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(1) : IRTES-SET : Institut de Recherche sur les Trasnports, l'Energie et la Société -laboratoire « Systèmes Et Trasports ». (2) : FR FCLAB : Fédération de Recherche Fuel Cell LABoratory.

General Introduction

In recent years, the Proton Exchange Membrane Fuel cells (PEMFC) have been attracted for transport application. For several years the orientation of the laboratory IRTES-SET (1) program was focused on transportation problems notably in collaboration with FR FCLAB (2) teams within the topic of electrical and hybrid vehicles (EV and Fuel cell electric vehicle (FCEV)). Over the last years in the two laboratories, thesis have treated the problems of electrical vehicle simulation, the drivetrains design, integration and control and devolved fuel cell system, design and control of FCEV. The latter aims of these efforts to obtain at zero emission that is one of the challenges of the scientific researchers in this field.

The work of the present thesis is focused on the problem of availability of FCEV drivetrains feed by a Polymer electrolyte membrane fuel cell (PEMFC). The latter is a type of fuel cells being developed for transport applications. Because of their features are includes of low temperature/pressure ranges (50 to 100 °C) and a special polymer electrolyte membrane. However the major problems of using the Fuel cells are currently very expensive to produce. Thus, enhancing the reliability and durability of the PEMFC is the main objective of many researchers. In additional, enhancing the reliability and durability of PEMFC requires a good understanding of the important issues related to operating fuel cells, such as the actual local current density and temperature distributions within a PEMFC. Hence, the present thesis aims to propose a simulation tool able to reach these goals.

To carry out these objectives, single cell and stack of fuel cells have to be investigated experimentally in order to establish actual maps of different parameters such as voltage, current density, and temperature. Newton Raphson was used in this work for calibrations and avoid of using expensive current sensors. At the end the ANN has significant was applied to fault isolation and classification.

Through this thesis report, the developed work during the last three year, the followed methodologies as well as the obtained results are explained. This report is organized over five chapters as follows:

The first chapter presents an overview of the state of the art of electrical and fuel cell electrical vehicles (EVs and FCEVs) over the world and in Belfort. It demonstrates why FCEVs have a long way to browse before fully entering the automotive market. The main locks concern the vehicle availability, safety, cost and societal acceptance. Among the components of the drive train of FCEV explained (PEMFC, Batteries, DC/DC and DC/AC converters and electrical motors), the fuel cell is the most fragile. This is why this research work is focused on enhancing the reliability and durability of PEMFC for automotive applications.

x

The second chapter is dedicated to the PEMFC modeling and diagnosis. Indeed, a good diagnosis strategy contributes to improve the lifetime of the FC and then to improve the availability of the system built around it, as for example the drivetrain of FCEVs. It has been established that the FC is subject to a lot of fault during its operating. The latter are due to multi-physical phenomenon namely the temperature, the pressure and the humidity of the gas involved within the FC stack and cells. Several models have been developed to understand this phenomenon and to evaluate the FC performances according to different conditions of use but also to detect, isolate and classify the faults when they occur. On the basis of literature, it has been noticed that the ANNs are one of the most interesting in PEMFC fault diagnosis and modeling. In fact, ANNs have the capability to learn and build non-linear mapping of complex systems such as PEMFC.

The third chapter introduces new 3D modeling to fault diagnosis in PEMFC with high accuracy. This 3D model is firstly applied on the case of a single cell to present the principle of the methodology used including formulation and calibration based on experimental data. Then the proposed model is extended to one stack. Finally, this 3D circuit model is used for training an ANN model in order to be used for on-line diagnosis of the PEMFC but also in the management of its degraded modes.

In the fourth chapter, the experimental work is exposed. This work concerned two set-ups have been developed to validate the proposed 3D model. Because of the difficulty to introduce faults in the FCs without destroying them, only the healthy mode has been focused in this study. The first one concerns one FC cell from MES-DEA technology. The second one is a FC system from Balard technology (called Nexa stack FC). After presenting the two set-ups with their corresponding environmental hardware and software materials, the obtained results are given and commented regarding to the validity of the proposed model.

The fifth band the last chapter shows how the ANN method has been used to develop diagnosis based on 3D sensitive models for fault isolation in one cell PEM. The input data of the ANN were analyzed by the FFT method. The ANN advantages consist in their ability to analysis a large quantity of the data and to classify the faults according to their types. This study has been developed in the context of a global strategy of supervision and diagnosis of the drivetrain of a FCEV. 
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Chapter I:

Chapter I

State of the Art of Fuel Cell

Electrical Vehicles (FCEV)

Introduction

In recent decades, increasing production of internal combustion engine vehicles (IC) has caused severe problems for the environment and human life. Global warming, air pollution and quickly decrease in fossil fuel resources are now the principal problem in this regard. As a result, electric vehicle are considered more clean and safe transportation system. Plug in electric vehicles, hybrid electric vehicles (HEVs), and fuel cell vehicles (FCEV) have been typically suggested to replace combustion vehicles in the future [1.1]. Today all IC has been never ideal because of its fuel consumption and produced pollution such as, carbon monoxide, nitrogen oxides and other toxic substances. Furthermore, Global warming is the results of the "greenhouse effect" derived by the presences of carbon dioxide and other gases. These gases act as barriers on Sun's infrared radiation reflected to sky thus, temperature increase during this period. The distributions of electrical powers in different categories of human activity are shown in Figure .1.1 [1.2]. Revolutionized the world of electronics and electricity was occurred by the Thyristor. The most important electrical vehicles which used in Apollo by astronauts were called Lunar Roving Vehicle.

History of electrical vehicles

The modern electric vehicle peaked during the 1980s and early 1990s. One of the weak points in the development of electric vehicles to the market was the energy storage capacity of the battery. Consequently, in recent years, hybrid electric vehicles have been replaced by the electrical vehicles [1.3]. Pieper institutions of Liège, Belgium and by the Vendovelli and Priestly Electric Carriage Company of France built the first hybrid electric vehicle. The Pieper vehicle was a parallel hybrid composed by gasoline engine, the lead-acid batteries and electric motor. The basic series hybrid vehicle was derived from a pure electric vehicle. It was constructed by the French company Vendovelli and Priestly. The Lohner-Porsche vehicle of 1903 that used the magnetic clutches and magnetic couplings (regeneration braking). In 1997, Toyota released the Prius sedan that it was more important and commercialized of hybrid electrical vehicles built by Japanese manufacturers [1.3].

Brief history of Fuel Cells electric vehicles in world:

 In 1958 General Electric (GE) chemist Leonard Niedrach devised a way of depositing platinum onto the ion-exchange membrane created by fellow GE scientist Willard Thomas Grubb three years earlier. This marked the beginning of PEMFC used in vehicles today. The technology was initially developed by GE and NASA for the Gemini space program; it took several decades to become viable for demonstration in cars, primarily due to cost [1.4].

 In 1959 the Allis-Chalmers tractor was a farm tractor powered by an alkaline fuel cell with a 15 KW output, capable of pulling weights up to 1360 kg.

 In 1966 General Motors designed the fuel cell Electro van, to demonstrate the viability of electric mobility. The Electro van was a converted Handivan with a 32 KW fuel cell system giving a top speed of 115 kmph and a range of around 240 kilometers [1.4].

 In 1970 based on the Austin A 40, the K.Kordesch utilized 6 KW Alkaline fuel cell and was comparable in power to conventional cars on the road the time [1.4].

 In 1993 the Energy Partners Consulier was a proof of concept vehicle that sported a lightweight plastic body and three 15 KW fuel cells in an open configuration; it had a top speed of 95 kmph and a range 95 kilometers [1.4].

 In 1994 the NECAR (New Electric Car) was Dimler's first demonstration of fuel cell mobility. A converted MB-180 van, it utilized a 50 kW PEMFC that, alongside compressed hydrogen storage, took up the majority of space in the van [1.4].

 In 1997 within a year Daimler, Toyota, Renault and Mazda all demonstrated viable fuel cell passenger vehicle concept. Fuel cells range from 20 KW (Mazda) to 50 KW (Daimler); both the NECAR 3 and FCHV-2 used methanol as fuel instead of hydrogen. The next year GM demonstrated a methanol-fuelled 50 KW fuel cell Opel Zafira-the first publicly drivable concept [1.4].

 Between 1998-2000 during this period momentum was growing for the commercial viability of fuel cell vehicles and most of the world's major automakers (including Daimler, Honda, Nissan, Ford, Volkswagen, BMW, Peugot and Hyundai) demonstrated FCEV with varying fuel sources (methanol, liquid and compressed gaseous hydrogen) and storage methods [1.4].

