualization of the Health Indicator selected for database 1.

As shown in Figure IV-10, resampling the data removes much of the measurement noise while
maintaining a reliable representation of the degradation trend.
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2-B Database 2: IEEE Challenge 2014 dynamic condition

2-B-a Overview of the data

The second database also comes from the 2014 IEEE challenge [199]. In line with database 1,
the aim of database 2 is to generate a sufficiently long period of data (1000 hours) to enable the
development of predictive algorithms. However, instead of maintaining a quasi-static condition, high-
frequency current ripples were applied to the fuel cell to simulate a power converter connected to the
output of the fuel cell. For comparison purposes, a fuel cell similar to the one used in Database 1 was
employed (5cells & 100A.cm™). Current ripples are generated at a frequency of 5 kHz and with a
magnitude peak to peak of 10% of nominal current (i.e. 0.14 A.cm?).

System characterizations were carried out every week after 0, 35, 182, 343, 515, 666, 830, and
1016 operating hours. The protocol used was as follows:

e First of all, a polarization curve was performed under a current ramp from 0 to 1 A.cm-2 for
1000s. Particular care was taken to keep the stoichiometric factor constant.

o Afterward, 3 EIS spectra were monitored at currents of 0.7, 0.45, and 0.2 A.cm-2
respectively. Between each measurement, the fuel cell is stabilized for 15 minutes to ensure
parameter stability.

2-B-b Experimental results

01 Monitored data in operation
The main parameters monitored during the test can be seen in Figure IV-11 and Figure IV-12.
An initial analysis of the data showed that the data had been acquired with frequency differences. In

order to achieve uniformity, all the data were resampled at a frequency of % Hz.
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Figure IV-11: Database 2 — Evolution of operating conditions during the aging test (1/2)
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Figure IV-12:Database 2 — Evolution of operating conditions during the aging test (2/2)

According to Figure IV-11 and Figure IV-12, it is possible to observe a greater amount of noise
in the data than in database 1. This can be explained in part by the high-frequency disturbances of the
load. However, despite this increase in noise, the measured parameters remain relatively stable. A slight
increase in inlet gas temperatures can be noted at around 400h, but this does not appear to have any
impact on battery performance. Abnormal voltage behavior can also be observed after approximately
100h and 450h of operation. It’s possible to observe decreases and increases in stack voltage while
current density is almost constant. One hypothesis to explain this abnormal behavior is a disturbance in
the cooling flow, which would impact the fuel cell sufficiently to cause sudden variations. With the
exception of these two slight disturbances, whose performance seems to have recovered with subsequent
characterizations, it’s possible to support the idea that the stack’s aging is only due to its long-term use
and no other faulty condition.

02 Polarization curves
To better visualize the performance of the fuel cell, the polarization curves obtained during the

various characterizations are plotted in Figure IV-13. The same analysis can be performed as for
database 1 (i.e. voltage degradation over time, which becomes more pronounced at higher current
densities).
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Figure IV-13: Polarization curves obtained during each characterization procedure. The temporal aspect is
represented by the accentuation of color.

To measure the impact of current ripples, the polarization curves measured with and without
ripples are compared in Figure IV-14. It can be visually observed that degradation is slightly more
pronounced when the fuel cell is subjected to high-frequency current ripples. Indeed, the last three
polarization curves in database 2 are lower than the last curve without a current ripple. Moreover, in
database 2, after around 1000h of operation, at 1A.cm-2, the voltage reached is around 0.54 V.cell ™,
whereas in database 1, the voltage reached under the same conditions is around 0.56 V.cell ™.

1.0 4 ~—— With current Ripples
~— No current Ripples
0.9 4
,
3 0.8
s 0
o
0
£
S
-
-
3
&
0.7 1
0.6

0.0 0.2 04 0.6 0.8 1.0
Current density [A.cm™2]

Figure IV-14: Comparison of polarization curves monitored with (database2) and without (databasel) current ripples.

133



03 EIS spectra

To validate the hypothesis that the decrease in voltage is only related to aging, the periodic EIS

characterizations are also analyzed. For that purpose, EIS spectra monitored after each polarization
curve are shown respectively.
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Figure IV-15: Nyquist (4) and BODE (B) diagrams showing spectra obtained after polarization curves. The temporal aspect
is represented by the accentuation of color.

As shown in the figure, the spectra obtained after the polarization curves do not show great
disparities, only the magnitude at low frequency increases with time which tends to validate the absence
of faulty conditions during the characterizations. Moreover, it is possible to state that the spectra
measured are of good quality due to the low presence of noise.

2-B-c¢ Selected Health Indicator

Based on the experimental results presented previously, it can be stated that the operating
conditions were stable over the entire 1000h test period. Furthermore, to have a comparison between
databases 1 and 2, it was decided to use stack voltage as the only Health Indicator to be predicted. To
simulate an application in line with this long-term prediction, the data were resampled to select only one

measure every 6 hours using a rolling median with a 6-hour window. The resampled data can be
visualized in Figure IV-16.
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Figure IV-16: Visualization of the Health Indicator selected for database 2

As shown in Figure IV-16, resampling the data removes much of the measurement noise while
maintaining a reliable representation of the degradation trend.

2-C Database 3: RUBY project - Backup system

2-C-a Overview of the data

As part of the RUBY project, a partnership between BALLARD and its partners has enabled
the use of certain historical data. These data come from systems that have been implemented at some of
their customers' sites and therefore reflect real-life operating conditions. A total of three databases were
shared, but only the one with the most pronounced degradation is used for the prognostic application
presented in this manuscript. Indeed, according to the manufacturer, they estimate the system Health
Indicator of approximately -40% in end-of-life.

The system from which the data was generated is the same as the one tested in the RUBY project
and is the FCgen®-H2PM supplied by BALLARD. It is an electric power generator dedicated to backup
applications. It is designed for indoor rack or outdoor cabinet installation, and, in terms of operation, the
system's DC bus voltage is continuously monitored in standby mode and operates during power cuts
when the DC bus voltage falls to a customer-defined setpoint. In terms of power generation, the system
is equipped with 2 FCgen®-1020ACS fuel cells, to deliver up to 5SkW. Each stack is composed of Neeis®”
cells with an activate area of Syea’’, however, the special characteristic of this technology is that cathode
cooling and reactant are supplied by ambient air (open cathode) making the system simple compared to
other technologies. Furthermore, to ensure an instantaneous power supply, an ultracap unit is added to
the system.

37 The number of cells and the active area are not communicated for confidentiality reasons.
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As the system is dedicated to backup applications, it does not run regularly or for very long
periods. After analyzing the data, it appears that the system studied has operated for a total of 47 months.
It is worth noting that the system spent 99.99% of its life in standby mode (waiting for a network outage).
The remaining 0.01% is mainly dedicated to system self-test procedures (22 hours), to ensure a good
capacity to respond to the user's needs and backup (3 hours). During the system's lifetime, an alarm was
triggered automatically, putting the system into emergency shutdown. The reasons for this are not
known.

2-C-b Experimental results

As the use of the backup system is not constant and cannot be predicted, only the data collected
during each self-test®® are used to extract a health status indicator. The self-test procedure is a power-
controlled test that evaluates the system's ability to respond to a user's request, and is run automatically
every month (but can be started manually). The self-test procedure is applied to each stack in succession
(and not simultaneously). The monitored self-tests on the two stacks are presented in Figure IV-17 and
Figure IV-18. It is worth noting that during data analysis, it has been observed that some self-tests were
carried out at intervals of a few days. These tests were concatenated to highlight them in the graphs.
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Figure IV-17: Stack 1 - Evolution of operating conditions monitored during each self-test. The temporal aspect is represented
by the accentuation of color.*

38 Self-test procedure is done detailed for the sake of confidentiality.
3 Axes are hidden for the sake of confidentiality.
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Figure IV-18: Stack 2 - Evolution of operating conditions monitored during each self-test. The temporal aspect is
represented by the accentuation of color.?’

According to figures Figure I1V-17 and Figure IV-18, when conditions are stabilized, it is
possible to observe a decrease in voltage over time. This decrease in voltage can be explained by an
increase in current (and therefore temperature*!) to provide approximately equivalent electrical power.
It is nevertheless possible to observe a small diminution in power over time.

In the data from stack 2 (Figure IV-18), it is possible to observe an abnormally high-temperature
reading on only one of the two temperature sensors throughout a self-test. This seems to indicate a sensor
malfunction and therefore justifies redundant measurement with the addition of a second sensor.

Furthermore, in both figures, it is possible to observe one self-test with reduced power (half the
power of the normal procedure). This self-test appears just after the safety interlock. Given that all
subsequent tests follow the normal procedure (full power), it is possible to assume that the half-power
was a deliberate measure to check that the system is operating correctly following the emergency stop.

2-C-c Selected Health Indicator

Once the data are analyzed, it is possible to extract a Health Indicator. Compared with databases
1 and 2, there is no constant variable such as voltage that can be used as HI. It is therefore necessary to
extract an indicator from the various self-tests measured.

To this end, a first HI is calculated by computing the median power obtained during each self-
test. Then, based on the Relative Power-Loss Rate (RPLR) formula proposed in the thesis [200], the

40 Axes are hidden for the sake of confidentiality.
4! The temperature is controlled in the middle of each stack by two sensors to ensure redundant measurements.
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median power calculated is normalized using the polarization. The RPLR index aims to provide a
dynamic index reflecting the current operating point. For that purpose, the RPLR uses the polarization
curve given at the beginning of life. Moreover, to have an estimate of the current that is assimilated to
the median power, the median current is also extracted in each self-test. The formulate of RPLR can be
calculated using (IV-4):

RPLR = Predian — PeoL(Imedian) € [~o0, 0] (1V-4)

PBOL(Imediam)

To define a HI that is in the range [0, 1], a similar index to RPLR is calculated using the power
in end-of-life (P..) extracted from the polarization in end-of-life given by the manufacturer instead of
median power. This second index is entitled RPLRgor and calculated using (IV-5):

Peor. (Imedian) — Psor(Imedian) (1v-5)

RPLRgq, = € [, 0]

l:)BOL (Imedian)

One of the main limitations of the RPLR index is that it does not take stack temperature into
account. To integrate these variables in the calculation, a penalizing factor is calculated using the
difference between air inlet temperature (7.:), stack temperature (Tiwct), and optimum temperature®?
(T,p) from the Ballard documentation. The aim of the factor is to penalize the HI in proportion to the
difference between the stack temperature and the optimum temperature. Only the temperature sensor
giving the temperature closest to the optimum temperature is used. The formula to calculate the
penalizing factor is presented in (IV-6):

|(Tstack - Tair) - (Topt - Tair)|

(1V-6)
Factor = €|0,1
(Topt - Tair) [ ]
Using the previous equations, the final HI can be calculated using (IV-7):
_ RPLR — RPLRgoy, av-7)

HI = 0 X Factor € [0,1]

- l:)EOLnormalized

The calculated HI can be visualized in Figure IV-19. It can be noticed that during the first
months, the estimated HI is greater than 1, showing better performance than the one provided by the
beginning-of-life polarization curve used. Moreover, after 30 months, the HI is below 0, which means
that the end of life has been reached. Over the following months, HI continues to fall until it reaches an
index of -0.45 which is very close to the one given by the manufacturer (-0.4).

42 For the sake of confidentiality, the optimal temperature formula is not presented in the manuscript.
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Chapter conclusion

The aim of this chapter was to answer the question How to capture degradation trends and
extrapolate performances during system operation?

To address this question, a comprehensive overview of prognosis methods is initially presented.
Given that the prognosis domain intersects various disciplines with divergent paradigms and objectives,
essential definitions have been meticulously established and aligned with international standards. This
clarity is pivotal in ensuring a precise understanding of the concepts under development. Next, the main
families of prognosis approaches are examined in detail, highlighting the respective advantages and
limitations inherent in each. The culmination of this state-of-the-art analysis highlights the need to strike
a delicate balance between the complexity of the physical model and the demand for extensive, unbiased
databases to feed machine learning algorithms. In both cases, the judicious tuning of algorithms with
relevant parameter choices depends on the user's expertise. Despite the abundance of data, navigating
such an approach is still not an easy task. Moreover, the transition from one technology to another poses
problems. As a result, user expertise remains essential. This means that, despite the abundance of data
available, implementing such an approach is complex, and seamless transferability to new technologies
raises valid concerns about its applicability for industrial purposes.

Secondly, the chapter focused at the various carefully selected databases, an essential aspect
given the scarcity of open-access fuel cell data. The focus is on 3 databases, each containing data on
various degradation trends in fuel cell parameters. The first two databases present extended tests lasting
around 1,000 hours, carried out on identical fuel cells. The first database reproduces steady-state
operating conditions, while the second introduces high-frequency current ripples to simulate a
connection with a DC/DC converter at the cell output. It was found that steady-state fuel cell operation
results in a relatively linear voltage degradation, while the application of current ripples results in a non-
linear degradation trend (perturbations, slope changes, recovery). A third database has been integrated
seamlessly into this dataset. Unlike the first two, the data comes from an industrial backup system
consisting of two fuel cells, subjected to monthly self-tests. After the extraction of a relevant Health
Indicator based on the relative difference of performances with the begin of life polarization curve and
a penalizing factor based on the difference between optimal and real temperatures, it appears that the
degradation of the two stacks in the system is relatively similar and linear.