 The public attention on FCEV peaked in 2000. At this point a realization came that despite the promise of the technology; it was not ready for market introduction. Attention switched to hybrid electric power trains and Battery electric vehicles BEV as technologies that might deliver smaller, nearer-term benefits. The public focus for fuel cell transport shifted from cars to buses [1.4].

 2005-2006 saw the unveiling of two are that continue to have an impact on the FCEV market today: the first generation edition of the Daimler F-CELL B class in 2005 and the next generation Honda FCX concept in 2006 [1.4].

 In 2008 a fleet of twenty Volkswagen Passat Lingyu FCEV was used for transporting dignitaries at the 2008 Beijing Olympics [1.4].

 On 8th September 2009 seven of the world's largest automakers -Daimler, Ford, General Motors, Honda, Hyundai-Kia, Renault-Nissan and Toyota -gathered to sign a joint letter of understanding. Addressed to the oil and energy industries and government organizations, it signaled their intent to commercialize a significant number of fuel cell vehicles from 2015 [1.4].

Daimler:

Daimler has a long history of fuel cell activity, spearheading the development of PEMFC for automotive use with its 1994 NECAR. The company remained active in the years after, producing four further variants of the NECAR before revealing its first-generation fuel cell passenger vehicle, the A-Class F-CELL, in 2002. Its second-generation vehicle, the B-Class F-CELL (see Figure .1.3) entered limited series production in late 2010 offering improvements in range, mileage, durability, power and top speed. A fleet total of 200 vehicles are now in operation across the world, including more than 35 in a Californian lease scheme [1.4]. 

Brief history of fuel cell electric vehicles in France:

In July 2013 the Mobilité Hydrogène France consortium officially launched with twenty members including gas production and storage companies, energy utilities and government departments. The group is co-funded by the consortium members and the HIT project. It aims to formulate an economically competitive deployment plan for a private and public hydrogen refueling infrastructure in France between 2015 and 2030, including an analysis of cost-effectiveness. Initial deployment scenarios for vehicles and stations will be published in late 2013 [1.4].

ECCE

The 

F-CITY H 2

The F-City H 2 -a battery-electric vehicle with a fuel cell range extender-has become the first urban electric vehicle with such an energy pack to be homologated in France [1.6] 

MobyPost vehicle

MobyPost is a European project aimed at developing a sustainable mobility concept by delivering a solar-to-wheel solution. The first core element of this environmentally friendly and novel project is the development of ten electric vehicles, which will be powered by hydrogen cells, conceived and designed (for post-delivery use). Besides, the development of two hydrogen production and refueling stations is a second core component of MobyPost. These will be built in the French region Franche-Comté, where photovoltaic (PV) generators will be installed on the roofs of two buildings owned by the project partner La Poste and dedicated to postal services. The PV generators allow for the production of hydrogen through electrolysis. Hydrogen is stored on site in low pressure tanks where it is available for refueling the tanks of the electric vehicles, the latter being powered by an embedded fuel cell producing electricity that directly feeds the electric motors. 

Figure.1.12. Mobypost vehicle

The MobyPost vehicle is designed to be ergonomic for postal activities and small enough for very narrow streets. It carries about 100 kg of mail, more than twice as much as the postal motor scooters it's intended to replace. With four wheels, it's more stable than a scooter, especially in snow. Its windshield and roof provide some shelter in bad weather, but it has no doors to get in the way driver's way as he goes in and out making deliveries. With 300g of embedded hydrogen the postmen can do their daily tours (around 40km) at a maximum speed of 45km/H of the Mobypost vehicle [1.7].

Configuration of FCEV

From a structural viewpoint, an FCV can be considered a type of series hybrid vehicle in which the fuel cell acts as an electrical generator that uses hydrogen. The on-board fuel cell produces electricity, which either is used to provide power to the machine or is stored in the battery or the super capacitor bank for future use. Various topologies can be introduced by combining energy sources with different characteristics [1.8].

Passive cascade battery/UC system

The battery pack is directly paralleled with the Ultra capacitor (UC) bank. A bidirectional converter interfaces the UC and the dc link, controlling power flow in/out of the UC, as shown in Figure .1.13. Despite wide voltage variation across UC terminals, the dc-link voltage can remain constant due to regulation of the dc converter. However, in this topology, the battery voltage is always the same with the UC voltage due to the lack of interfacing control between the battery and the UC. The battery current must charge the UC and provide power to the load side [1.9]. 

Active cascaded battery/UC system.

The passive cascaded topology can be improved by adding a dc/dc converter between the battery pack and the UC, as shown in Figure .1.14 this configuration is called an active cascaded system. The battery voltage is boosted to a higher level; thus, a smaller sized battery can be selected to reduce cost. In addition, the battery current can more efficiently be controlled compared with the passive connection [1.9]. The voltages of the battery and the UC will be leveled up when the drive train demands power and stepped down for recharging conditions. Power flow directions in/out of the battery and the UC can separately be controlled, allowing flexibility for power management. However, if two dc/dc converters can be integrated, the cost, size, and complexity of control can be reduced [1.9]. 

Multiple-input battery/UC system

Both the battery and the UC are connected to one common inductor by parallel switches in the multiple-input bidirectional converter shown in Figure .1.16 Each switch is aired with a diode, which is designed to avoid short circuit between the battery and the UC. Power flow between inputs and loads is managed by bidirectional dc/dc converters. Both input voltages are lower than the dc-link voltage; thus, the converter works in boost mode when the input sources supply energy to drive loads and in the buck mode for recovering braking energy to recharge the battery and the UC. Only one inductor is needed, even if more inputs are added into the system. However, the controlling strategy and power-flow management of the system are more complicated [1.9]. 

hybrid energy-storage system

Hybrid topology, where a higher voltage UC is directly connected to the dc link to supply the peak power demand, is demonstrated in Figure .1.17, a lower voltage battery is interfaced by a power diode or a controlled switch with the dc link. This topology can be operated in four modes of low power, high power, braking, and acceleration. For light duty, the UC mainly supplies the load, and the battery will switch on when the power demand goes higher. Regenerative energy can directly be injected into the UC for fast charging or into both the battery and the UC for a deep charge [1.9]. 

Fuel cell History of fuel cell

The father of the fuel cell is Sir William Grove in 1839, discovered the possibility of generating electricity by reversing the electrolysis of water. Francis Bacon developed the first successful fuel cell device in 1932, with a hydrogen-oxygen cell using alkaline electrolytes and nickel electrodes. After the NASA space mission in 1950 Fuel cell now have a main role in space programs [1.3]. Also awarded the contract was for the Gemini space mission in 1962. The 1kw Gemini FC system had a platinum loading of 35 mg pt/cm 2 and performance of 37 mA/cm 2 at .78 V. In the 1960 improvements were made by incorporating Teflon in the catalyst layer directly adjacent to the electrolyte, as was done with a GE fuel cell at the time 

Different type of fuel cell

The main different types of fuel cell based on the electrolytes and/or fuel with practical fuel cell type as follows:

1. Polymer electrolyte membrane fuel cells (PEMFCs) 

PEMFC advantages and drawbacks

The PEM Fuel cell has the ability to develop high power density. The application in vehicles and stationary is considerable. One of the important advantages operates at low temperature between 60-80 °C. Moreover, have faster startup and immediate response to instantaneous loads [1.12].

Advantages

The advantages of PEM fuel cells are that they:

1) Are tolerant of carbon dioxide. As a result, PEM fuel cells can use unscrubbed air as an oxidant, and reformate as fuel; 2) Operate at low temperatures. This simplifies material issues, provides for quick startup and increases safety; 3) Use a solid, dry electrolyte. This eliminates liquid handling, electrolyte migration and electrolyte replenishment problems;

4) Use a non-corrosive electrolyte. Pure water operation minimizes corrosion problems and improves safety; 5) Have high voltage, current and power density ; 6) Operate at low pressure which increases safety; 7) Have good tolerance to differential reactant gas pressures; 8) Are compact and rugged; 9) Have a relatively simple mechanical design; 10) Use stable materials of construction.

The disadvantages

The disadvantages of PEM fuel cells are that they:

1) Can tolerate only about 50 ppm carbon monoxide;

2) Can tolerate only a few ppm of total sulfur compounds;

3) Need reactant gas humidification;

Humidification is energy intensive and increases the complexity of the system. The use of water to humidify the gases limits the operating temperature of the fuel cell to less than water's boiling point and therefore decreases the potential for co-generation applications.

4) Use an expensive platinum catalyst; 5) Use an expensive membrane that is difficult to work with.

Functional components of the cell:

Cell components can be separated into four sections:

1) Ion exchange membrane;

2) Electrically conductive porous backing layer;

3) Catalyst layer that (the electrodes); 4) Cell plate.

As shown in Figure .1.21 the structure of PEM FC in different parts for one cell [1.11]. 