As the main contribution, this chapter lies into the development of a versatile prognosis tool
tailored to navigate the dynamic landscape of fuel cell technologies across diverse applications. Given
the constant evolution in the fuel cell field, it is necessary to develop the prognosis tool so that it is a
user-friendly tool capable of adapting to a multitude of scenarios and health indicators. Depending on
the fuel cell technology used and the industry, the system design can be very different. The inherent
diversity in system designs, influenced by varying fuel cell technologies and industries, further
emphasized the necessity for an approach that could seamlessly accommodate such variations.
Addressing the challenges posed by the guarded nature of proprietary knowledge in fuel cell physics, a
strategic choice was made in favor of a data-driven method, specifically a data-driven black box
approach grounded in a predefined model. There were two reasons for this decision, the first being the
ability to monitor data throughout the life of the system, enabling databases to be continually expanded,
and the second being the recognition that extrapolation tasks are intrinsically more complex than
diagnosis tasks, enabling non-linear dynamics to be captured while minimizing reliance on the user's
expertise, given his predominant reliance on empirical data. The forthcoming chapter will delve into a
detailed presentation of the developed prognosis tool, offering an in-depth exploration of its features
and functionalities.
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V Health Indicator forecasting — Designed Approach & Results

Chapter introduction

One of the main points highlighted in the previous chapter Ois the wide variety of prognostic
algorithms existing. The choice of a specific approach is a complex task that requires considering the
specific constraints linked to the applications such as physical knowledge, the number of data as well as
the desired prediction horizon. In order to develop the use of prognosis algorithms within fuel cell
systems, it is necessary to establish models that are generic enough to work in various scenarios as well
as to simplify the search for good parameters. According to the state of the art, this can be achieved by
using data-driven methods and algorithms rather than complex physical models. These are very simple
algorithms, in which the complexity of physical model selection is transferred to the data processing
level. A preference is given to algorithms based on pre-defined models because of their better ability to
capture complex dynamics compared to non-model-based approaches.

This 5% chapter is dedicated to answering the question: How the expertise required to develop
and use prognosis algorithms can be reduced?

To provide an answer to this question, the prognosis method developed is first presented. Special
attention is placed on elements designed to reduce the need for expertise. Following this, the results are
presented and discussed. Moreover, in order to validate the genericity of the approach, the algorithm
developed will be tested on bases not used for its development.
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1 Designed prognosis approach.

As the designed prognosis algorithm is based on data-driven techniques, it has to be built in two
steps. First an offline training to capture the temporal trend in historical data. Then, the model is
employed in operation with fresh data.

Only the first database is used to design the forecasting algorithm. Databases 2 and 3 are
subsequently used to measure the algorithm's ability to make forecasts without any parameter
calibration.

As part of this thesis, it has been decided to focus on a prognosis framework where only one system
performance is studied and forecasted. In the context of a massive deployment of systems, it is more likely that
historical data from dozens or hundreds of systems are available, considerably increasing the knowledge
available and thus simplifying system modeling. The aim of focusing on a single system is to develop a model
capable of operating in the most unfavorable scenario.

1-A The approach

The modeling of system behavior from data can be organized into 4 steps offline and 2 steps
online (exportation and usage). The offline steps are respectively: Historical data collection, Health
indicator extraction, Standardization, and finally Health indicator regression. The steps of data
collection and Health Indicator extraction have been presented in the previous chapter. Due to the small
amount of data available, it would also have been possible to add a data augmentation step as a sub-
category of the data collection step. Data augmentation is a step commonly used in situations where the
number of historical data is low. It allows new data to be artificially simulated. One way of artificially
augmenting the data is to add noise, another possibility is to use interpolation techniques. Reference
[201] presents an overview of the state-of-the-art in this field. Nevertheless, this step, while potentially
beneficial, can also severely disrupt model performance if not carried out with care. This step is
particularly challenging and generally requires the user's expertise to verify the relevance of the data
generated. As the aim of this thesis is to reduce the complexity of the development of prognosis models,
it will not be described further in this manuscript. With the exception of these steps, all others are
described in the continuation of this section. The global process of prognosis is presented in Figure V-1:

Parameters”
optimization

Off line

On line

Figure V-1: Global principle of prognosis algorithms
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1-A-a Feature standardization

In the context of prognosis tasks, unlike diagnosis, it is often necessary to extrapolate from
known data. One of the main disadvantages of extrapolation is that it implies that the statistics of the
data are not known (i.e., min, max, mean ...), which makes the task of data standardization very
challenging. Indeed, when data are standardized based on training data alone, it can create a bias in favor
of learning from known data and an inability to extrapolate.

A comparison between several standardization approaches is presented below in section V 2-B.
The aim is to determine the most appropriate standardization approach for general use.

It is worth noting, however, that when the algorithm learns from data coming from several fuel
cell systems, the standardization challenge is considerably reduced, since the data statistics
representative of a system over its entire lifetime are available.

1-A-b Offline regression

Using extracted and standardized HI, it is henceforth possible to capture the degradation trend.
To this end, the approach designed is based on neural networks and more specifically on the Echo State
Network (ESN). ESN was chosen over other approaches because of its ability to handle complex
problems despite a simpler structure than conventional approaches. Moreover, its simple structure
makes training faster and easier. Before presenting the designed approach, a description of Echo State
Network is done.

01 Echo State Network - Mathematical background

First of all, for a better understanding of the equations below, the terminology is defined. In this
study, a discrete-time Echo State Network with K input units (i.e. features), N reservoir-internal units,
and L output units are considered. In addition, the discrete time is represented by n = 1, 2, ..., T where
T is the number of data points in each sequence. Indeed, to capture the long-term relationship, it is
generally necessary to use several previous time steps rather than the previous one.

The input weights W are collected in a matrix of size NxK. The activations of the input neurons

€9

at time “n” are represented by the input vector: u(n) = (u:(n), ... (ux (n)).

The reservoir weights W* are collected in a matrix of size NxN. The activations of the reservoir

[73% 1)

neurons at time “n” are represented by the reservoir state vector: x(n) = (x;(n), ... (xn (n)).

The output weights W' are collected in a matrix of size Lx(K+N+L). The activations of the

9

output neurons at time “n” is represented by the output vector: y(n) = (yi(n), ...(vr(n)).

For specific applications, an optional feedback weight matrix WP*¥ of size NxL can be added
between the output weight matrix and the reservoir.

The reservoir activation states are calculated using (V-1) described below:
x(m) = f(Wn. u®m) + W*. x(n — 1) + Wb _ y(n - 1)) (-1

where f'and n represent respectively the activation function (generally tank) and the time step.

In tasks where no output feedback is required (i.e. WP** is null), the activation of output neurons
can be calculated using the result of (V-2) presented below:

V(M) = foue W [u(®) | x(n)]) (V-2)

where four is the activation function for the output neurons (generally identity) and [u(n) | x(n)]
is the concatenation of u(n) with x(n)
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The output weights are calculated by solving the linear equation system described in (V-3):

weut x x = ytarget (V-3)

Where X represents all [u(n) | x(n)] produced by presenting the reservoir with u(n) and Y@
represents all yiargei(n).

Output weights can be computed by inverting matrix “X " using methods such as Moore-Penrose
pseudo-inverse, or by iterative approximation such as gradient descent. In this manuscript, we have chosen to
define the choice of optimizer employed as a parameter of the ESN, even if it is not directly linked to its
architecture. Moreover, the term “training” employed in this chapter refers to the calculation of output
matrix weight. The different optimizers available are presented in the next section.

The training data are used to optimize the algorithm in order to minimize the error between the
computed output and the actual data using a metric such as RMSE presented in section IV 1-D-b.

A schematic representation of the Echo State Network can be visualized in Figure V-2:
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Figure V-2: Schematic representation of Echo State Network

02 Echo State Network - Parameters

In spite of to their relative ease of use, ESNs require the definition of several specific parameters
that define their architecture namely: spectral radius, connectivity, leaky rate, number of neurons,
scaling factor, and optimization algorithms*:

The spectral radius (p) parameter ensures that the reservoir is sufficiently stable to avoid
chaotic behavior (i.e. ensures that the internal state of the reservoir echoes information from past inputs).
Mathematically, it corresponds to the maximum eigenvalue of the reservoir matrix. Consequently, the
higher the spectral radius, the more amplified the signals propagating in the reservoir. It is determined
during the initialization of the reservoir where the matrix weight is generated randomly. In order to let
the user control this parameter, a general solution is to normalize the reservoir matrix by dividing the
matrix by its spectral radius value (range scaling) which is represented by (V-4). Another way is to

43 As explained above, while the optimization algorithm is not an inherent parameter essential for ESN design, its inclusion in
this manuscript is warranted due to its non-negligible importance.
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divide the matrix by its Euclidean norm (norm scaling) which is shown in (V-5). In both cases, the
normalized matrices are then multiplied by the desired value of spectral radius.

x _ w* X p (V-4)
range scaled — x controlled
p(W=)
w* (V-5)
Wﬁorm scaled = ||Wx||2 X Pcontrolled

It is generally recommended to have a spectral radius value of less than 1 to respect the Echo
State Property (commonly known as ESP) which implies that the initial conditions should gradually
disappear with time, i.e. the state of the reservoir should depend only on the input signal and not on the
initial conditions existing before this input. According to the study done in [202], the ANOVA method
has been applied to ESN and results show that spectral radius and the number of neurons are the most
important parameters to define.

The leaky rate (@) parameter controls the dynamics of neurons (also named leaky integrators
neurons). More precisely, it controls the rate at which the internal state of the reservoir decays over time.
According to LukoSevicius in [203], The leaky value is generally in the interval [0, 1] to ensure that x(n)
never goes out of the bounds [-1, 1] and can be seen as a simple loss pass filter (exponential smoothing)
applied to every node. A high leakage rate signifies that the previous state has a low impact on current
outputs and a leaky rate of 1 means no leakage. To integrate the leaky rate parameter, it is necessary to
modify the calculation of neurons presented in (V-1) by (V-6) shown below:

x(m) =1 —a)x(n—1) +a. f(Wmum) + W*.x(n — 1) + Wbk y(n — 1)) (V-6)

The connectivity (c) represents a percentage of non-zero weights in the reservoir matrix.
Adding zeros within the matrix allows increasing individual dynamics by decoupling into sub-networks.
According to LukoSevicius in [203], the impact of connectivity on the results is relatively small.
However, a sparsely connected reservoir improves computation times due to the fact that reservoirs are
updated faster.

Number of neurons: In opposition to classical recurrent neural networks (LSTM & GRU), ESN
reservoirs have the capacity to process a large number of neurons. This number can vary from a dozen
to several thousand. Indeed, the weights being fixed allow for simplifying computation times because
the problem is transformed into a simple linear regression.

The scaling factor represents the interval in which the input and feedback weights of the
network will be fixed during initialization. For a normal distribution, this value is characterized by its
standard deviation, and for a uniform distribution by its interval [-a, a]. Typically, Echo State Networks
are used with hyperbolic tangent activation function and input scaling factors are in the interval [-1, 1]
or a standard deviation of 0.5 which is similar to reservoir initialization. Nevertheless, it is worth noting
that it is the input scaling factor that determines how nonlinear the reservoir responses are. Indeed, the
closer the weights are to 0, the more linear the output will be because the hyperbolic tangent function is
almost linear around 0.

Computation of the output weight matrix: In addition to the choice of ESN parameters,
another important element to consider is how to calculate output weights W°". ESNs such as most neural
networks are usually trained offline using historical data. Nevertheless, in the case of a very limited
database or specific applications requiring model adaptation, it is possible to train the algorithms online
using freshly monitored data to adapt in real time the output weights. In general, offline training of
neural network algorithms uses gradient descent algorithms that iteratively adapt weights according to
their estimated gradients to minimize an error. In the specific case of Echo State Networks, the trainable
output weights are located in a single output layer. Therefore, although classic gradient descent methods
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are always possible, other direct methods such as Moore-Penrose pseudo-inverse, weighted regression,
Cholesky, or LU decompositions can also be used [191]. The primary advantage of direct methods lies
in their use of matrix calculations, enabling closed-form solutions and fast training, particularly
beneficial for small datasets. On the other hand, gradient descent methods offer versatility and
scalability, making them more suitable for handling large databases and complex models. In the case of
online training (which can be done after offline training), the method usually used is the Stochastic
Gradient Descent (familiar as the Least Mean Squares algorithm). In reference [191], the authors also
present other online training algorithms such as Recursive Least Square and BackPropagation-
DeCorrelation.

Estimating the right parameters for ESN: As explained previously, with the exception of the
optimization algorithm used to calculate the output weights (training), the other parameters are used to
establish the network architecture and govern the reservoir dynamics. Setting up these parameters (and
therefore the reservoir) is a complex task involving many parameters. In reference [191], the original
authors of ESNs proposed several guidelines for manually selecting global reservoir parameters, but this
implies user expertise and an intuitive understanding of the dynamics involved. To automatize this task,
optimization** methods can be employed. Random and grid-search methods are two straightforward
parameter optimization methods [203]. More complex approaches based on global optimization have
also been developed, such as the evolutionary methods [204] , gradient descent [205], particle swarm
optimization [206], big ban-big crunch [207], simulated annealing [208], genetic algorithm [209], bee
colony [210] and differential evolution [211] has been proposed respectively in references. In spite of
the benefits of using these types of algorithms to optimize ESN parameters, it is important to note that
this significantly increases the training time of the algorithm.

03 Principle & selected parameters

As previously mentioned, once the Health Indicator is extracted and standardized, the pre-
defined ESN model can be fitted (i.e. the output layer weights W' are computed). To do this, it is first
necessary to decompose the standardized Health Indicator into sequences of input and output time series.
Indeed, to capture long-term trends, it is generally advisable to use several previous time steps rather
than the latest one. Sequence length affects the way data is organized and presented to the ESN during
training and testing. It influences the network's ability to capture short- and long-term dependencies in
the data. As well as ESN parameters, sequence length is a data-related parameter that needs to be set.
For a collection of n data in a dataset X = {x;, x>, ..., x»}, the data can be converted into .X; input time
series of sequence 7 and Y; time series representing the next time step to be estimated. X; and Y;can be
represented such as:

Xl = {x11x2""'xT} Xi = {xi,xi+1;---;xi+T—1} Xn—T = {xn—Tan—T+1""'xn—1}
Y1 = {X741} Yi = {Xisr} Yoor = {xa}

In the developed approach, the value of the sequence size is set at 2/ 3 of the training data. In

cases where the data come from different systems, it may be interesting to search for an optimal sequence
length. However, given that in the approach developed data from a single system are available, the use
of large sequence allows considering a significant part of the previous data in order to favor the capture
of long-term dynamics.

In addition to the sequence length parameter, it is necessary to set the different ESN parameters.
To simplify the selection of spectral radius and leaky rate parameters, an improved version of classic

4 The optimization methods mentioned in this paragraph refer to the setting of the various ESN parameters (radial spectrum,
connectivity, etc.) and not to the calculation of output weights.
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ESN is described in section V 1-B-a. Concerning the connectivity parameter, it is set to a value of 10%.
Indeed, as explained in the previous section, the impact of connectivity on results is relatively small, but
it can help speed up reservoir updates and thus reduce overall computation time. The number of neurons,
meanwhile, is generally set at a large number to maximize capturable dynamics and the ability to
memorize long dynamics.

Once the various parameters have been defined, the echo state network is trained until the
dynamics of the training data are correctly captured and generalized to the validation data. The offline
principle of the designed approach can be visualized in Figure V-3:
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Using the Echo State Network presents several advantages: First of all, its architecture is
relatively simple. Indeed, as most of the weights are fixed (input and reservoir weights), only a small
amount of weights need to be optimized by linear regression. This allows the algorithm to be used for
both simple and complex problems while being considerably simpler and faster to train than the widely
used LSTM and GRU algorithms. Moreover, it is interesting to note that despite their simplicity, ESNs
achieve similar performance. An example is given in reference [212], where ESNs were compared with
LSTMs for a gesture recognition task. Another example is provided in reference [213], where ESN and
LSTM are compared to perform an image classification task. The results showed better stability and
accuracy for ESN when the same number of neurons is used.

Regarding the choice of the optimization algorithm as part of this thesis, it has been decided to
use the "TensorFlow" library [214], due to its versatility in defining various neural network
architectures. However, since the library is not exclusively dedicated to Echo State Networks, only
algorithms based on gradient descent are implemented. It would have been possible to use other libraries
dedicated to echo state networks using these optimization methods, such as “reservoirpy” [215],
however, one of the points of this thesis is to compare different neural network architectures (presented
later in section V 2-F). To maintain consistency and better control the variations between different
architectures, the decision was made to leverage a single library, TensorFlow.

04 Gradient Descent — Principle

As explained earlier, the optimization algorithm used to train the ESN model is based on
gradient descent (see section V 1-A-b03). Before presenting the online regression principle, a
description of gradient descent principle is done. Gradient descent algorithms are optimization
techniques widely used in machine learning to minimize the error or loss function of a model during
training. In accordance with authors in [216] which present an overview of gradient descent algorithms,
currently every major Deep Learning library contains the implementation of algorithms based on
gradient descent. The fundamental idea behind these algorithms is to iteratively adjust model parameters
by moving in the direction of the greatest decrease in the loss function. The "gradient" represents the
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slope of the loss function J(6), and, by taking steps proportional to the negative value of this gradient,
the algorithm aims to reach a minimum point where the loss is minimized. One of the most important
parameters in gradient descent-based algorithm is the learning rate which determines the size of the step
used to reach an (local) optimum. A simplified representation of gradient descent on a convex loss
function using different learning rates can be observed in Figure V-4:

Loss function Jif})

Initial weight Initial weight

Initial weight

Loss function J(@)
Loss function J(8)

—y
Parameter value (0) Parameter value (0) Parameter value ()
Small learning rate Adapted learning rate High learning rate

Figure V-4: Schematic representation of gradient descent with different learning rates on a convex loss function.

As illustrated in Figure V-4, the learning rate has a direct impact on algorithm convergence. If

the learning rate is too low, convergence slows down and therefore the training time increases. In
addition, a low learning rate can increase the possibility of getting stuck in local optima. On the other
hand, too high a learning rate can lead to convergence failure. In this situation, the algorithm may exceed
the global optimum and oscillate around it. A good learning rate is a balance between convergence
speed, stability, and the ability to ignore local optimums (generalization). It is generally necessary to
carry out several experiments to determine a good value, although some algorithms are able to adapt
this parameter during training (detailed in the following).

The traditional gradient descent has 3 variants which are: (full) batch gradient descent, stochastic

gradient descent, and mini-batch gradient descent:

In batch gradient descent, the totality of training dataset is used to compute the gradient of the
loss function. Parameters are updated based on the average gradient estimated for all training
examples. The main advantage of this approach is that it generally guarantees convergence to
the correct minimum, as the gradient estimate is more accurate. However, the gradient descent
batch is computationally more expensive for large databases and cannot fit into the memory of
the computer system. Batch gradient descent is commonly used for small to medium-sized
datasets where the entire dataset can fit into memory.

In contrast to batch gradient descent, stochastic gradient descent updates the gradient using each
training example rather than the entire data set. The introduction of noise into gradient
estimation, resulting from the use of a single training example, improves the algorithm's ability
to escape local optima. However, this noise can also lead to greater variance in convergence due
to the impact of individual examples. It should be noted that this algorithm is well suited to
online learning, where data arrives sequentially. However, when used offline, the stochastic
gradient descent method does not fully exploit the advantages of matrix calculation, which can
result in higher computation times.

Unlike batch gradient descent, mini-batch gradient descent finds a balance by updating the
gradient using a subset, or mini-batch, of randomly selected training examples (generally a
power of 2 to fit the hardware CPU & GPU memory). This approach combines the efficiency
of processing smaller batches with the stability derived from using more global information than
stochastic gradient descent. The introduction of noise, although reduced compared to the
stochastic approach, comes from the size of the mini batch, which improves the algorithm's
ability to navigate and escape local optima. However, the impact of individual examples on
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convergence variance is attenuated compared with purely stochastic updates. Mini-batch
gradient descent is versatile and widely adopted, offering improved computational efficiency
and stability. It is particularly effective for large datasets and can be adapted to both online and
offline learning scenarios.

A simplified representation of the several gradient descent variants on a simple convex
problem can be visualized in Figure V-5:

Stochastic

Mini batch

Figure V-5; Scheme illustrating the different gradient descent variants.

Before detailing more, the gradient descent-based algorithms, the vocabulary is fixed and
illustrated in Figure V-6 to simplify the understanding:

Epoch: An epoch (also known as an iteration) represents a complete run through the training
data set during the input of a machine learning model. In other words, an epoch consists of one iteration
through all the training examples, during which the model updates its parameters on the basis of the
calculated gradients. The number of epochs is a hyperparameter that determines how many times the
learning algorithm will traverse the training data set.

Batch size: The batch size is defined as the number of training samples used in one iteration (or
step) of the optimization algorithm.

Step per Epoch: A step per epoch is defined as the number of parameter updates (gradient
descent steps) occurring during an epoch. It is governed by the batch size used during training. For
example, assuming 1,000 training samples and a batch size of 100, there will be 10 steps per epoch
(since each batch contributes to one step).
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Figure V-6: lllustration of data decomposition into mini-batches.
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Although the conventional gradient descent algorithm offers good performance and is widely
used by the scientific community, a large number of derivative algorithms have been developed to
improve robustness and convergence speed. In this section a quick presentation of main algorithms is
presented, nevertheless, the interested reader can refer to reference [216] which present an overview of
the gradient descent algorithms.

A famous extension of classic gradient descent is to integrate momentum to deal with the
oscillations and slow convergence that can occur, particularly in the presence of noisy or highly curved
cost surfaces. The idea behind momentum is to include a fraction of the update vector from the past time
step in the current time step. It can be assimilated to a moving average of past gradients to smooth out
oscillations and thus provide more consistent updates of model parameters. An improvement of
momentum is presented in [217] and is named Nesterov accelerated gradient. This involves introducing
a step lookahead at the momentum update, which leads to a more accurate estimate of the next parameter
update based on the anticipated one. As a result, convergence is faster, particularly when the loss
function is highly curved, or the gradient is noisy. One of the most used gradient descent algorithms is
the “Adaptive Moment Estimation” (commonly named Adam). This algorithm has been introduced in
2014 with reference [218]. Adam optimizer is a first-order gradient-based algorithm (i.e. it stores an
exponentially decaying average of past squared gradient) that relies on adaptive estimates of lower-order
moments (i.e. it keeps an exponentially decaying average of past gradients). Its main advantage lies in
its ability to adapt the learning rate for each individual parameter based on historical gradient
information, making it well-suited for irregular loss surfaces or when dealing with sparse data. The
authors showed empirically that Adam demonstrated versatility and efficiency across a range of machine
learning tasks and architectures despite the use of default parameters. Its robust performance has made
it a popular choice for optimizing deep neural networks and other complex models. Since the initial
development of the method, several Adam-based adaptations have been created and are still appearing
regularly. Some examples include the optimizers: Nadam [219] (2016), AdamW [170] (2017),
AMSGrad [221] (2019), Radam [222] (2019) and AdaBelief [223] (2020) algorithms.

In addition to optimizer parameters, in order to improve learning stability, results and
repeatability, it is common to employ techniques known as "regularization". Regularization methods
introduce constraints or penalties to the training process, discouraging the model from fitting the noise
or idiosyncrasies in the training data too closely. This helps prevent the model from becoming overly
complex and encourages it to capture the underlying patterns in the data. There are a large number of
regularization techniques, some of the best known are briefly presented below:

e L1 regularization (also known as Lasso) which introduce a penalization term based on the
absolute values of the weights. L1 regularization encourages sparsity in the weight matrix,
leading the weights to tend towards exactly 0.

e L2 regularization (also known as Ridge) which introduce a penalization term based on the
squared values of the weights (i.e. proportional to the Euclidean norm of the weight vector). L2
regularization lead to have small weight, however unlike L1 regularization it doesn’t introduce
sparsity.

o Dropout consists of simply setting certain weights to zero, based on a user-defined rate. Inputs
not set to 0 are scaled up by 1/ (1 - rate) such that the sum over all inputs is unchanged.

e Noise: The introduction of noise, in the form of multiplicative or additive perturbations, serves
as a regularization technique, adding a controlled randomness during learning. This prevents
the model from relying too heavily on specific patterns, enabling better generalization.

o Early stopping is a technique for halting the training of an algorithm when the validation error
does not decrease over a certain number of epochs. Indeed, one of the main symptoms of
overfitting is the observation of a decreasing training loss while the validation loss is increasing.
A commonly used adaptation consists in fully training the algorithm over all epochs, but only
saving the weights giving the lowest validation error.
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Other techniques can be found in the literature, such as data augmentation, weight constraints, etc.
Further information on regularization techniques can be found in the references [224], [225]. In the
context of this thesis, as the regularization parameters have to be set empirically, it was decided not
to include them in the study.

1-A-c Online regression

Once the ESN is trained offline, the model is exported and run online in an embedded system,
with electronic cards such as Arduino or Raspberry Pi. There are two main methods used to perform
predictions with ESNs: the first, called "corrective prediction", consists of predicting one or more fixed
windows of the next time step, and then waiting for the actual measurement to correct the prediction.
The term "direct prediction" can also be found in articles such as in reference [192]. The second method,
called "iterative prediction" [192], uses no correction or refresh of the data. In iterative prediction, each
predicted data item is used to predict the next time step, enabling an infinite number of predictions to be
performed or, more generally, until a user-defined criterion (e.g. number of time steps or threshold
value) is reached. Generally, corrected prediction is used to evaluate the performance of algorithms on
training and validation data, however, when the model is used to predict unknown future performance,
the iterative method is favored. The difference between corrected and iterative predictions can be seen
in Figure V-7:
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Figure V-7: Schematic representation of corrective (left) and iterative (vight) predictions using sequences of length 4.