Membrane

The material used is a family perfluorosulfonic acid that the commoner is used by nation (see Figure.1.22). The bulk of the Polymer is fluorinated giving a hydrophobic character. However, in the most part of the membrane, there are sulfonic acid sites which determine the ionic conductivity and have property of hydrophilic [1.11]. 

Electro-catalyst Layer

This layer sits between membrane and a backing layer. The catalyst consists of two electrode anode and cathode that made of platinum. To increase hydrogen oxidant in anode side and oxygen reduction in cathode side are used pure platinum metal catalyst or support platinum catalyst [1.11].

Porous Backing Layer

The membrane is surrounded between two porous layers. The quality of the backing layer is typically carbon based. Hydrophobic material will be used in this layer due to, prevent water to gases freely contact the catalyst layer (see Figure.1.23).

Performance of backing layer as follows:

1) Act as a gas diffuser; 2) Mechanical support;

3) Electrical conductivity of electron.

. 

Bipolar Plate for Fuel Cell

The main task of BPs has to be collected and conduct current from the anode and cathode to another cell or external circuit. In addition, it applied to carry through a cooling system (seeFigure. 1.24). The material of BP will be used must accompany these conditions:

1) The PB must be thin due to, minimum stack volume;

2) It must be light because of stack weight;

3) It must be corrosion resistance in the face of acid electrolyte, oxygen, hydrogen; heat and humidity; 4) It must be reasonably stiff; flexural strength [1.13]. A fuel cell system generally includes a stack and needs a lot of auxiliary equipment to provide the supply of hydrogen and oxygen, the compression and humidification of the gas (e.g. Air compressor), cooling of the packaging through the electric power converters and power control system. A general diagram of the fuel cell system is given in Figure. 

Hydrogen supply

A great majority of fuel cell uses hydrogen as fuel. Hydrogen can be provided either by a hydrogen tank or from external reformer hydrogen. The purpose of a reformer increases the complexity of the fuel cell system, due to processing or recovery of the heat from the reforming process and removal of the product gas must be properly handled. At the output of the reformer, hydrogen is not the only gas to be produced. Indeed, other gases such as carbon dioxide (CO 2 ), carbon monoxide (CO), and sulfur (S), can be produced simultaneously in the reformer. For some technologies, fuel cell (PEMFC, AFC), carbon monoxide and sulfur are considered poison gas. In conclusion, a filtering process gas must be added between the reformer and the fuel cell. The hydrogen in the tank can either be stored under high pressure between 350 and 700 bars (the hydrogen volume decrease by increasing the gas pressure according to the physical law of Boyle-Mariotte), liquid form or in metal cylinders. Before the gas goes into the fuel cell, a pressure regulator should control the hydrogen pressure.

Subsystem supply oxygen (air)

The air supply in the cathode of the fuel cell is usually compressed using an air compressor. In some applications (e.g. PEM fuel cells), air is humidified before entering into the fuel cell. Depending on the fuel cell technology (pressure, temperature), the air can be compressed by a motor-compressor or a turbine. A heat exchanger can also be added in the air supply system in order to preheat the air. In some applications, the fuel cell can be powered by storing compressed form pure oxygen. The use of pure oxygen can significantly increase the performance of the fuel cell and get rid of the air compressor, which has a unit of energy reduced the energy efficiency of the fuel cell system. 

Cooling system

As mentioned before, the electrochemical reaction occurring within the fuel cell generates heat. It must be removed to maintain a constant operating temperature of the fuel cell. For fuel cells, low power, natural convection at the surface of the cell or the cooling fan (forced convection) is sufficient to get rid of the heat. In the case of fuel cells of high power, the cooling air is not sufficient to transfer heat. Hence, complex cooling systems, such as cooling water must be used. In fuel cells at high temperatures, the heat removed from the fuel cell applications to be utilized again for purposes co-generation, thus forming a system commonly known as Combined Heat and Power (CHP).

Power converters

The output voltage of the fuel cell varies depending on the supplied electric current (polarization curve). To maintain a constant output voltage, power converters are used as an interface between the fuel cell and the load.

Sub-control system

As discussed above, the fuel cell needs a large number of auxiliary equipment. In order to insure proper functioning of the system in terms of performance and safety, it is necessary to have a control system to oversee the various subsystems. A subsystem control well designed enables the fuel cell will operate in the best conditions.

Diagnosis of PEMFC

Fault diagnosis consists of three levels (fault detection, Isolation and analysis), accumulation dates from system, fault diagnosis and fault classification that is explained as following:

1) Accumulation dates: for this purpose, different way proposed specific electrochemical impedance spectroscopy (EIS), linear sweep Voltammetry (LSV), cyclic Voltammetry (CV), etc. which to carry out of the variation of output based on different operating conditions of input; 2) Extract fault from healthy mode: Depends on the fault extract from the original data of system miscellaneous way such as, FFT, WT and STFT; 3) Faults classification: At this stage, the following methods such as NN, FL, Neural-fuzzy and BN applied more than another.

Various diagnostic tools employed in the characterization and determination of fuel cell performances are summarized into two general categories: 1) Electrochemical techniques.

2) Physical/chemical methods [1.15].

Batteries

Among the available choices of portable energy sources, batteries have been the most popular choice of energy source for EVs since the beginning of research and development programs in these vehicles. The EVs and HEVs commercially available today that use batteries as the electrical energy source. The various batteries are usually compared in terms of descriptors, such as specific energy, specific power, operating life, etc. Similar to specific energy, specific power is the power available per unit mass from the source. The operating life of a battery is the number of deep discharge cycles obtainable in its lifetime or the number of service years expected in a certain application. The desirable features of batteries for EV and HEV applications are high specific power, high specific energy, the high charge acceptance rate for recharging and regenerative braking, and long calendar and cycle life. Additional technical issues include methods and designs to balance the battery segments or packs electrically and thermally, accurate techniques to determine a battery's state of charge, and recycling facilities of battery components. Above all, the cost of batteries must be reasonable for EVs and HEVs be commercially viable [1.16].

The major types of rechargeable batteries considered for EV and HEV applications are:

1) Lead-acid (Pb-acid);

 DC/DC Converters: Power electronic converters which change the level of DC source to a different level of DC, keeping regulation in consideration, are known as DC/DC [1.16].

 DC/AC Inverters: Generally, the single-phase, full bridge DC/AC inverters are popularly known as "H-Bridge" inverters. These DC/AC inverters are basically either voltages source/fed inverters (VSI) or current source/fed inverters (CSI). In the case of a VSI, the input voltage is considered to remain constant, whereas in a CSI, the input current is assumed to be constant [1.16]. Topologies of voltage source inverter (VSI), current source inverter (CSI), Z-source inverter (ZSI), and soft switching inverter can be used in traction drives.

Electric motors

Electric machines can be utilized in either the motoring mode or the generating mode of operation.

In the motoring mode, these machines use electricity to drive mechanical loads, while, in the generating mode, they are used to generate electricity from mechanical prime movers. The motor is the main component of the drive train of an EV. In addition, nowadays the electric motor is also widely used in ancillary devices of car such as power steering, air conditioning, windows up ... etc.

Challenges of FCEV

Several challenges must be overcome before fuel cell vehicles (FCVs) will be a successful competitive alternative for consumers [1.17]. These challenges concern the hydrogen and fuel cell technology, the cost but also the societal acceptance.

Onboard Hydrogen Storage

Some FCEVs store enough hydrogen to travel as far as gasoline vehicles between fill-ups-about 300 miles-but the storage systems are still too large, heavy, and expensive. FCVs are more energy efficient than conventional cars, and hydrogen contains three times more energy per weight than gasoline does. However, hydrogen gas contains only a third of the energy per volume gasoline has, making it difficult to store enough hydrogen to go as far as a gasoline vehicle on a full tank-at least within the same size, weight, and cost constraints [1.17].

Vehicle Cost

FCEVs are currently too expensive to compete with hybrids and conventional gasoline and diesel vehicles. But costs have decreased significantly and are approaching DOE's goal for 2017 (see graph 1.26). Manufacturers must bring down production costs, especially the costs of the fuel cell stack and hydrogen storage [1.17]. 

Fuel Cell Durability and Reliability

Fuel cell systems are not yet as durable as internal combustion engines and do not perform as well in extreme environments, such as in sub-freezing temperatures. Fuel cell stack durability in real-world environments is currently about half of what is needed for commercialization. Durability has increased substantially over the past few years from 29,000 miles to 75,000 miles, but experts believe a 150,000-mile expected lifetime is necessary for FCEVs to compete with gasoline vehicles [1.18].

Getting Hydrogen to Consumers

The extensive system used to deliver gasoline from refineries to local filling stations cannot be used for hydrogen. New facilities and systems must be constructed for producing, transporting, and dispensing hydrogen to consumers [1.17].