One of the interesting capabilities of ESNs and neural networks more generally is the ability to
train quickly online using stochastic gradient descent, as presented in section V 1-A-b02. This capability,
although optional, can be very useful when the network needs to respond immediately to fluctuating
dynamics and the amount of data limited. Despite the advantages of this method, online training was not
adopted in this study.

Once the prediction has been made by the ESN, the predicted values are de-standardized to
restore the original scope of the Health Indicator and make it interpretable by a potential user. A
schematic representation of online principle is shown in Figure V-8.
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1-B Minimizing the need of user's expertise
As shown in the previous approach, it is necessary to define several parameters. In order to
limit the complexity of this task, the following approaches have been implemented.

1-B-a Multi-Reservoir and Bidirectional Strategies

In addition to the difficulty of parameterization, traditional single reservoir ESNs are often faced
with the challenge of simultaneously capturing complex and multiple temporal dependencies, as well as
processing data corrupted by noise. To improve ESN's performance taking into account these
constraints, one of the most common solutions is to combine several reservoirs and can be found under
the names “Multi-Reservoir” or “Deep Reservoir Computing Architectures”. This solution was initially
introduced in [226] and a review of ESN architecture is presented in [227]. Although the combinations
between ESN and other deep learning approaches are infinite, there are generally two ways to combine
ESN reservoirs: The first, called “Deep-ESN”, involves stacking several ESNs in series so that each
successive reservoir is fed by the output of the previous one. The second architecture is known as
"Grouped ESN" (also found as "parallel ESN"). Instead of a serial connection, the input data is connected
directly in parallel to different tanks. The multi-reservoir architectures described can be visualized in
Figure V-9:
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Figure V-9: Schematic representation of multi-reservoir architectures

According to several studies [226], [228], [229], Deep-ESNs show a very good ability to process
time series signals. However, even if it improves performance, the Deep-ESN architecture must be
chosen with care, particularly in terms of the order of the different reservoirs (e.g. from highest to lowest
leakage rate with a constant spectral radius). Grouped-ESN, on the other hand, although their
architecture is not as profound as that of Deep-ESN, can be used to combine different parameter
combinations by merging the output layers of each reservoir. In this way, the best reservoir is chosen
directly during training, giving more weight to the reservoirs that best match the network's dynamics.

In addition to the multi-reservoir architecture specific to ESN, a now well-known technique for
improving the dynamics captured by RNN consists in training the model using all available input
information in the past and future of a specific time frame. This approach, proposed in 1997 in reference
[230], is entitled "Bidirectional" and can be applied to all RNN-based approaches, including ESNs. The
idea behind bidirectionality is to overcome the contextual limitations of conventional RNNs. To achieve
this, bidirectionality uses all available input information by dividing state neurons into two components:
one managing the positive direction of time (forward states) and the other managing the negative
direction of time (reverse states). One important point to note is that there is no direct connection
between the outputs of the forward states and the inputs of the reverse states, and vice versa. The
separation and isolation of temporal directions enables the network to autonomously capture and process
information in both forward and reverse temporal contexts. This gives a more complete understanding
of the context and improves the model's ability to effectively capture long-term dynamics. In reference
[231], a bidirectional ESN combined with a multilayer perceptron is compared with a classic ESN and
a Gated Recurrent Unit to perform classification of time series. According to the authors, the results
show that the performance of the bidirectional ESN is much better than that of the ESN, and sometimes
even better than that of the fully trained GRU network.
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The schematic representation of unfold bidirectional structure is shown in Figure V-10:
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Figure V-10: Schematic representation of unfolded bidirectional structure.

As the aim of the proposed work is to propose an approach that achieves good results while
simplifying the choice of parameters, it has been decided to focus on the Grouped-ESN approach.
Moreover, as ESNs have a much lower computation time than fully trained RNNs, the bidirectional
architecture was added to the study and a comparison in performed in section V 2-D.

1-B-b Learning rate Scheduling & Finder

In order to improve the capacity and convergence speed of gradient descent algorithms, a widely
used technique is learning rate scheduling. This involves dynamically adjusting the learning rate during
the training process of a machine learning model. This technique can also be used with algorithms whose
learning rate is automatically adapted (e.g. Adam), as it can slow down overly rapid evolution in the
early epochs and force convergence in the later ones. In addition, this technique can reduce the criticality
of learning rate selection by exploring a range of values during training. According to the authors who
developed the AdamW optimizer [170] the fact that Adam optimizer adapts the learning rate for each
parameter does not exclude the possibility of significantly improving its performance by using a global
learning rate scheduler. A large number of learning rate schedulers have already been implemented and
can be classified into two categories: continuous, step-based and cyclic learning rate schedulers. The
interested reader can refer to reference [232] where authors present a benchmarking of deep learning
optimizers and schedulers.

e Continuous learning rate schedulers use smooth decay functions to progressively reduce
or increase the learning rate over time. They are characterized by uninterrupted
adjustment to maintain a more stable and controlled optimization process. The
continuous learning rate can be based on exponential, time, cosine, or polynomial decay.
More recently, a new scheduler using large learning rates has been proposed in reference
[233] and show very good performance.

e Inversely to continuous learning rate schedulers, step-based scheduler uses a discrete
modification of the learning rate. It keeps the learning rate constant for a specific
number of epochs or gradient updates and adjusts it at the end of the interval. The step-
based scheduler can use a continuous learning rate scheduler with the addition of a
staircase parameter representing the interval between two iterations, or by using user-
defined intervals and a decay factor (called PiecewiseConstantDecay).
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e The cyclic learning rate scheduler is a dynamic optimization strategy designed to
diversify and improve the training process of machine learning models. Unlike
traditional schedulers, which follow a monotonic decay, cyclic schedulers introduce
periodic fluctuations in the learning rate throughout the training process. These cycles
involve an alternation between lower and higher learning rates, encouraging the
exploration of different regions in the optimization landscape. The concept is based on
the idea that periodic increases in the learning rate can help the model escape local
minima, while periodic decreases facilitate fine-tuning. The cyclic nature of the learning
rate provides a form of self-regularization, enabling the model to adapt more
dynamically to the complexity of the optimization task. Schedulers with cyclic learning
rates help to improve convergence, generalization, and robustness, making them
particularly useful in scenarios where diversified exploration of the parameter space is
beneficial. The notion of cyclic learning rate was introduced in reference [234], where
several cycles based on triangles were proposed. Another cycle based on cosine decay
with restart was proposed in [235].

Although the use of algorithms that automatically adapt the learning rate and planning
techniques can reduce the critical impact of the learning rate, the choice of a good initial value remains
important. Indeed, the initial learning rate serves as a crucial starting point for the optimization process,
influencing the early stages of model convergence and stability. Even with adaptive methods and
scheduling, a poorly chosen initial learning rate can lead to sub-optimal convergence or hamper overall
training performance. It is therefore essential to carefully consider and, if necessary, experiment with
the definition of an appropriate initial learning rate to achieve efficient and effective model training. In
order to provide a fast and accurate estimation of the learning rate, a tool called learning rate finder has
been presented originally in reference [234] under the name “LR range test” and used in references
[233], [236]. This technique involves a short pre-training phase where the learning rate is systematically
increased using generally an exponential evolution within a predefined number of steps (gradient
updates). During this process, model performance measured by training loss is monitored for each batch.
Then the best learning rate can be determined. There are several methods to determine a good learning
rate, the first being to estimate the one that gives the lowest loss (LRmin), and the optimal value is
generally obtained by dividing LRmin by 10 to limit the risk of convergence instability. The second
method consists in using the derivative of the loss curve obtained to determine the learning rate
corresponding to the steepest loss indicating rapid learning and therefore good convergence. The return
learning rate is named LRseep. This second method, although functional, is very sensitive to noise and
in the case of small databases it may be necessary to use filtering methods such as moving average or
spline fitting to smooth out the training error. More recently, two new methods for estimating the best
learning rate have been proposed on the fastai library [237] forum. The first proposed is to take the
steepest slope about midway or two-thirds of the way down the longest valley [238]. This method to
find the learning rate is named LRyaiey and is currently the default learning rate returned by the fastai
library. The second method uses the advantage of the loss that skyrockets as the learning rate increases
after a certain point to use an interval calculating rule that moves from right to left on a flatter loss
gradient graph of the learning rate search. It progresses until the loss value of the right interval bound is
sufficiently close to that of the left interval bound. The left interval bound is then considered the selected
learning rate and named LRgigc [238].

In this study, the selected optimizers is Radam [222]. The authors have shown that when training
an algorithm with Adam, it is possible to observe a large variance in the first iterations. One known
technique for countering this phenomenon is to train Adam with a low learning rate during the first
iterations. By proposing the Radam optimizer, the authors introduce a variance rectification term that
automatically integrates a warmup step without the need for specific tuning. In addition, authors
demonstrate that their algorithms are more robust to the choice of learning rate. Also, in order to force
convergence using a fixed number of epochs, it has been decided to use a continuous learning rate
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scheduler based on cosine decay. Despite the robustness of Radam's choice of learning rate, the learning
rate search technique was adopted to guarantee convergence whatever the database. The main reason
for this choice is the small amount of data, which can make the algorithm more sensitive to learning
rate. Because of its simplicity and its default use, only the LRyaiey method is used in the work presented
here. To have a fairly accurate measurement, around 1000 gradient updates are used to determine the
learning rate. In general, between 100 and 200 step numbers are used to give a general representation of
the evolution without being too detailed and noisy, nevertheless, sometimes more steps are needed to
have a more accurate representation specifically when the number of data is limited (because the impact
of learning rate is amplificated). To reduce the presence of noise, loss is filtered during training using
an exponential moving average such as:

avg_loss;

1 gt (-7

smooth_loss; =

avg_loss; = B X avg_loss;_; + (1 — B) X loss; (V-8)

Where i is the batch number, avg /loss the average loss estimated and initialize at O for the first
batch and S is the smoothing factor in the range [0, 1]. Is this study, £ is set to 0.98 to limit the delay
visible on the loss while suppressing the noise.

An example illustrating the selection of the learning rates LRmin, LRsiccp and LRyaiiey is shown in
Figure V-11. A smooth curve and an artificially noisy curve are compared to demonstrate the robustness
of the different indicators.
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Figure V-11: Illustration of learning rate index selection on a smooth (left) and artificially noisy (right) curves.

On the smooth curve, between 107 and 10, the loss is flat, indicating a zone where the
algorithm is not learning. From 10, the algorithm starts to learn until about 10, when it becomes too
large, causing the loss to explode. It can be seen that only the LRvaiiey and LRmin indicators are positioned
on the learning slope, while LRgicp is positioned in the loss explosion zone. This confirms the low
robustness of LRsep and the need for user expertise to delimit the learning slope when using it.

1-B-c Xavier initialization

In addition to the learning rate, which is a parameter specific to gradient descent, one of the
most important parameters to initialize for any optimization algorithm is the initialization of the weights.
To address this challenge, authors in [239] proposed a method to set the initial weights of the network
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in a way that facilitates learning and convergence during training by limiting the impact of vanishing or
exploding gradients. Their method can be found under the name of Xavier (or Glorot) initialization.

The main advantage of Xavier initialization is that it takes into account the number of input and
output units to estimate the distribution parameters to be used in a specific layer. When the chosen
distribution is uniform W ~ U [-bound, bound], the bounds can be calculated according to (V-9):

6 g
bound = |—— (-9
Nin + Nout

Where n;, and no. represent respectively the number of inputs and outputs units. For a normal
distribution using a mean (u) and a standard deviation (a), W ~ N(u=0, o?) the standard deviation is

calculated as shown in (V-10)
2 d
o= (V-10)
Nin + Nout

In the case of Echo State Networks, Xavier initialization can be used to estimate an adapted
scaling factor for input and feedback weights initialization. Moreover, authors in reference [240]
proposed to initialize the reservoir weights using Xavier initialization rather than normalize the matrix
using spectral radius or Euclidean norm.

In this thesis, a comparison between the different methods of normalizing the ESN reservoir
matrix (range scaling, norm scaling and no scaling using Xavier Uniform initialization) is carried out in
section V 2-C.

1-B-d Data differencing

Insofar as the work on prognosis aims to model and predict the evolution of time series, it is
interesting to introduce the notion of differentiation. Indeed, when data are non-stationary, they are
characterized by a continuous evolution of statistical properties over time, which makes modeling and
prediction complex. Instead of using the original health indicator, differentiation involves calculating
the difference between two consecutive observations. One of the main advantages of differentiation is
its ability to eliminate non-stationary trends, making the data more stationary and thus facilitating
modeling. Differentiation is a key element of the ARIMA algorithm, which can use several orders of
differentiation to transform non-stationary data into stationary data. The use of differentiation order 2
or higher can be employed to remove non-stationarity when data exhibit complex non-linear trends
(order 1 is suitable for linear trends).