Competition with Other Technologies

Manufacturers are still improving the efficiency of gasoline-and diesel-powered engines, hybrids are gaining popularity, and advances in battery technology are making plug-in hybrids and electric vehicles more attractive. FCVs will have to offer consumers a viable alternative, especially in terms of performance, durability, and cost, to survive in this ultra-competitive market [1.17].

Safety

Hydrogen, like any fuel, has safety risks and must be handled with caution. We are familiar with gasoline, but handling compressed hydrogen will be new to most of us. Therefore, developers must optimize new fuel storage and delivery systems for safe everyday use, and consumers must become familiar with hydrogen's properties and risks [1.17].
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(1) : IRTES-SET : Institut de Recherche sur les Trasnports, l'Energie et la Société -laboratoire « Systèmes Et Trasports ».

(2) : FR FCLAB : Fédération de Recherche Fuel Cell LABoratory.

Public Acceptance

Fuel cell and hydrogen technology must be embraced by consumers before its benefits can be realized. Consumers may have concerns about the dependability and safety of these vehicles, just as they did with hybrids [1.17].

Thesis objective

In recent years, the Proton Exchange Membrane Fuel cells (PEMFC) have been attracted for transport application. For several years the orientation of the laboratory IRTES-SET (1) program was focused on transportation problems notably in collaboration with FR FCLAB (2) teams within the topic of electrical and hybrid vehicles (EV and Fuel cell electric vehicle (FCEV)). Over the last years in the two laboratories, thesis have treated the problems of electrical vehicle simulation, the drivetrains design, integration and control and devolved fuel cell system, design and control of FCEV. The latter aims of these efforts are to obtain at zero emission that is one of the challenges of the scientific researchers in this field. The PEMFC is a very complex device in terms of phenomenon involved in its operation which is multi-physical. Electricity, chemistry, fluidics, thermodynamics and mechanics are domains of physics which are involved to conduct this kind of study. To overcome these difficulties an electric network approach will be used notably for easily taking into account the three space dimensions of the PEMFC stack. The resulted 3D model has to be able to simulate faults to develop an efficient algorithm for faults isolation and classification on the PEMFC. According this model faults can be localized in each point of a single cell. This is helpful for optimization and control of operating conditions. However, the local current density and temperature distributions within a single PEMFC as well as between the fuel cells in a fuel cell stack still require more attention in both the experimental and numerical investigations for better understanding. Therefore, the overall goal of the present thesis is to conduct an experimental analysis, with emphasis on both voltage and temperature distributions inside a PEMFC with different operating conditions for stack and single cell.

To carry out these objectives, single cell and stack of fuel cells have to be investigated experimentally in order to establish actual maps of different parameters such as voltage, current density, and temperature.

Conclusion

This chapter has presented an overview of the state of the art of FCEVs over the world and in Belfort. It has been established that the FCEVs have a long way to browse before fully entering the automotive market. The main locks concern the vehicle availability, safety, cost and societal acceptance. Among the components of the drive train of FCEV explained (PEMFC, Batteries, DC/DC and DC/AC converters and electrical motors), the fuel cell is the most fragile. This is why this research work is focused on enhancing the reliability and durability of PEMFC for automotive applications.

The chosen way is the good understanding of the important issues related to fuel cell operation. This problematic is detailed in the next chapter, through modeling, simulation and knowledge coming from literature but also developed, locally. 

Chapter II PEM Fuel Cell Modeling and Diagnosis

PEMFC modeling

Over the past decade, many proton exchange membrane fuel cell models have been reported [2.1]- [2.5]. Models play an important role in FC development since they facilitate a better understanding of parameters affecting the performance of FC. The models normally focus on one aspect or region of the fuel cell. PEMFC stack is one of the most studied parts in the fuel cell. Generally the stack modeling is divided in three main groups:

1) Empirical/semi empirical model; 2) Mechanistic model; 3) Analytical model.

Empirical model

The semi empirical model is combined theoretical and algebraic equations with empirically formulas. Empirical models are used when the physical phenomena are difficult to model or the theory rule of the phenomena is not well understood.

• Springer et al [2.6] developed a semi empirical model for a FC with partially hydrated membrane. • Amphlette et al [2.7] use semi-empirical relationships to estimate the potential losses and to fit coefficients in a formula. The goal is to predict the cell voltage with the operating current density. This model accounted for activation and ohmic over potential. The partial pressure and dissolved concentration of hydrogen and oxygen were determined empirically as a function of temperature, current density and gas channel mole frictions. • Pisani et al [2.8] also use a semi empirical approach to study the activation and ohmic losses as well as transport limitations at the cathode reactive region. • Maggio et al. [2.9] used a semi empirical model for water transport in a FC. The model concentrations over potential have been affected by allowing the cathode gas porosity to be an empirical function of current density. The effective gas porosity was assumed to decrease linearly with increasing current density. This is due to the increasing percentage of gas. Therefore, the result indicated of dehydration of the membrane is likely to occur on the cathode side than in anode side. • Chan et al.[2.10] studied the effect of CO kinetics in the hydrogen feed on the anode reactive region. When hydrogen is obtained from fuel, there are trace amounts of CO present which act as poison to the platinum catalyst and its cause is decreased in the catalyst surface area.

The fraction of catalyst an empirical factor was determined by the fraction of catalyst occupied by CO at anode sites. • Maxoulis at al. [2.11] used empirical model in stack FC. They combined the model of Amphelette et al [2.7] with a commercial software ADVISOR, which was used for driving cycle. They studied the effects of the number of cells per stack, electrode kinetics and water concentration in the membrane on the fuel consumption. They obtained that a large number of cells per stack make greater stack efficiency resulting in better economy.

The drawback of semi empirical cannot accurately predict performance outside of the range. However, it is very useful for quick prediction for design. They cannot predict the performance or the response of the fuel cell.

Generally empirical and semi empirical model are divided as follow:

1.1.1. Design of experiment (DoE) modeling DoE approach aims to design or to characterize FC stack. FCs experimental is generally long and expensive. In addition, there are complex interrelations between physical parameters to make test and implemented. Many aspects and tools of DoE methodology can be of great benefit for various scientific and technological purposes such as: Development of FC materials, components and ancillaries, analysis and improvement of single cell and FC stack performance, evaluation and development of a complete FC system [2.12].

Artificial neural network (ANN)

These models are based on a set of easily measurable inputs like temperature, pressure, and current. They are able to predict the output voltage of FC stacks. In order to give more relevance to the time dependence of an output, the feedback loops were designed to provide different time states of the output. Nevertheless, the main drawback of this model is the huge number of experimental tests [2.12].

Modeling approach based on electrical analogies

Unlike in DoE and ANN modeling approach, certain knowledge of the behavior of the stack is needed but a few internal parameters of the stack are applied to tune the parameters. Then electric modeling is proposed. In this method the basic idea is to find a common way to represent the different aspect in the stack FC such as different physical laws, thermal and fluidic mode [2.12].

Equivalent electric circuit model

In recent years, many researchers have widely investigated the dynamic modeling of the FC with emphasis on electrical terminal characteristics [2.13]- [2.17]. A detail explanation electrochemical property of the FC and simple equivalent circuit including the dynamic effect are reported in [2.18]. The electric model is a simple method to implement the system. The simple electric model represents in Figure .2.1 [2.19]. More complex models are sophisticated were illustrated in Figure. 

Modeling approach based on energy analogies

This kind of approach is involved in a great number of fields of physics trough an energy approach that was carried by Band Graph modeling. The Bond graph is an explicit graphical unified formalism where the energy exchanges within an energy system are described by bonds which represent the power exchanges. A limitation of this model is necessary to describe the majority of energy systems [2.12]. Within the same scope Energetic Macroscopic Representation (EMR) is identified as the best energy modeling methodology applied to chemical reactions and mass transfer.

Mechanistic model

In this model, the phenomena internal of the cell are introduced by differential and algebraic equations based on physics and electro chemistry law. These equations are solved using adequate computational methods. The equations describe the electrochemical reaction, mass and charge transfer. Indeed, the require of accuracy water management, the dehydration of membrane, the complex electrode kinetics, the mass transport and the slow rate of oxygen reduction are limiting factors on the FC modeling. Assuming parameters caused different level complexity of models from one dimension to three dimensions. However, resolutions of complex model lead to complex calculations. This mode can be subcategorized as multi domain models or signal domain models. Multi domain approach involved the derivation of different sets of equations for each region of the FC (e.g. anode, cathode gas diffusion regions and catalyst layers).

This model depends on three basic phenomenology equations such as Butler-Volmer equation for FC voltage, the Stefan-Maxwell equation for transport phenomena and Nernst-Plank equation for species transport [2.12]. However, Gurau et al. [2.20] are approved that since governing differential equations in the gas flow channels and gas diffusion electrodes are similar, the equations can be combined for both regions.

Mechanistic model (signal and multi domain) has been utilized to study a wide range of phenomena including polarization effect, water management, thermal management, CO kinetic, catalyst and flow filed geometry. Mechanistic approaches can be the simulation of transient and steady state response. Moreover, it used to elaborate equivalent circuit models. The disadvantages of these models are how to understand their physical behaviors and improve their performances of the multi physic and multi scale of the FC stack. In addition, various skills and knowledge are needed such as chemistry, electrochemistry, fluid mechanics, thermal, electrical and mechanical engineering.

Analytical model

In analytical model, many assumptions were made concerning variable profiles within cells in order to approximate analytical voltage versus current density relationship but do not give an accurate transport processes occurring within cells. They are limited to predicting voltage losses and water management. It is useful for quick calculations in simple models [2.12].

Consideration of different modeling

Over the past decades a wide range research of steady state models of varying complexity and dimensionality, has been developed to simulate PEMFC performance. These models included 1D models (where the spatial dimension is parallel to flow of current), 2D models (where the planes considered are perpendicular to the cell plates), and more 3D that is complex models (explained more in chapter III). Springer et al [2.6] presented a 1D model for a well humidified PEMFC, which considered activation and consideration losses in the active layer and gas transport in the cathode GDL. They detected that overlook losses in well humidity H 2 /O 2 cells that could be well described by the sum of the high frequency (membrane and contact resistance) and activation losses on cathode side. Bernardi and Verbrugge developed a similar model using the Nernst Planck equation, the Butler-Volmer equation and the Stefan-Maxwell equation. The results created a typical model for calculation of contributions to the FC losses (no mass transport limitation).

One of the important things to balance between accuracy and calculation time is usually maintained by a number of assumptions. Considerations of these assumptions lead to increasing model complexity and require a more detailed in the physical model, particularly in the porous active layer.

Fuel cell basic characteristics

Fuel cells are an electrochemical device that converts chemical energy to hydrogen and oxygen in anode and cathode sides into electricity, heat and water. The basic PEM fuel cell reactions are:

Anode:

Cathode:

Overall Cells:

The stoichiometry of each reactant gas is an important experimental parameter in FC. A 1:1 stoichiometry refers to the flow rate required to maintain a constant reactant concentration at the electrode at a fixed current density. Usually a higher stoichiometry is required at the cathode side (typically 3-4) than in anode side (typically 1-2) due to sluggish mass transport rate of oxygen [2.21].

The heat (or enthalpy) of a chemical reaction is calculated by the difference between the heat of production and reaction in the cell:

Eq2.1

Heat of liquid water is -286 kJ.mol -1 (at 25°C) and heat of H 2 and O 2 are zero we can obtain that enthalpy at 25 °C is equal to -286 kJ.mol -1 Note that negative sign for enthalpy of chemical reaction means heat is being released in the reaction. 286kJ.mol -1 namely the hydrogen's heating value. However, because in every chemical reaction some entropy is produced not all this value can be converted into useful work. The portion of the enthalpy can convert to electricity in fuel cells could be obtained by Gibbs-Free energy law as follow equation:

Eq2.2
Indeed, there are some losses in energy conversion due to entropy . As well, as for the reaction obtained from the difference between the heat of formation of products and reactants.

Eq2.3

Heat of liquid water is -241.98 kjmol -1 (at 25°C) and heat of H 2 and O 2 are zero we can obtain that enthalpy at 25 °C is equal to -241.98 kJmol -1 . The total charge transferred in a fuel cell reaction can be obtained by: The maximum amount of electrical energy generated in a fuel cell is:

Eq2.6

The theoretical potential of fuel cell is:

Eq2.7
That is to say at 25°C the theoretical hydrogen/oxygen fuel cell potential is 1.23 Volts.

Effect of temperature

The theoretical cell potential, this motion changes with temperature:

( ) Eq2.8
Hence, the temperature increasing in a cell leads to a lower theoretical cell potential. Besides, both and are functions of temperature:

∫ Eq2.9 ∫ Eq2.10
Specific heat energy, C p for any gas is also a function of temperature. An empirical relationship may be used as the following equation:

Eq2.11

Where a, b and c are the empirical coefficients, different for each gas [2.21]. In fact, the voltage losses in operating condition where the FC temperature decreases allow remedying of the loss of theoretical voltage cell. Figure .2.3 displays the voltage Nernst of cell diminution by increasing the temperature.

. 

Effect of Pressure

Gas partial pressure has an important effect on membrane chemical degradation. In an operating fuel cell relating to the change, Gibbs free energy can be obtained by: Eq2.12

After integration and consideration of hydrogen /oxygen fuel cell reaction, the Nernst equation becomes as follows:

( ) Eq2. 13 
Then:

( ) Eq2.14
Therefore, by Eq.2.14 cell potential is a function of temperature. In addition, as following equation cell potential (depended to pressure) can be obtained by:

( ) Eq2.15
Neglecting the changes of ΔH and ΔS with temperature (have a very small error in temperature below 100 °C) the Eq.2.15 become [2.7]:

Eq2.16 The partial pressure of the P O2 and P H2 at the cathode and anode side are calculated by equations [2.22]: Eq2.17 

Theoretical FC Efficiency:

In the case of FC, the useful energy output is the electrical energy produced, and energy input is the enthalpy of hydrogen. Figure .2.5 illustrates the energy inputs and output for FC.

Figure.2.5. Energy inputs and output for FC as an energy conversion device.

The FC efficiency expresses as: The ideal efficiency decreases with temperature. Specifically, at 60°C the efficiency of FC becomes reduced:

Eq2.20

Fuel Cell voltage losses

Electrochemical reactions consist of a transfer of electrical charge and change in Gibbs energy [2.18]. Current density is the current (electron or ions) per unit area of the surface. By Faraday's, law the current density as follows:

Eq2.21 nF: the charge transferred (Coulombs Mol -1 ) j: the flux of reactant per unit area (Mols -1 cm -2 )

In general, an electrochemical reaction consists, either oxidation or reduction as follows:

Eq2.22

Eq2.23

In forward and backward reaction, the flux is specifies by: Eq2.24 Eq2.25

k f = rate coefficient. k b = backward reaction.
C ox , C Rd = surface concentration of the reacting species.

The net current density is generated between the released and consumed electrons and is defined by: Eq2.26 By using the transition state theory, to calculate of the net current density equation can be rewritten by:

[ ] [ ] Eq2.27
At equilibrium, the potential is E r , and the net current is equal to zero, although the reaction moves in both directions simultaneously. The rate at which these reactions proceed at equilibrium is called the exchange current density

[ ] [ ] Eq2.28
By comparing two equations, a relation between current density and potential is calculated as follows:

[ ] [ ] Eq2.29

Exchange Current Density

Exchange current density is not constant in chemical reactions. Because, based on equation 2.27 it is a function of temperature. In addition, also it is a function of electrode catalyst loading and catalyst specific surface area. The relative exchange current density at any temperature and pressure is specified by the equation below:

( ) [ ( )] Eq2.30
Where [2.24] ( ) Eq2.31

: is the reversible or equilibrium potential = reference exchange current density (at reference temperature and pressure, typically 25°C and 101.25 kPa) per unit catalyst surface area, , = catalyst specific area (theoretical limit for Pt catalyst is 2400

But state-of-the-art catalyst has about 600-1000

, which is further diluted by the incorporation of catalyst in the electrode structures by up to 30%).

= catalyst loading (state-of-the-art electrodes have 0.3-0.5 mgPt ; lower loadings are possible but would result in lower cell voltages).

= reactant partial pressure, kPa = reference pressure, kPa = pressure coefficient (0.5 to 1.0) = activation energy, 66kJmol for oxygen reduction on Pt [8] R = gas constant, 8.314 T = temperature, K = reference temperature, 298.15 K = 0.5 for the hydrogen fuel cell anode (with two electrons involved) and 0.1 to 0.5 for the cathode [2.18]. If the exchange current density is high, the surface of electrodes will be more active. The over potential on the cathode is much bigger than in anode due to, the exchange of current density in anode larger than in the cathode. (10 -4 vs. 10 -9 Acm -2 Pt at 25 °C) [2.21].

Static characteristic (polarization curve)

The static characteristic of the fuel cell is represented by the polarization curve. First, activation over voltage occurs at FC electrodes, anode and cathode. However, the reaction of hydrogen oxidation at the anode is very rapid while the reaction of oxygen reduction at the cathode is much slower than hydrogen oxidation. Thus, the voltage drop resulting from activation losses is dominated by the cathode reaction conditions. The relation between the activation over voltage and the current density in anode and cathode can be obtained by as follows equations [2.18], [2.23]:

[ ] Eq2.32
The specific reaction surface area is given by Eq2.33

Where the catalyst is mass loading per unit area of the cathode, is the catalyst surface area per unit mass of the catalyst and is the catalyst layer thickness [2.24].