In order to determine the correct order of differentiation to use, one of the most popular
strategies is the Augmented Dickey Fuller test introduce in reference [241]. This test evaluates the
stationarity of a data set by determining whether a unit root is present (Null hypothesis) or not. In 2010,
an approximation of p-value has been proposed in [242]. The Augmented Dickey Fuller test regression
equation can be given by (V-11):

V-11
Ay, = ¢+ B+ ay1 + 818y 1 + 88y, 5 + - + 5 Ay + & v-11)

With “c” an intercept term which represents the constant or average change in the differenced

series Ay not explained by the other terms in the equation. “f” is the coefficient of the time trend, if 8
is significantly different from zero, it suggests the presence of a trend in the original time series. “o” is
the coefficient of the lagged dependent variable “y.;”. “d;” are the coefficients of the lagged differences.

[3P 1)

€’ is the error term representing the unexplained behavior or the model.
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The null hypothesis is validated when a = I (unit root). The alternative hypothesis when a < 1
suggests stationarity, and a comparison with the critical values validates or invalidates the hypothesis.
The interested read can also refers to reference [243], [244].

An example of first-order differentiation applied to a linear line with Gaussian noise is given in
Figure V-12:
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Figure V-12: Example of first-order differentiation applied to a linear line with gaussian noise.

For the purposes of this study, ESN performance is compared when raw and differentiated HI
are used. Also, the critical p-value used to determine the order of differentiation to be used is 5%.

1-C Synthesis
As described in the previous section, the designed prognosis approach consists of several steps,
and none of them should be neglected. Because this thesis aims to provide general approaches with a
low need for expertise, it has been chosen to focus on data-driven model-based methods, thus reducing
the constraints linked to the need to know the system’s pure physics while providing accurate results.
Given that the selection of a health indicator is highly application-dependent, and that there is currently
no single health indicator for fuel cells, several databases with several Health Indicator are studied.

Once the Health Indicator is estimated, a standardization step is performed. The determination
of a standardization approach capable of performing well on non-stationary data is made in section V 2-
B. To capture and extrapolate the degradation trend, the Echo State Network algorithm was chosen. This
choice was made because of the algorithm's simplicity, speed of execution and ease of training.
Nevertheless, despite its simplicity, more parameters need to be defined than in other, more commonly
used, data-driven approaches. To simplify these constraints, bidirectional multi-reservoirs can be
combined to maximize the dynamics that can be captured. In this thesis, the retained architecture is
parallel, which facilitates the integration of several dynamics at once and reduces the task of parameter
tuning. In addition, to simplify the search for the right weight distribution during initialization, Xavier's
Uniform initialization method is used and compared with commonly used methods in section V 2-C.
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One of the techniques commonly used to simplify the training of non-stationary series is
differentiation. In order to observe its impact on Echo States Networks, throughout the presentation of
results, a comparison is made between prediction using raw and differentiated data.

An overview of the designed prognosis approach is presented in Figure V-13. The elements to be studied

are highlighted.
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Figure V-13: Overview of the prognosis approach developed.
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2 Results & Performances analysis

2-A Computing environment
Before presenting the results, specific attention is given to the computer environment used to
perform the diagnosis. As explained previously in section III 2-A, one of the aims of this thesis is to
enable the reproducibility of results to contribute to Open Science.

As the training of the Echo state network is stochastic, simulations are run 10 times to account for the
variability of the results. This allows the algorithm to be tested with different weights, even if these come
from the same distribution from one simulation to the next.

2-A-a Programming language

As for the diagnosis algorithm, all simulations were performed in a Python environment. The
reasons that led to the choice of Python, as well as its advantages, were presented earlier in section 111
2-A-a. To help reproduce the results, details of the used libraries and their versions are given below in
Table I11-2:

Table V-1: Presentation of the library used to develop the diagnosis algorithm.

Library Version Scope
Python [154] 3.9.17 -
Numpy [155] 1.243
Numerical and
Pandas [156], [157] 2.0.3 mathematical
computations

Scipy [158] 1.11.1

Data analyze and machine

Scikit-Learn [80] 1.3.0 gy e
Statsmodels [245] 0.14.0 R Sl iatodelht e
statistical analysis.
TensorFlow [214] 2.13.0 Deep learning library
The ESN used is adapted®
TensorFlow Addons 0.21.0 from the “ESN cell”
proposed in this library.
Matplotlib [160] 3.7.1 Data visualization

2-A-b Echo State Network
With the same idea to allow reproducing the results, all parameters initially used to optimize
the Echo State Network are shown in the table below:

4 Because the original version requires the ESN reservoir matrix to be normalized (range or norm scaling), an adaptation has
been made to allow the matrix not to be normalized (using Xavier's initialization).
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Table V-2: Echo State Network parameters.

Parameters Value used Comments
Spectral radius ) No matr1>f ;cghpg Use - Xavier
initialization
Leaky rate 0.1/0.5/0.9 Low / Medium / High
Connectivity 10%

Input scaling

Reservoir scaling

Bidirectional

Number of neurons by
reservoir

Sequence length

Xavier Initialization

No scaling & Uniform Xavier
Initialization

Yes

167

2/3 of training data

Studied in section 0

Studied in section V 2-D

Total: =1000

2-A-c Gradient decent optimizers

The parameters used for the optimization of weights are summarized below:

Table V-3: Gradient descent optimization parameters

Parameters Value used Comments
Optimizer Radam See reference [222]
et LRvatey Use of learning rate finder

Learning rate scheduler

Number of epochs

Batch size

Other parameters specific to
Radam

Regularization

Loss function

Cosine decay

500

Mini-batch gradient descent

Default values
Not used

Mean Squared Error

procedure.

From LRvajiey to 0

The power of 2 closest to the
square root of the number of
training samples.

See reference [222]

It can be noted that no regularization is applied in this study. In fact, since the aim is to find a
simple approach without any in-depth parameter search, it has been decided not to focus on this
parameter, which to our knowledge is only found empirically.
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2-B Impact of standardization

The standardization of data is an important step of data-driven algorithms that deserves special
attention. The main objective of this step is to scale data to the same level and reduce the outliers’
influence. In forecasting tasks, as the future magnitude of the data is not always known, this step is even
more important and sensitive. In this section, a comparative study is carried out to determine a scaler
that offers good overall performance. To this end, 2 simulation scenarios are studied. The first simulates
a prediction using a large proportion of the training data (60%), giving more precise information on the
statistics of the data. The second scenario presents a prediction using very little monitored data (30%).

In the 2 prediction scenarios, database 1 is divided so that 60% and 30% of the data are devoted
to model training, and the last 10% of training data is used for validation. Consequently, prediction is
performed on 40 and 70% of data not used for training. For each training of the model, only the weights
giving the lowest validation loss are saved and used to perform the forecasting. In this application, rather
than directly estimating the RUL, the error between the actual health indicator and iterative predictions
is measured to give a general measure of the quality of the prediction. The performance provided by
several measuring devices is evaluated using raw data and differentiated for corrective and iterative
predictions. It should be noted that when differentiation is used, the data is scaled after differentiation.
Results are summarized in Figure V-14 and Figure V-15 which correspond respectively to results
without and with differentiation of the health indicator. According to the two figures, the impact of
standardization has a strong influence not only on forecasting performance, but also on the repeatability
of simulations, especially when only a few data are known.

Corrective Prediction - Raw HI Iterative Prediction - Raw HI

Training size: 60% Training size: 30% Training size: 60% Training size: 30%
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Figure V-14: Comparison of prediction results obtained using different scalers and raw Health Indicator (Y axis represents
the RMSE [V]).

Regarding the forecasting performance without differentiation given in Figure V-14, it appears
that, with one exception, the best results are obtained when the data are not normalized (using raw data
is considered here as a standardization technique) or when the Max Absolute and Tanh estimator are
used. Indeed, when only 30% of the data is dedicated to training, it can be observed that only these three
scalers are able to correctly capture the degradation dynamics, generating a discrepancy with other
normalization methods. When 60% of the data is devoted to train the model, it can be seen that the
difference in performance between the different scalers is significantly reduced. Also, the best results
recorded during corrective prediction are obtained using the Standard, Robust and Yeo-Johnson scalers,
with an RMSE of around 7x10 V (and 8x10 V for the other scalers).
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Figure V-15: Comparison of prediction results obtained using different scalers and differentiate Health Indicator (Y axis
represents the RMSE [V]).

With regard to the predictions obtained in Figure V-15, when the HI is differentiated, it should
be noted that the impact of standardization, although present, is greatly reduced compared to the
application without differentiation. Indeed, the errors recorded are generally within the same ranges and
better than those obtained without differentiation. However, it is possible to observe that the dispersion
of results is strongly impacted by the standardization chosen (specifically the Yeo-Johnson transformer
and Tanh estimator). This may suggest the need to increase the number of epochs or introduce
regularization techniques to limit the dispersion of results. It is noteworthy that the Standard and Robust
scalers achieve the lowest error and lowest dispersion in all 4 simulations.

Following the analysis of results, it appears that, as with the diagnosis task, standardization is
an essential element in the development of regression algorithms.

In the case of a non-stationary series, it appears that most methods based on data statistics fail
to correctly extrapolate data located outside the limits of the training data. Indeed, of the 4 scenarios
studied (30% and 60% for the training step, without or with differentiation), correct results were
obtained with only 3 standardization methods. The first (Max Absolute) consists in using the maximum
absolute value to normalize the data, which in the case of database 1 appears in the first-time steps. The
second is to leave the data unchanged (considered here as a standardization method), while the third
(Tanh estimator) is a very robust method that compresses the data to around 0.5 with a small standard
deviation. Other methods, not as robust as the Tanh estimator, are based on the statistics of the training
data, which are significantly different from those of the test data, resulting in a learning bias. To limit
this bias, it may be necessary to fine-tune the parameters and incorporate regularization.

When the HI is differentiated until it reaches stationarity, the impact of the various
standardization methods is less than in the case of non-stationary data. The reason is that differentiation
transforms the data in such a way that the statistics of future data are similar to those of the training data.
In the case studied, the Standard and Robust scalers appear to be the most efficient.

In the following, only the Tanh estimator is retained to study non-stationary time series.
Unlike the non-standardization and Max Absolute approaches, the Tanh method has the advantage
of being able to be used regardless of the scale of the data and knowledge of statistics, which can be
limiting factors. Also, to study differentiated data, the Standard scaler is chosen for its
performance (slightly better than the Robust scaler).

163



2-C Impact of ESN reservoir initialization and scaling

Once the standardization methods for the two study cases (with and without differentiation)
have been established, it's worth looking at the impact of reservoir initialization and scaling. To this end,
3 different scaling schemes will be studied: range scaling, norm scaling and no scaling. Also, 3 types of
initializations of weights before scaling will be studied: Uniform Xavier initialization, Normal
distribution with mean 0 and standard deviation 0.5 and Uniform distribution in the range [-1, 1].
According to [203], using a Normal or Uniform distribution to initialize the reservoir matrix gives
similar performance. For this reason, only the initialization of Xavier using a Uniform distribution is
studied. Moreover, Xavier Uniform initialization is the default initialization used in the TensorFlow
library. When using range and norm scaling, the spectral radius parameter is employed. In order to
capture as many dynamics as possible, it was decided to represent all possible combinations of dynamics
between spectral radius and leaky rate. In this way, a total of 9 reservoirs were obtained, in which values
of 0.1, 0.5 and 0.9 have been defined to represent respectively slow, medium and fast dynamics
respectively. To keep the total number of neurons constant (=1000), the number of neurons has been
divided between the different reservoirs (i.e. 3 when scaling is not used and 9 when using range and
norm scaling).

In order to determine the most suitable method for small databases, the comparison of reservoir
initialization is evaluated using only 30% of the data for the learning phase.

The monitored results are shown in Figure V-16 and Figure V-17. According to the two figures,
it can be seen that in the case of database 1, the impact of initialization and reservoir scaling leads to a
slight improvement in prediction performance. Indeed, even if all results are in the same range, it appears
that using range scaling generally results in slightly lower median RMSE than other methods, regardless
of the initialization of the weights used. With regard to the dispersion of results, it can be observed that
the use of norm scaling increases the dispersion of results. This phenomenon is mainly visible when
using raw HI without differentiation. Indeed, the use of norm scaling and the initialization of Xavier
without scaling can have a stronger impact on dispersion, as they reduce the dispersion of the reservoir
matrix weights more significantly than the range scaling method, which allows the use of a reservoir
with a greater variability of dynamics (which can, however, lead to non-respect of the Echo State
Property presented in section V 1-A-b02). Also, it is interesting to note that the initial choice of weight
distribution does not seem to have a great impact on the final results.

A visual inspection of predictions using Xavier initialization and the seral reservoir scaling are
shown in Figure V-18 and Figure V-19. The figures tend to confirm the previous analysis. However, it
is interesting to note that the use of range scaling, while correctly capturing the dynamics of degradation
after averaging the results, tends to overestimate HI degradation (Figure V-18). It can also be observed
that when Range Scaling is used, the signal may be amplified in cases where differentiation demonstrates
that the Echo State Property may not be fully respected (Figure V-19). The use of Norm scaling or No
scaling, on the other hand, tends to underestimate and focus on short-term degradation, which does not
fully consider recovery phenomena. Underestimation of results is often preferred to overestimation for
maintenance reasons, in a sense that it is better to try to mitigate the degradation effect too early than
too late. Furthermore, when these two methods of scaling the reservoir matrix are used, Echo's state
property is well respected, even if the results are slightly impacted.