Decrease the activation losses

The exchange current density and activation losses has strongly related together. Then for reducing the activation losses it is necessary that the i o reduced. For this reason, especially at cathode side the values of i o is the most important factor to improve on FC performance. This is achieved by following ways:

1) Increasing temperature and pressure of the cell; 2) Apply more effective catalysts; 3) Increasing the roughness of the electrodes; 4) Increasing reactant concentration (Such as, apply pure O 2 instead of air).

Note that activation losses have significant effect in low and medium temperature FC. However, at high temperature and pressure they are less important.

Empirical equation for activation can obtain by:

( ) Eq2.34
Where A, b depend on the electrode and cell condition and V act is only valid for i>b (b=0.04 mAcm -2 ) .

Internal and ionic resistance

The overall ohmic voltage drop is calculated in the membrane layer. The polymer membrane used is a Nafion made by Dupont, which is widely used in PEMFCs. Nafion conductivity is highly dependent on membrane water content and temperature. Generally, the protonic conductivity of Nafion increases linearly with increasing water content and exponentially with increasing temperature. Hence, the resistivity of the membrane can be expressed by equations:

Eq2.35

Where:

Eq2.36

There are several mechanisms of water transport across a polymer membrane, namely the water diffusivity. The water diffusivity in Nafion can be expressed by the following expressions depending on water content λ:

( ) ( ) Eq2.37 ( ) ( ) Eq2.38
The membrane water content, λ varies generally between 0 and 14, which is equivalent to the relative humidity of 0% and 100% (ideal conditions) respectively. However, the parameter λ has values as high as 22 and 23 under supersaturated conditions. First, the membrane water content λ can be calculated using the activities of the gas in the anode and the cathode [2.1]:

Eq2.39

The vapor saturation pressure is a function of temperature, which is given by [2.25]:

Eq2.40

In the case of gas, the activities of the gas are equivalent to relative humidity. The index i is either anode (a) or cathode (c). The membrane water content is calculated by [2.25]:

{ Eq2.41
The average water activity a m is given by: Eq2.42

Thus, the membrane water content λ m is calculated by equation 2.41 using the average water activity a m , between the anode and cathode water activities. Since the proton conductivity of a polymer membrane is strongly dependent on membrane water content λ, the internal electrical resistance is a function of the resistivity of the membrane σ m and the thickness of the membrane tm [2.2]:

Eq2.43

Finally, the ohmic overvoltage due to the membrane resistance R m in PEMFCs is given by the following expression:

Eq2.44

Concentration losses

Then, the voltage drop resulting from concentration losses can be approximated by the following equation [2.23]:

Eq2.45

The parameter C, d, i max are constants that depend on the temperature, partial pressure of oxygen in the cathode and finally vapor partial pressure. These parameters can be determined empirically. Furthermore, the parameter i max is the current density that makes a precipitous voltage drop. In addition, empirical equation can be stated as follows [2.18]:

Eq2.46

The value of m will typically be about 3 ×10 -5 V, and n about 8 ×10 -3 cm 2 mA -1 .

Effective factor in concentration losses

1) Hydrogen is supplied from some kind of reformer 2) The air supply is not well circulated (problem in high current)

3) Removal of water 4) Internal current and Crossover of reactants

The structure of polymers and electrolyte is not electrically conductive. However, some electron passes from membrane during hydrogen diffusion from anode to cathode. This fuel crossover and the namely internal current are basically the same phenomenon.

The total electrical current can be calculated as follows:

Eq2.47

Current density can be obtained from current divided by the electrode active area:

Eq2.48

The Charge Double Layer

If two different martial are in contract, charge transfer from one to another. In FC, charge double layer occurred between the electron in the electrodes and the ions in the electrolyte. As the example in Figure .2.7 cathode side electrons will gather on the surface of the electrode and H + ions will be attracted to the surface of the electrolyte as results, will be generated an electrical voltage. These accusations have been accumulated near the electrode-electrolytes that the similar behavior such as a capacitor in an electric circuit. Indeed, if the current suddenly changes, voltage takes some time to follow the changes of load. The capacitance of a capacitor is determined by the pattern:

Eq49

Where : is the electrical permittivity, A: is the real surface area of the electrode d: is the separation of the plates Where defined as

( ) Eq2.51
The equation of the FC voltage as defined:

Eq2.52

Where is a combination of two resistance activation and consideration.

Eq2.53

These parameters are frequently changed with electrochemical characteristics, humidity, temperature, and pressure and aging effects.

Polarization Curve

The electrical domain allows describing the polarization curve and the associated losses (e.g. Activation, ohmic and concentration). Taking into account the latter, the FC stack voltage, E cell produced by FC can be expressed by the following equation:

Eq2.54
Where , the theoretical potential can be expressed as the difference between the reversible potential at the anode and cathode [2.18]: Eq2.55 By comparison, E loss is the voltage drop resulting from losses (activation, ohmic and concentration) and can be expressed as follows:

Eq2.56

The most important curve for characteristic of FC is a polarization curve that is shown in Figure .2.8. 

Thermal Domain

The thermal domain describes the heat generation, heat exchanges by convection in the channels, heat diffusion by conduction or by mass transport, radiation and natural convection. Besides, in order to improve the accuracy of the thermal domain, water phase change has been taken into consideration. During stack operation, gaseous water condenses in liquid when the water vapor pressure reaches to the saturation pressure. Inversely, if the vapor pressure decreases, the liquid vapor can evaporate. During a phase change, temperature remains to be constant, but a heat exchange called "latent heat" takes place. The effect of the water phase change on the temperature distribution in PEMFC has been studied in the literature [2.25], [2.26], [2.27]. These authors have demonstrated that the water phase change has a large influence on the final temperature predicted by the thermal domain of PEMFC stack. The net heat generated by the chemical reaction inside the FC, which causes the rising or falling of temperature, can be written as:

̇

Eq2.57

̇ ̇ ̇ ̇ ̇ Eq2.58
All the mathematical expressions of the Eq.2.57 are given in details in [2.18]. At steady state, ̇ and consequently the FC operates at some constant temperature. During transitions (e.g. Load change, operating conditions change, faults), the temperature of the FC stack will rise or drop according to Eq.2.57. In addition, efficiency and hydrogen consumption have been implemented in the FC model (Figure .2.9). The volumetric flow rate of hydrogen consumption in slpm (standard liters per minute) is given by the following equation [2.18]: In comparison, the FC efficiency is defined as a ratio between the electricity produced and hydrogen consumed [2.23]:

̇ Eq2.59
Eq2.60

Electric power produced is a product between FC stack voltage and current:

Eq2.61

According to Faraday's law of electrolysis, hydrogen consumed is proportional to FC stack current:

̇ Eq2.62
Hence, the energy value of hydrogen consumed in Watts is given by: ̇ Eq2.63

Effect of the operating condition on performance of the fuel cell

3.1. Temperature

Effect of temperature on the activation over voltage

To obtain better performance in activation losses it is necessary that the temperature increases because the presence of the temperature effect, in the Tafel constant. While, the impact of increasing of the exchange current density is more important than any increase of Tafel constant by the effect of the temperature, this voltage drop is much nonlinear. According to Figure .2.10, the curve of activation voltages is reduced by increasing the temperature. 

Effect of temperature on the ohmic over voltage

In the majority of FCs, the resistance is mainly caused by the electrolyte and the cell interconnects and bipolar plates. The three ways to reduce the internal impedance of the FC are as follows [2.18]:

1) Use the electrodes with the best feasibility conductivity.

2) Good design and use of suitable materials for the bipolar plates or cell interconnects.

3) To choose the electrolyte thin as much as possible.

The effect of temperature rising on ohmic losses can be demonstrated by the Figure .2.11. FC function generally improves with rising in temperature. Nevertheless, the increase of temperature has a negative effect on voltage loss (see Eq.2.2). In addition, increasing the temperature has resulted from reduction of activation and concentration losses. 

Pressure

Hydrogen and oxygen must be pressured at the fuel cell inlet. The performance of FC was changed by variation of pressure as follows:

Effect of pressure on the activation losses

Activation losses are related to sluggish electrode kinetics. The rising of the exchange current density is reducing the impact of the activation over voltage [2.18]. Figure. 

Effect of pressure on the concentration losses

The reactant concentration at the catalyst surface depends on current density. Thus, increasing pressure causes to improve current density then reduces the concentration voltage losses (see Figure .2.15). 

Cell Voltage losses depends on Pressure

The aim of raising pressure is because of the increase in FC voltage. FC operates at ambient pressure (1 bar) or it may be pressurized. An FC potential voltage is improved when the pressure is increased as it is illustrated in Figure .2.16, [2.2] and [2.18]. 

Humidity

Affect Humidity on Resistive (ohmic)

Lack of water in the PEMFC will run for membrane become dry. The parameters affected by this phenomenon are included drawback of proton transfer, reducing conductivity and increasing ohmic resistance. Thus, lead to decrease power generation efficiency. The different curves of ohmic resistance are illustrated in Figure. Increasing humidity improves the cause of conductivity in the membrane. Therefore, FC voltage will be modified. This variation is illustrated in Figure .2.18. The Table .2.1 summarized the effects of the operating parameters (e.g. Temperature, mass flow, humidity, current…) on different losses such as activation, concentration and ohmic losses in the FC. The used Symbols and abbreviations in this B, i L : The empirical constants will be affected by the operating condition in a fashion that is unknown.

N/A: The parameter does not apply in any circumstances.

Yes: Indicates that the operating parameter can be been incorporated into the model.

(1), ( 2), ( 8), ( 9), ( 11), ( 12): It is assumed that the stack is operated so these parameters do not affect the model. The stack should be operated so that the membrane is well hydrated without stack flooding. This assumption may not hold in ( 1) and ( 2), in this case the opposition would be empirically modeled in regard to significant operating parameters.

(3): The activation loss is defensible in the internal current. In the case wherein is too difficult to model it should be omitted from the model. If this were done in the model would it only be valid for currents above ~0.3A.

(4), ( 5), (6), and (7): These parameters will only affect the performance of V ohm loss when the stack is run in extreme cases. At this stage, the limits of these extreme cases are unknown. If one of these parameters greatly affects the stack resistance then this parameter should not be operated to that level when the resistance starts to change.

(10), ( 13 

PEMFC diagnosis:

Introduction of Fault Diagnosis

The fault diagnosis includes the following three aspects:

• Fault detection: distinguished fault detection means to discover the occurring fault with intrusive and/or non-intrusive methods. • Fault isolation: which is, finding the location of the faults.

• Fault analysis and identification (classification): in order to arbitrate the type and magnitude of the faults and to estimate and prevent the future faults based on background studies [2.29]. The main use aimed in the present research work is to estimate the state of health of the FC so that to adapt the power control of the FC notably through the management of the degraded modes. In brief, Neural Network has been used in both methods because of the best choice of approximation in nonlinear. However, the processes of training need a large number of the data under different operating conditions that a gathering might costly and time consuming.

Nowadays, modern control systems with different issues such as availability, cost efficiency, reliability, operating safety and environmental protection are taken into consideration. This involves a fault diagnosis system that is capable of detecting plant, actuator and sensor faults when they occur and of identifying and isolating the faulty component. The fault acting upon a system can be divided into three types of faults, see Figure .2.19 [2.33].

1) Sensor (Instrument) faults. Fault acting on the sensors.

2) Actuator faults. Fault acting on the actuators.

3) Component (system) faults fault acting upon the system or the process we wish to diagnose. 

PEMFC Fault Conditions

All possible faults that effect on the performance of PEMFCs was presented and the available fault detection technique compared and summarized in 

Faults Tolerance strategies

Figure .2.20 gives the diagram of faulty strategies that include some kinds of planned and unplanned maintenance and planned and unplanned repair. Planned maintenance is based on fixed times and/or fixed run hours. An improvement leaves the fixed schedule and applying maintenance on demand, which is based on the observed real status. Planned repair is usually within set down periods while unplanned repair is forced by faulty components. A reconfiguration is possible if redundant components can be used, which requires a redesigned fault-tolerant system. Hence, maintenance procedures are performed to prevent failures, repair procedures (to remove failures and faults) and reconfiguration (to prevent failures through redundant components usually with some degradation of functions) [2.35]. 

Diagnosis levels

In order to increase of reliability durability of FC, one of the most important things is fault diagnosis (FD). Nowadays, different diagnoses have been developed but FD is means that to detect, isolate and analysis faults that happened in FC according to different operating condition. The fault detection is to track faults happen throughout the operating condition. Fault isolation defines the place of fault in the system. Typically based on analytical model, two basic models can be deliberate, model base and non-model base [2.31], [2.32].

Model base/ Non-model base

Diagnosis model-based methods are comparing the available measurements of the real system (experimental) with simulation system model (see Figure .2.21). These methods are categorized in three groups [2.31]:

• Physical model (algebraic and differential equations),

• Experimental model (non-liner and complex model),

• Combination of the physical and experimental. 

Residual generation and evaluation

Diagnosis purpose is to generate a fault-indicating signal-residual, using available input and output information from the monitored system. This auxiliary signal is created to reflect the beginning of possible errors in the analyzing system. The residual should be normally zero or close to zero when no fault is present, but should be distinguishable from zero when a fault occurs. In an Ideal condition, the residual is characteristically independent of the system input and output. The algorithm used to generate residuals is called a residual generator. Residual generation is a procedure for extracting fault signals from the system, with the fault signal represented by the residual signal (r). The residual should ideally carry only fault information and to ensure reliable fault detection, the loss of fault information in residual generation should be as little as possible [2.36].

In each fault detection algorithm, there should be a component of the evaluation based on the residual to be used by the analytical consideration. It could be applied in different methods such as fuzzy logic or neural network. In this stage, the decision about the existence of a fault is made together with a possible indication of this event generating the corresponding fault signal. This signal should carry information about the effect of the fault on the residual set so that the fault isolation module can isolate this fault [2.37], [2.38].

Different kind of Fault Diagnosis

Various diagnostic tools employed in the characterization and determination of fuel cell performances are summarized into two general categories:

1) Electrochemical techniques.

2) Physical/chemical methods. Fault diagnoses consist of three levels (fault detection, Isolation and analysis), accumulation dates from system, fault diagnosis and fault classifications that are explained as follow:

1) Accumulation dates: for this purpose, different ways are proposed specifically, electrochemical impedance spectroscopy (EIS), Linear Sweep Voltammetry (LSV), Cyclic Voltammetry (CV), etc. The goal is to carry out the variation of output based on different operating conditions of input. 2) Extract fault from healthy mode: Depends on the fault extracting from the original data of system miscellaneous way such as, FFT, WT and STFT. 3) Faults classification: at this stage, the following methods such as NN, FL, Neuralfuzzy and BN applied more than other technics.

Accumulation dates methods

Polarization curve

Different parameters can be characterized by polarization curve. Such as, cell polarization resistance, OCV, exchange current density, Tafel slope, etc.

Hysteresis

By registration of the plot due to increase (until limiting current) and decrease in current density, the hysteresis will be created by the two conclusion curves. This hysteresis can be useful to recognize the flooding and drying. Indeed, if in high current density, downward I (V) curve lower than the upward I(V) curve it means that the indicated flooding (in high current density more water will be produced by chemical reaction). Indeed, if in high current density, downward I (V) curve bigger than the upward I(V) curve it means that the indicated during. Individually this method is not sufficient for fault diagnosis in FC. These data are not enough to characterize the fuel cell performances (such as electrode diffusion, membrane resistance, etc.). It is used in steady state but it isn't a suitable model to evaluate losses [2.39].

Electrochemical Impedance Spectroscopy

The Electrochemical impedance spectroscopy (EIS) uses small AC perturbation signal at various frequencies from (10kz to 1 Hz) in the dynamic state cell). The impedance of the cell can be obtained by taking the ratio of AC voltage/AC current (Figure.2.22). This technique can be applied to the electrochemical system (half-cell, signal cell, stack, etc.) This method is significantly used to characterize the water management flooding and drying). Many parameters can be obtained from this method such as, activation and concentration resistance and electrolyte resistance. The EIS is difficult to utilize in high power FC [2.30]. It is for fault diagnosis of PEMFC in situ and nonintrusive method. 

Membrane resistance measurement methods

Current resistance measurement

The three references of ohmic voltage loss are: a) Resistance in ion movement inside the electrolyte b) Resistance to electron carried inside the cell components c) Contact resistance

Current interrupt method

This method works in time-domain. The cell current is quickly interrupted and cell voltage is measured before and during the interrupt. This method applied widely in electrochemical devices (fuel cell, Battery, etc.) to obtain an ohmic resistance evaluation. The benefit of this model, there is no needing for any extra equipment because the interrupt can be directly come from a load. The downside of this model is data extracting will be degraded by using long cable connection and will put a critical perturbation on the cell [2.40].

High frequency resistance

To achieve internal resistance in the FC, a small AC signal is used to apply the electronic load to adjust the DC load current. This model is suitable for congenital and periodical application along the normal condition cell (see Figure. 