In the following, to ensure the stability of prediction and respect of Echo State Property, the
norm scaling methods combined with Xavier Uniform initialization are adopted.
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Ist order differentiated HI - Training size: 30%
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Figure V-18: Predictions obtained using raw HI, Xavier Uniform initialization and no scaling (a), norm scaling (b) and
range scaling (c).
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2-D Impact of Bidirectionality
In order to better understand the benefits of bidirectional reservoirs, a comparative study has
been carried out. To this end, the predictive abilities of the ESN Bidirectional and Unidirectional
reservoirs will be evaluated using 30% of the data from base 1 for training purposes. To keep the total
number of neurons constant in the network architecture (=1000), the number of neurons in the
unidirectional forward reservoirs are doubled to compensate for the loss of the backward reservoir.

The numerical results are summarized in Table V-4 and predicted curve can be observed in
Figure V-20 and Figure V-21.

The obtained results in Figure V-20 reveal that utilizing the raw Health Indicator, both
unidirectional and bidirectional reservoirs effectively capture short-term degradation dynamics even if
unidirectional show a slightly better RMSE in corrective prediction. However, a distinction emerges in
their ability to represent long-term degradation dynamics. Despite the seemingly slightly superior
numerical results of the unidirectional reservoir in iterative prediction, a closer visual examination
reveals discrepancies with reality. Figure V-20 illustrates that the unidirectional reservoir captures an
elbow-shaped dynamic, flattening out as the prediction horizon extends. Notably, the voltage predicted
by the unidirectional model consistently exceeds the actual voltage, a scenario best avoided for timely
failure estimation.

To delve deeper into the divergence between unidirectional and bidirectional reservoirs, an
analysis of Remaining Useful Life is incorporated using iterative prediction in Table V-4. Given that
Database 1's monitored data doesn't extend to the RUL's end-of-life loss of 10%, a threshold is arbitrarily
set at a 0.1V loss from the initial monitored voltage. Results show that using a unidirectional model
without differentiation leads to delayed prediction of the threshold RUL despite exhibiting a better
RMSE. The superior RMSE in this case can be attributed to periodic recovery phenomena (IV curve)
periodically raising the voltage. Conversely, the bidirectional model accurately captures long-term
degradation dynamics. Still, due to the limited data, it struggles to predict recovery accurately, resulting
in a widening gap as the prediction horizon lengthens. The unidirectional model, however, avoids this
gap phenomenon observable in the RMSE, as it tends to overestimate the voltage, unintentionally
accounting for recovery. The difference between the unidirectional and bidirectional results can be
explained by the fact that bidirectional reservoirs process input sequences in both the forward and
reverse directions, providing the model with both past and future context. Therefore, it is possible to
affirm that in regression task, when using raw HI, unidirectional reservoirs are well-suited for task where
short-term horizon are needed such as corrective prediction while bidirectional reservoirs, on the other
hand, are better suited to capturing and both short and long-term dynamics. In the case where only
unidirectional reservoirs can be used to perform long-term forecasting, to improve performance and
avoid delayed RUL estimation it may be necessary to increase the amount of data used for learning, and
to integrate regularization to improve results.

Contrary to employing the raw Health Indicator, according to Figure V-21 differentiating the
HI reveals that both unidirectional and bidirectional reservoirs adeptly capture degradation dynamics.
Achieving precise and improved results in terms of both RMSE and RUL estimates, this approach
outperforms the undifferentiated counterpart, albeit with a minor delay of a few hours. This observation
strengthens the concept that transforming the data into a stationary form significantly enhances model
learning, potentially obviating the necessity for a bidirectional tank. This is particularly advantageous
when streamlining the number of reservoirs is a desirable objective.

It is noteworthy that in both scenarios where only unidirectional reservoirs are employed, the
output signal exhibits a smoothing effect. Specifically, when using the raw Health Indicator, the
prediction manifests as an elbow-shaped curve. Conversely, with the differentiated HI, the prediction
transforms into a linear line after a few hours. This distinctive phenomenon is absent in the predictions
generated by bidirectional reservoirs, which incorporate both noise and learned patterns in their output.
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In subsequent work, because the main objective is to perform long-term forecasting,
bidirectional reservoirs will persist as the chosen approach. These reservoirs have demonstrated an
enhanced ability to capture dynamic patterns, thereby validating their contribution to improved
overall performance. However, it's worth noting that in situations where only corrective prediction

is required, unidirectional reservoirs may prove to be more suitable.
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Table V-4: Forecasting results monitored using Unidirectional and Bidirectional ESN Multi-Reservoirs

No differentiation With differentiation
Unidirectional Bidirectional Unidirectional Bidirectional
6.3x107 + 8.6x107 + 3 4 6.2x107 +
ozl SRS 7.3x10° 13x103 | 6-5x107£4.9x10 1.1x10%
prediction Coefﬁ.mgnt of 1% 15% 7% 2%
variation
1.1x102 + 2.1x102 + 3 ) 1.1x102 +
Iterative RMSE [V] 1.7x10° 5.1x10° 9-5x107+8.0x10 1.6x10°
prediction Coefﬁ.mgnt of 15% 24% 89 15%
variation
True RUL
RUL [h] 368.44 368.44
Estimation ES“ma[f]d RUL | 484983231  28928+2940 | 38291120 37444+ 17.08
. 4.1x10*+ 3.3x10%+ 3 3 7.0x107 +
Learning rate 5 7%10° L1x104 8.6x10~ + 3.0x10 2.6x10°
Batch size 4 4
Epoch to 266+ 128 174+ 99 169 + 128 31+82
converge

2-E Forecasting performances with an increasing database
In order to demonstrate the interest of the prognosis approach designed even when databases
are small, a study is carried out by varying the size of the training database. To this end, the algorithm
is initially trained using only 10% of the data and the size of the database is increased up to 80% in steps
of 10%. It is worth noting that the size of the sequences used to train the model is also increased
throughout the training so as to remain proportional to 2/3 of the training data. The predictions
performances are evaluated using raw and differentiated HI.

Monitored results are summarized in Figure V-22 and Figure V-23. In addition, two predicted
curves obtained using 20% and 70% of the data for training are presented in Figure V-24 and Figure
V-25

According to the results in Figure V-22 and Figure V-23, it appears that, in general, larger
training datasets lead to greater accuracy (lower RMSE) and reduced dispersion in predictions during
iterative prediction. However, there is a notable exception when using 10% of the training data without
differentiation, where better performance is observed compared to using 20% of the data. Similar
behavior is observed when differentiation is applied with 30% of the training data. This anomaly can be
attributed to the limited amount of data, which may mislead the prediction algorithm, and the fact that
using only the last 10% of training data for validation might only partially represent the overall
degradation dynamics. To address this, employing cross-validation techniques could identify which
portions of the training data are most representative of the overall degradation. Nevertheless, it's
important to note that such an approach would significantly increase the number of simulations and,
consequently, the training time of the algorithm.

As far as corrective prediction is concerned, the results suggest that, unlike iterative prediction,
an increase in the size of the learning base leads to an increase in RMSE, even though it remains
significantly lower than that of iterative prediction. The rise in RMSE in this context can be attributed
not to the augmentation of data size but rather to the increase in the length of sequences employed.
Predictions at a given time step are typically strongly influenced by those of the preceding few time
steps. To optimize the capture of fast (short-term) dynamics, it may be better to use shorter sequences.
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Referring to Figure V-25 when using 70% of the training data, it appears that the model using
differentiation excels in capturing the dynamics of degradation immediately after recovery. This
contrasts sharply with the use of the raw Health Indicator, where, despite satisfactory results, the model
seems to slightly underestimate the actual values obtained. These observations imply that the
differentiated model shows greater responsiveness to potential faults leading to a sudden drop in voltage.
An intriguing observation emerges in Figure V-24 when a limited amount of data is used for training.
Although it accurately captures the underlying trend, the model using differentiation generates a
distinctive triangular signal in its predictions. This particular shape is the direct result of applying
differentiation to a data set characterized by insufficient variability. The differentiation process
accentuates changes in the data. In cases where the data set contains only a small occurrence of
variations, these are amplified, giving rise to the distinct triangular shape observed in the predictions. It
also appears that the automatic use of differentiation can in some cases degrade training and prediction
performance. This is particularly apparent in the results obtained using 40% and 50% of the data for
training.

In general, longer sequence lengths and larger databases contribute to better capturing
long-term dynamics. However, when the focus is solely on capturing short-term dynamics, it is
preferable to prioritize shorter sequences. While the use of differentiation can assist in capturing
both long and short dynamics, it is important to exercise caution, especially with small datasets.

Differentiation has the potential to amplify changes in data, leading sometimes to non-
representative captured dynamics. Therefore, the application of differentiation, though
theoretically beneficial, must be approached carefully, and it is always valuable to compare
results obtained with and without it.
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Figure V-22: Comparison of prediction results using raw Health Indicator as a function of training base size. Y axis
represents the RMSE [V].
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1st order differentiated HI
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Figure V-23: Comparison of prediction results using differentiated Health Indicator as a function of training base size. Y
axis represents the RMSE [V].
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Figure V-25: Comparison of model predictions based on raw (left) and differentiated (right) HI data. 70% of data dedicated
to training.

2-F Comparison between ESN, LSTM & 1D CNN

In order to compare ESNs with some of the algorithms commonly used by the scientific
community, in this section we compare ESNs with 2 leading neural network architectures: LSTMs and
CNNs. Each architecture brings its own unique features, offering distinct advantages in capturing
temporal dependencies, processing sequential data and extracting spatial features. Our aim is to evaluate
and compare the performance of these models in various tasks, in order to highlight their strengths and
potential applications. The analysis will focus on prediction accuracy, the difference between predicted
and actual RUL, and computation times.

For a consistent architectural comparison, the analysis is narrowed down to a bidirectional
LSTM and a 1D CNN. To maintain parity between the Echo State Network and Long Short-Term
Memory models, an equivalent total number of neurons (or filters regarding CNN) is adopted. This
parameter is set at 1000, allocated as 500 neurons in each direction for the bidirectional LSTM, and 18
reservoirs (9 forward and 9 backward) of 56 neurons each for the ESN and 1000 filters for the CNN
combined with a kernel size of 3 and a causal padding.

Numerical results are summarized in Table V-5 and Table V-6 . Also, predicted values can be
visualized using Figure V-26 and Figure V-27:

According to the results, it can be observed that, using a similar architecture, the ESN models
provide the best results in all situations. When differentiation is not used (Table V-5 and Figure V-26),
CNN and LSTM both predict a voltage higher than the actual one, resulting in a delay in RUL. Also,
although the results of corrective prediction are similar, visually only ESN is able to correctly show the
real trend, while LSTM and CNN provide a smoothed trend. When utilizing differentiation (Table V-6
and Figure V-27), it appears that ESN and CNN yield remarkably similar results, while LSTM struggles
to capture degradation dynamics effectively. This discrepancy can be attributed to the excessively
complex architecture of the LSTM model relative to the dataset under investigation. The LSTM model
boasts approximately 2,000,000 parameters, a stark contrast to the more modest parameter counts of
ESN (1,009 trainable & 114,192 non-trainable parameters) and CNN (33,000 parameters). This surplus
of parameters, coupled with the simplicity of the problem (data differentiation), hampers the LSTM
model's ability to accurately predict future health indicator (HI) values. To enhance predictive
capabilities in both the CNN and LSTM models, opting for a deep architecture with several small units
arranged in series might have proven more effective than relying on a single layer with an abundance of
neurons/filters.
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Another relevant point of comparison in Table V-5 and Table V-6 is the computation time
required to train each model. Simulations were run on a personal computer equipped with a Intel(R)
Core(TM) i7-7820HQ CPU @ 2.90GHz, 16 Go of RAM, 4 cores and 8 logical processors. It can be
seen that the fastest model is the CNN model, which takes just a few minutes to fully train the model
over all 500 epochs. Then, the ESN, using gradient descent, obtains a computation time of around 180ms
per learning epoch. Although the choice of gradient descent may be discussed (see discussion in section
V 1-A-b02), the computation time obtained remains acceptable, even though it is almost 3 times longer
than that of the CNN. LSTM training times, on the other hand, are 5.5 times greater than those of ESN
and 20 times greater than those of CNN.

The differences in training times are primarily associated with the number of parameters utilized
in the model. However, it is noteworthy that once the model has completed training (i.e., once the
weights have been set), the prediction time for all methods consistently remains relatively low, requiring
approximately 50 to 70 milliseconds to predict a single time step.

Ultimately, the ESN appears to be a good choice for obtaining good results with correct
calculation times.

Table V-5: No differentiation — Summary of prediction results based on models used

ESN LSTM CNN
RMSE [V] 8.0x1073 £ 8.1x10* 8.7x103 £ 6.7x10* 8.2x1073 £ 3.3x10*
Corrected ]
prediction | Coefficient of 10,0% 8,0% 4,0%
variation ? > >
. RMSE [V] 1.9x102 + 3.3x1073 1.7x102 + 3.7x1073 1.6x10-2 £2.4x1073
Iterative i
prediction | Coefficient of 17,0% 21,0% 15,0%
variation ’ > >
True RUL 368.44
RUL [h] -
Estimation Estimated LSS TR
RUL [h] 292.93 £21.65 (2 predictions failed to 576.2 + 50.47
reach the threshold)
. Training 181.21 +2.03 958.17 + 50.17 49.64 + 0.62
Computation [ms.epoch™']
time Preidlctlon_1 77.6+1.18 63.76 + 2.49 5708+ 3.09
[ms.timestep™]
Number of Trainable 1 009 2 009 001 33 001
parameters Non-trainable 114 192 0 0
Learning rate 3.4x10% £ 7.2x107 3.0x10* £ 2.7x10* 7.1x1075 £ 6.9x10°6
Batch size 4
Epoch to 34+2 202 +85 33+3
converge
Table V-6: With differentiation — Summary of prediction results based on models used
ESN LSTM CNN
RMSE [V] 6.3x103£2.875x10* 7.6x103£3.1x10* 6.1x1073 £ 3.3x107
Corrected ]
prediction | Coefficient of 5,0% 4,0% 1,0%
variation ’ ’ ’
. RMSE [V] 1.1x102 £ 1.7x1073 4.8x102 +5.8x102 9.9x103 £+ 8.3x10*
Iterative ]
prediction | Coefficient of 15,0% 121,0% 8.0%
variation ’ ’ ’
RUL True RUL
Estimation [h] LoFAR
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Estimated
RUL [h] 366.01 + 16.47 483.18 + 107.99 376.89 +9.81
. Training 179.21 £2.55 990.41 + 58.94 49.92 4 0.73
Computation | [ms.epoch™]
time Prediction 77.69 £ 1.90 6575+ 2.78 58.15+ 0.93
[ms.timestep™]
Number of Trainable 1009 2 009 001 33 001
parameters | Non-trainable 114 192 0 0
Learning rate 1.1x102+3.5x1073 1.7x1073 £ 6.2x10 3.7x10* £ 8.2x10°
Batch size 4
Epoch to 97 + 120 136+ 117 10£2
converge
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Figure V-26: Comparison of predictions from the 3 models using 30% of raw HI for training.
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Figure V-27: Comparison of predictions from the 3 models using 30% of differentiated HI for training.

2-G Applications to databases 2 & 3
Now the prognosis approach is presented, and its limits studied, it is possible to test the
generalization performance on databases 2 and 3. Indeed, given that the method was developed on
database 1 an unintentional bias may have been added. Testing the algorithm with two different
databases will verify this. To this end, databases 2 and 3 are treated as if they were new.

As a reminder of section IV 2-B in database 2, a PEMFC have been tested during 1000h and
current ripples were applied to simulate a power converter connected to the output of the fuel cell.
Because monitored conditions can be defined as quasi-static, only the voltage is defined as Health
Indicator. Moreover, monitored voltage was resampled to select only one measure every 6 hours using
a rolling median with a 6-hour window to only select the main degradation trend. Database 3, presented
in section IV 2-C, is composed of data from an industrial system where two open-cathode PEMFCs are
dedicated to backup applications. The Health Indicator is extracted from a self-test performed
automatically every month on each stack.

2-G-a Final designed prognosis algorithm
Before presenting the results monitored, a brief description of the final designed prognosis
approach is done below and can be visualized in Figure V-28.

- First of all, a Health Indicator is extracted from the data. The extraction of this feature is fully
task dependent on studied system and task, therefore no general rule of thumb can be proposed.

- After extracting the Health Indicator, differentiation can be applied to transform it into a more
stationary form. The previous results didn't conclusively show the benefits of this approach in
all situations. To further investigate, the results both differentiated and raw HI prediction will
be compared when applied to databases 2 and 3.
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- The HI is subsequently standardized. The Tanh estimator appears to be a suitable choice when
the HI is in its raw form, while the Standard scaler is selected for the differentiated form.

- To capture the degradation dynamics effectively, opting for an Echo State Network equipped
with multiple bidirectional reservoirs proved to strike a favourable balance between
performance and computation time. This approach eliminates the complexity associated with
selecting leaky rate and spectral radius parameters by incorporating all possible combinations
of dynamics, resulting in a total of nine reservoirs.

- To determine the best combination of weights, the gradient descent is employed. The key
parameter of gradient descent-based algorithms is the learning rate, so to simplify its impact and
the search for a good initial parameter, the learning rate finder method is used in combination
with the Radam algorithm.
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Figure V-28: Schematic presentation of final prognosis approach designed.

2-G-b Database 2

The presence of abnormal voltage behavior that appear around 100 and 450 hours of operation
(see previous discussion in section IV 2-B-b01 and Figure IV-11) generates dynamics that are much less
linear than in the database 1. For this reason, it has been decided to increase the percentage of data
dedicated to validation from 10 to 20% (this does not generally have a great impact if the size of the
database is consistent). In order to evaluate the model ability to deal with these behaviors, a comparative
study is realized using 30 and 60% of data for training (i.e. before and after the step 450). Predictions
results monitored during the evaluation of Database 2 are summarized in and can be visualized in Figure
V-30.

Based on the results, it is apparent that by using 30% of the data for training, the ESN model
skillfully captures the dynamics of degradation using both raw and differentiated HI. Notably, despite
abnormal behavior around the 450th hour, the model accurately reproduces the subtle recovery followed
by a pronounced drop in voltage. It should be noted that differentiated data lead to a faster voltage drop
than predictions based on raw data.

However, in the context of iterative prediction following abnormal behavior (60% of training
data), both models have difficulty in capturing the dynamics. The model using the raw health indicator
(HI) manages to predict the degradation pattern, but with a predicted voltage lower than the actual one,
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indicating a potential underfitting or convergence towards a sub-optimal solution. Conversely, the model
using differentiation attempts to mimic the trend but gives inconsistent results, presenting two
degradation dynamics - one linear and the other attempting to represent voltage evolution, albeit with
low accuracy.

Furthermore, in the context of corrective prediction, the model based on raw HI struggles to
make precise corrections for accurately predicting the next time step. In contrast, the model with
differentiation faces fewer challenges in performing this task, benefiting from the stationarity of the HI.
This observation aligns with the analysis presented in section V 2-D, which posits that bidirectional
reservoirs, by assigning greater importance to the time step located at the sequence's beginning, offer a
more averaged perspective of the sequence. This makes it relatively simpler to capture long-term
dynamics but presents challenges in capturing short-term dynamics, which primarily rely on the few
preceding steps.
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Figure V-29: Comparison of RMSE performances monitored on database 2 using both raw and differentiated HI
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Figure V-30: Database 2 — Comparison of HI forecasted using raw HI in two forecast scenarios.
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Ist order differentiated HI — Training size: 30% Lst order differentiated HI — Training size: 60%
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Figure V-31: Database 2 — Comparison of HI forecasted using I*' order differentiated HI in two forecast scenarios.

2-G-c¢ Database 3

With the same objective, the designed model is tested on database 3. Despite originating from
two stacks operating in real-world conditions, these data exhibit a distinctly linear trend. Given the very
limited dataset, allocating only a small percentage for training implies using just one-time step for each
of the tested stacks when 10% of the data is reserved for validation. To address this limitation, the
decision was made to increase the validation percentage from 10% to 20%. Furthermore, a RUL
evaluation is performed to have a better comparison. RULs monitored are summarized in Table V-7. In
addition, RMSE results are summarized in Figure V-32 and predicted HI can be visualized in Figure
V-33 and Figure V-34.

According to Figure V-32, it appears that except for corrective prediction using 30% of the data
and raw HI, employing ESN with raw Health Indicator yields comparable or superior RMSE compared
to the scenarios involving differentiation. Notably, in all the tested scenarios, the models successfully
identify a linear degradation trend representative of the past data. However, when utilizing only 30% of
the data, it is observed that the degradation appears steeper, resulting in a predicted RUL approximately
half of the actual value. Despite the deviation from the actual trend, the ESN prediction is in line with
the inclination a human forecaster would have expected. In fact, the break in slope after 30% is difficult
to see, making it more difficult for the algorithm to detect.

Table V-7: Database 3 - Comparison between the estimated and real RULSs

Predicted RUL [Month]
Stack 1 Stack 2

o ' True 19
Tra“‘;go% St Raw HI 9.10+ 0.30 9.60 £ 0.66
’ Differentiated HI 10.00 £ 1.00 10.60 £ 0.66

o ) True 4
Tra“gg;i s1ze: Raw HI 5.00 = 0.00 5.90 + 0.30
Differentiated HI 4.50+0.67 5.70 £ 0.90
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Figure V-32: Comparison of RMSE performances monitored on database 3 using both raw and differentiated HI
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Figure V-33: Database 3 — Comparison of HI forecasted using raw HI in two forecast scenarios.
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Figure V-34: Database 3 — Comparison of HI forecasted using 1°* order differentiated HI in two forecast scenarios.
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2-G-d Considerations on regularization

Throughout the development of the model, it was decided not to apply regularization in order
to maximize the similarity between the models studied. Although regularization generally improves
performance significantly, determining the optimum value of its parameters is often an empirical task.
According to our current knowledge, the appropriate setting of these parameters requires careful
consideration, adapted to the specificities of the dataset used. A brief presentation of the main
regularization techniques is given in section V 1-A-b04. To evaluate the potential benefits of introducing
slight regularization for performance improvement, databases 2 and 3 were subjected to additional
testing. Because of the similarity between databases 1 and 3 (both show linear decay), regularization
was only tested on database 3.

In this test, multiplicative Gaussian noise was applied to the output weights of the various ESN
reservoirs. The choice of multiplicative noise was motivated by its scale-invariant transformation
properties. Regarding the amount of noise introduced into the weights, a Gaussian distribution with
parameters N(u=I, 0=0.1) was selected. This distribution allows weights to undergo a subtle
transformation, representing around 10% of their original scale, without introducing a significant
amount of noise that could lead to excessive disruption during training.

Results obtained on database 2 (cf. Figure V-35) indicate that incorporating a small amount of
multiplicative noise either enhances performance at best or, at least, does not adversely impact the
outcomes. It suggests that the use of Gaussian noise has no discernible impact on results when
differentiation is employed. This observation may be attributed to the inherent differentiation process,
where variations in the data itself may manifest as a form of noise, potentially overshadowing the effects
of further noise enhancement. The greatest improvement due to the addition of noise is seen when 60%
of the data and the raw HI are used. Predicted HI can be visualized in Figure V-36. Despite a significant
reduction in the model's ability to re-predict training data, noteworthy improvements are observed in
predicting validation data and the future evolution of voltage. Notably, the model's predictions align
closely with actual voltage values when noise is incorporated during training. The model even
successfully anticipates the decline in functional voltage around the 700th hour and the subsequent
recovery of performance by the 850th hour. However, it's noteworthy that the slope of the estimated
degradation post-recovery tends to overestimate voltage compared to reality. This discrepancy is
attributed to the extensive time horizon involved, and the expectation is that results will refine with the
integration of new data. Additionally, besides the enhancement in results, it appears that the dispersion
of predictions is significantly reduced.
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Figure V-36: Database 2 - Noise impact visualization using 60% of data for training and Raw HI.

To evaluate the potential performance improvement achieved by integrating noise into another
database, a parallel assessment was conducted on database 3. The outcomes mirror those observed in
database 2. According to Figure V-37, when raw Health Indicator is employed, there is an enhancement
in model performance, coupled with a reduction in standard deviation. Conversely, the application of
differentiated HI does not yield a significant effect. The resulting RULs are summarized in Table V-8.
Notably, the introduction of noise leads to substantial improvements in results for raw HI when 30% of
the data is used for training. The estimated RULSs closely approximate the actual RUL, differing by only
one month. A visualization of this improvement can be observed in Figure V-38.

Table V-8: Database 3 - Comparison between the estimated and real RULs when multiplicative noise is integrated

No noise With noise
Predicted RUL [Month] Predicted RUL [Month]
Stack 1 Stack 2 Stack 1 Stack 2
True 19 19
e Raw HI 9.10£030  9.60+0.66 | 20.00+1.73  21.40+1.96
size: 30%
Differentiated HI 10.00 £ 1.00 10.60 £ 0.66 9.80+1.17 10.40 £ 0.92
True 4 4
Training Raw HI 500£000  590+030 | 530+£046  4.20+-0.87
size: 60%
Differentiated HI 4.50+0.67 5.70 £ 0.90 6.20+ 0.40 6.00+0.00
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Chapter conclusion

This chapter is dedicated to addressing the following question: How the expertise required to
develop and use prognosis algorithms can be reduced?

To tackle this query, a series of studies has been conducted to simplify and enhance the
generality of fuel cell prognosis algorithms. Initially, we provided an overview of the devised prognosis
algorithm and presented various initiatives aimed at diminishing the expertise required in
standardization, model architecture, and the configuration of model parameters. Subsequently, to
pinpoint generic elements and establish rules of thumb, we compared these elements, which are designed
to diminish the need for expertise, utilizing a single comprehensive database.

In conclusion, this study has highlighted several crucial points to simplify the development and
use of prognosis algorithms, particularly in the context of multiple and bidirectional reservoirs. The
multi-reservoir strategy proved effective in simplifying the search for optimal parameters, thereby
reducing the need for expertise. The results obtained take into account both linear dynamics (databases
1 and 3) and non-linear dynamics (database 2), despite the absence of parameter optimization.
Concerning bidirectional reservoirs, they demonstrated greater efficacy in capturing long-term
dynamics, while unidirectional reservoirs may be more suitable for detecting short-term dynamics.
Normalizing the reservoir matrix based on the Euclidean norm yielded good performance and can be
considered as a primary approach in various situations. Furthermore, the Tanh Estimator standardization
performed well when indicators were not stationary through differencing. However, when differencing
was applied, using the Standard scaler proved to be a more effective alternative. Regarding the addition
of slight multiplicative noise to the ESN output weights, our results suggest that a 10% scale was
beneficial, although further investigation with different values and regularization techniques could be
explored. Lastly, while differencing has its advantages, it is important to note that its use may have
negative effects in certain situations, unlike the use of raw data, which seems to yield satisfactory results
in most cases. Thus, the approach to adopt will depend on the specific context and objectives at hand.

In this study, we used the worst-case prediction scenario, using data from 1 or 2 systems learning
simultaneously. It would be interesting to examine the improvements obtained by using data from
different systems, each at a distinct stage of its lifespan. In particular, this could have an impact on the
choice of normalization method, since this time the data statistics are known. Exploring such scenarios
offers a potential avenue for future research, highlighting variations in performance under different
conditions.
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10.1109/ICSC57768.2022.9993961.

183



184



Conclusion & Perspectives

1 Conclusion

To address the challenges inherent in the limited lifetime of fuel cells, this thesis focused on the
use of machine learning techniques for the diagnosis and prognosis of proton exchange membrane fuel
cells. Firstly, a comprehensive introduction to PEMFC has been presented, offering both cellular and
systemic perspectives. It emphasized the complex, multidimensional nature of PEMFC degradation,
highlighting the various phenomena that contribute to cell failure. The overview revealed that the main
sources of degradation could be addressed either during the development of the system architecture, or
by adjusting the fuel cell's operating parameters. Recognizing the importance of degradation mitigation,
the thesis emphasized the crucial role of early detection in triggering the necessary adaptations to the
fuel cell operating point.

Then, after an examination of the literature pertaining to diagnosis and prognosis methods
underscored the imperative to find an equilibrium between adapting to swift technological advancements
and accommodating users with limited knowledge. This balance is crucial not only in terms of algorithm
development, where the confidential nature of exclusive fuel cell physics knowledge poses challenges,
but also from the user's perspective, demanding a tool that is user-friendly. Navigating the complexity
of striking this delicate equilibrium has steered the research towards embracing data-based methods.
These methods enable the translation of intricate physical knowledge into practical data-driven
applications, offering a pathway to surmount the challenges associated with the dynamic nature of
technological evolution in the realm of fuel cells.

In the context of the diagnosis approach, Electrochemical Impedance Spectroscopy (EIS) has
been chosen for its capacity to provide comprehensive information and its adaptability for use via
DC/DC converters. This choice aligns seamlessly with the objectives of the European project RUBY,
where the robustness and versatility of EIS play a pivotal role in advancing diagnosis capabilities for
fuel cell applications. The thesis primarily focused on developing a straightforward method for assessing
the state of health of fuel cells. Leveraging an understanding of fuel cell physics, a set of observable
features was extracted from EIS spectra. Through empirical investigations on two databases with distinct
testing conditions and spectrum shapes, nonlinear standardization emerged as a robust and effective
approach applicable across various scenarios. Subsequently, a global strategy was devised to reduce the
need for expertise. This strategy, incorporating Pearson's correlation coefficient and a one-way ANOVA
F-test, facilitated the identification of key features and their relative importance, producing results
comparable to those obtained by an expert-optimized algorithm. The application of the non-model-based
Fuzzy C-means clustering algorithm to the identification stage has further reduced reliance on expertise.
In particular, it adds a degree of uncertainty to the results, while promoting the simplicity and speed of
training, even on low-cost systems. Improvements were made to the algorithm's ability to automatically
detect an appropriate number of clusters, with the Modified Partition Coefficient index demonstrating
robust performance among 11 cluster validity indices. The developed approach was then tested on two
additional databases thus providing a general measure of performance on 4 databases. It was observed
that, with no knowledge beyond what was required to extract the initial features, the algorithm delivered
excellent classification performance (>90%). This validation underscores the method's ability to
generalize and adapt effectively to diverse datasets.

The prognosis approach developed in this thesis, centered on reservoir computing, addresses the
most challenging prediction scenario involving data from 1 or 2 simultaneously learning systems. The
strategic choice of the Echo State network is explained by its balanced characteristics: high performance,
simplicity and speed of execution. To tackle the challenge of determining the multiple parameters of the
ESN, a multi-reservoir architecture was chosen. This innovative approach not only eliminated the need
for an ESN parameter optimization algorithm but also substantially reduced the method's computational
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cost. The study further delved into less common yet pivotal parameters, aiming to propose rules of
thumb and simplify the deployment of the method. Notably, among the ESN parameters, the
normalization of the reservoir matrix using its Euclidean norm emerged as a robust general rule,
deviating from the classic range scaling approach. Another crucial aspect explored bidirectional
reservoir integration, involving the duplication of each reservoir to process information in both
chronological and anti-chronological directions. The results underscored that bidirectional reservoir
integration significantly enhances prognosis capabilities, especially in capturing long-term degradation
dynamics. Additionally, an analysis of techniques to transform non-stationary data into stationary
revealed that while differentiation may yield positive results in specific situations, it can also lead to a
decrease in performance and is thus not recommended for automatic use. Moreover, the study analyzed
the impact of standardization, indicating that its effect is fairly limited with stationary data. However,
when dealing with non-stationary data, specific methods such as the Tanh estimator are necessary to
enhance prediction accuracy. In order to validate the genericity of the algorithm, it was tested on a total
of 3 different databases in terms of the Health Indicator used, the degradation dynamics and the amount
of data. It appeared that the method was capable of adapting perfectly to the different data without the
need for recalibration.

Considering the elements described above, it appears that the diagnosis and prognosis methods
developed have successfully met the challenge of providing more than correct results without increasing
the complexity of the methods. Both approaches have not only simplified the parameterization process,
but also improved the adaptability and performance of fault condition identification and degradation
indicator extrapolation, making them well-suited for embedded applications. In addition, as this work
covers the horizon of several fields of study, definitions have been established, mostly based on
standards. This can contribute to the standardization of scientific language, which is currently a
necessary element to be developed to improve collaboration between different fields of study.

2 Perspectives

To further improve PEMFCs in terms of reliability and service life, several initiatives can be
envisaged in the short and long terms:

To improve the diagnosis approach, the short-term focus is on optimizing the extraction of
information from Electrochemical Impedance Spectroscopy spectra. The current time-intensive
monitoring of EIS spectra is a significant bottleneck, impeding the progress of diagnosis algorithms
reliant on EIS data. Short-term strategies involve refining the hardware implementation of EIS,
exploring the selective monitoring of crucial frequencies, and incorporating feature extraction
techniques from an equivalent circuit approach. This includes feature extraction from equivalent circuit
parameters, which could streamline the process and amplify the available information.

In the long term, scalability is a key consideration for the developed approach. While the method
has shown success across different databases, the limited number of spectra in each (ranging from 100
to 200) prompts a future consideration for more extensive datasets. Long-term perspectives involve
testing the method on larger datasets, containing thousands of spectra, to provide a more precise
evaluation of its performance across a diverse fleet of systems. Additionally, ongoing efforts will include
incorporating advanced feature selection techniques, such as Principal Component Analysis, to enhance
the algorithm's versatility for broader applications beyond its current focus on proton exchange
membrane fuel cells.

Regarding the prognosis approach, in the short term, there is a need to streamline the prognosis
approach, which currently relies on executing multiple iterations of the algorithm to approximate the
probability distribution of predictions. A promising avenue is to explore the integration of techniques
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that directly model prediction uncertainty, such as Bayesian processes or Monte Carlo dropout.
Additionally, the incorporation of regularization techniques when calculating Echo State Network
output weights presents an intriguing prospect, as demonstrated by the positive impact of adding 10%
standard deviation multiplicative Gaussian noise during training.

Looking ahead, there are several long-term perspectives to consider. Firstly, extending the investigation
to include other databases could provide valuable insights into identifying key values that reduce the
reliance on empirical testing for parameter determination. Beyond enhancements directly associated
with the ESN, a noteworthy avenue for research involves the development of a comprehensive PEMFC
Health Indicator. While the manuscript introduces an index combining power and stack temperature,
incorporating additional parameters like pressure, stoichiometric factors, and relative humidity could
significantly enhance the accuracy of stack health estimation. Lastly, exploring prediction performance
by combining data from a fleet of systems, each in a different state of evolution, holds potential for
furthering our understanding of prognosis in diverse system scenarios.

187



188



Scientific contributions

During the thesis, several scientific contributions were made, presenting the research carried
out to the scientific community. They are summarized below:
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1 Standardization results

Table 0-1: Cross-validation results obtained using raw data and normalizers.

Appendices

Database 1 Database 2
Raw data Normalizer Normalizer Normalizer Raw data Normalizer Normalizer Normalizer
W L2 L1 inf L2 L1 inf
Accuracy 85,2% 78.,4% 78.,4% 75,0% 81,6% 84.2% 86,8% 85,5%
F1 score 85,0% 77,9% 77,9% 74.2% 81,3% 83,9% 86,2% 84,8%
Recall score 85,2% 78,4% 78,4% 75,0% 81,6% 84,2% 86,8% 85,5%
Pr:géi‘eon 85,9% 79,6% 79,6% 76,0% 82,9% 84,3% 86,7% 85,2%
Number of 4 9 9 8 5 5 5 5
features
Table 0-2: Cross-validation results obtained using linear scalers.
Database 1 Database 2
Min-M Max Standard ~ Robust | Min-M Max Standard  Robust
n-viax Absolute andar obus 1n-viax Absolute
Accuracy 94,3% 85,2% 92,0% 97,7% 85,5% 82,9% 82,9% 84,2%
F1 score 94,3% 85,3% 92,0% 97,7% 85,7% 82,7% 82,7% 84,3%
Recall score 94,3% 85,2% 92,0% 97,7% 85,5% 82,9% 82,9% 84,2%
Pr:féig’n 94,7% 85,6% 92,2% 97,9% 86,2% 83,0% 83,0% 85,1%
Number of 5 5 5 6 5 5 5 4
features
Table 0-3: Cross-validation results obtained using non-linear transformers.
Database 1 Database 2
Yeo- Normal Uniform Yeo- Normal Uniform
Johnson Quantile Quantile Johnson Quantile Quantile
Accuracy 96,6% 94,3% 95,5% 93,4% 89,5% 93,4%
F1 score 96,6% 94.3% 95,4% 93,3% 89,6% 93,4%
Recall score 96,6% 94,3% 95,5% 93,4% 89,5% 93,4%
Pr:;;ile‘m 96,6% 94,8% 96,1% 93,8% 89,9% 94,1%
Number of 6 6 5 6 8 6
features
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2 Cluster validity results

Table 0-4: Cross-validation results obtained using the cluster number estimated by several cluster validity indices

Expert  Vec  Vwupc  Vee  Vsee  Viee Vs Vis — Venv  Viwon  Vpcaks Vpamr
Nominal 1 2 3 2 3 2 3 3 3 3 2 3
= Flooding 1 2 3 2 3 2 2 3 3 2 3 3
2 W Drying 3 3 3 2 4 2 3 4 5 3 3 5
S| Hstarvation | 3 2 3 2 3 2 3 5 4 3 4 5
A | O, starvation 3 2 4 2 5 2 5 5 5 5 4 5
F1 score 95,4% 94,4% 94,4% 89,1% 93,3% 89,1% 93,3% 94,4% 94,3% 93,3%  94,3% 94,3%
Nominal 1 2 2 2 2 2 2 2 2 2 2 2
Flooding 2 2 2 2 2 2 2 3 3 2 2 3
ﬁ Drying 2 2 2 2 2 2 2 2 2 2 2 2
é H, starvation 2 2 3 2 3 2 2 3 3 2 3 3
£ | Air starvation 2 2 2 2 2 2 2 2 2 2 2 2
A | CO Poisoning 3 2 2 2 3 2 2 3 3 2 2 3
H>S Poisoning 4 2 2 2 2 2 2 3 5 2 2 5
F1 score 93,4% 93,1% 93,1% 93,1% 93,1% 93,1% 93,1% 91,8% 90,5% 93,1%  93,1% 90,5%
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