High frequency milliohm meter method or AC resistance method

In this method, external AC milliohm meter has been used to implement a signal and load performances and it is paralleled to circuit (see Figure.2.26). Based on related AC signal to DC current, least variation in FC will be measured. Hence, this approach is interesting in the investigation of the functioning of FC. However, the accuracy of this method according to determine the high resistance will become low [2.40]. 

Pressure drop method

Due to friction in the electrodes and channel of gas flow, there is approximately 30% different pressure drop created between input and output [2.41]. According to the Darcy law for gas flow rate, pressure gas will be increased by water existence in fuel cells. In another world, flooding level is a direct impact on the decline pressure drop. Moreover, augmentation of water presence be related the decrease of temperature and increase in current. Water accumulates in cathode side more than in anode side because of air flow rate is slower than the hydrogen flow rate (dynamic viscosity in hydrogen is sluggish compared to oxygen). Indeed, flooding usually will be happened in cathode side [2.42].

Consideration on faults problem in PEMFC

PEM FC is an electrochemical system that is based on electro-catalytic reaction, hydrogen oxidation in anode side and oxygen reduction in cathode side. In a FC, failures can be caused by:

1) Long time operation (natural ageing); 2) Operational incidents, such as MEA contamination or reactant starvation (see Figure .2.28).

A common consequence of these failures is the voltage. In fact, if a fault occurs in FC, the voltage can be either increase or decrease according to the fault. In summary, FC stacks voltage is a first indication of a degraded working mode. In addition, water management and temperature are effects crucially important for healthy operation of a PEMFC. 

Water management in PEMFC

Electro-Osmotic Back-diffusion and produced water produced by reaction have essential roles in water management. Drying at anode side with high current density because of the electro-osmotic that overcomes to back-diffusion phenomena. Fault degradation according to accumulation of water in FC [2.45]: 1) Drying;

2) Flooding 3) Benefit to increase proton conductivity ; 4) Blocks the gas diffusion layer and can lead to starving ; 5) Large quantities of water because of mechanical degradation for instance; corrosion and contamination.

Drying

Water is essential for proton conductivity in the numeric form of the membrane and active layers by dissociating the sulfuric acid bond. Leakage of water in fuel cell causes to impede of proton to the catalyst surface area thus activation loss will be increased. Isolation drying faults is occurred by comparing between osmotic drag at the anode side and back diffusion at cathode side (especially in high current in anode side electro osmosis is bigger than cathode side). In addition, at cathode side water created more than anode side. Eventually, decreasing of the lifetime of the fuel cell because of drying that creates holes in the membrane [2.40]. The probability of drying generally is happening on anode side. During long term, operating of fuel cell drying provokes to irreversible damage of the membrane and cause to break the membrane.

The main factor that is created drying follows:

1) Feeding inlet gases without of sufficient humidification;

2) Increase of cell temperature results to enhance evaporation ; 3) Electro-osmosis particular at high current [2.45].

Flooding

Flooding happened at cathode side and anode side. Flooding is occurring in accumulation water in flow filed channel or/and electrode cell. Then block the gas channels and after a several minutes, droplets drive to voltage drop quickly. Flooding occurred in all operating conditions especially in high current density. Short time flooding can be irreversible; however, oxygen feeding is blocked and conduces to mechanical degradation of the MEA material by long time operating fuel cell [2.40].

Flooding causes to increase in mass transport losses (in high current density). Thus, performance of FC is reduced. However, voltage can be recovered by fast purging at anode and cathode. Flooding can be affected on a lifetime and durability of FC in long term operation. The presence of water (in the long term operating) corrosion will be happened in electrodes, the gas diffusion media and membrane. Therefore, ohmic losses of FC are increased by this phenomenon and cause the performance of FC decrease [2.45].

Cathode flooding

Water transportation at cathode side was occurred by following factors:

1) Water production in oxygen reduction reaction;

2) Electro osmosis is phenomenal to pull the water molecules from anode to cathode; 3) Saturated water by more humidified inter air gases.

In addition, to eliminate water in cathode side influence factors as follows:

1) Back-diffusion will happen when water quantity at anode side more than cathode side. In additional, the influence of back-diffusion is in low current more than elector-osmotic. 2) Water evaporation is a way to speed up to removal of water in cell [2.45].

Anode flooding

At cathode because of the creation water flooding will be occurring more than anode sides. 1) Flooding in anode mostly happens in low current density. Moreover, low temperature and high condensation in anode channel lead to anode flooding. 2) Back-diffusion can be factored of flooding at anode side.

3) Injection water for cooling and humidification are caused by flooding [2.45].

In brief, we need to avoid membrane drying at anode side and flooding at cathode side.

Effect of operation condition in water management (flooding and drying)

To avoid of faille in FC according to the improper water management solution such as variety of operating conditions that are suggested by many authors (pressure drop, temperature gradient, control mass flow by compressor, etc.).

Humidity

To obtain high performance in FC typically gas inlets are humidified. Buechi and Srinvasan investigated that operation at humidified inlet gases are 40% greater when FC figure out without humidity. Besides, Natarajan and Nguyen declare that with the increasing of humidity at anode side to reduce water transfer due to back-diffusion, going to increase current distribution, etc. [2.46].

Flow rate

Nadia 2008 investigated for air flow rate. Stated that in low flow rate it is beneficial in keeping water in dry cells but will cause of flooding. Hakenjos at al, mentioned FC performance increase (out -put current density higher) with gain flow rate due to higher stoichiometry and the water removed from the flooded cell [2.40]. 

Temperature

Pressure

Electro-osmotic flow rate in normal operating condition is greater than back diffusion flow rate with homogeneous pressure. Wilkinson et al. observed water produced at the cathode side absorbed by the concentration gradient to anode and cause to prevent of flooding. Elevated temperature (evaporation) and gas flow contribute (contribute dissolve water) cause to reduce flooding. However, it cannot be guaranteed drying never happen in the membrane.

Thermal management on PEM FC

Thermal management is an important role to increase/ decrease of performance of the FC.

Influence of freezing

Freezing can effect on the durability of the FC via thermal and mechanical stress. Decreasing temperature causes to the reduction in proton conductivity of Nafion membrane. Most components that are influenced by freezing temperature such as backing layers, gas diffusion layer and membrane (rarely will be happened because water in membrane strong bond with captions).

Start up from freezing

When water at cathode side is not removed during start up with temperature below zero, ice will be covered in surface of GDL and cause to blocking at the catalyst layer. Finally, FC voltage drops and even shuts down FC.

Influence high temperature

Performance FC in high temperature has a few benefits such as increase electrochemical kinetics and the result enhance efficiency, advance endurance for contaminants and augments the water management and cooling system. However, the disadvantage is degradation of the cell and decrease in durability and lifetime of FC.

1) In high temperature, sintering and agglomeration of particles will be increased.

2) Operation at high temperature breaks oxygen molecules into oxygen atoms and reaction to carbon and water increase which results in increased contamination. 3) Performance FC at high temperature, conductivity of proton conductivity may diminish when at low relative humilities.

Degradation of electrode/electro catalyst

One of the most interesting objects to FC commercialization is corrosion of the electro catalyst layer. Conventionally, catalyst layer is made of platinum (Pt) or platinum alloy. For electrode at anode and cathode, usually the same material is used by carbon mechanical support. In addition, platinum catalyst covered by thin carbon layer. Degradation in catalyst and electrode mean loss and reform in the structure of the platinum. A corrosion carbon is manifest of the loss carbon along the surface of Pt. Two factors, humidity level and temperature are mainly serious aspect contributing to corrosion [2.45].

Cathode corrosion

Electrochemical active surface area (EASA) decreases with relate to the time of the FC. EASA losses are due to Pt-particles distribution and long run operating condition of the FC.

1) Generally, cell potential cycling is the most serious influence in contributing to Pt agglomeration and oxidation thus to reduce of the EASA. Pt particle sizes extend due to the cell potential and will be accelerated when it compared to constant potential.

2) Variable temperature during operation: Principally voltage of FC increases due to the augment temperature while the negative effect is Pt-particles grow fast.

3) Low humidity in inlet gases effect to increase in the lifetime of the catalyst. Because, humidification level of gases is results to rise of catalyst particles [2.45].

Anode corrosion

Wofgang et al found that long-term operation demonstrated that the anode no impact by Pt agglomeration/sintering, dissolution and oxidant [2.45].

Corrosion of gas diffusion layer (GDL)

Carbon corrosion has negative impact on the catalyst properties and has a consequent negative effect on the performance of FC. Carbon corrosions are occurring as well as the following factors:

1) Potential cycling: Especially in high level and constant voltage, carbon corrosion will be increased.

2) Humidity has influences to carbon losses, GDL can be handled water management by using special fabrics such as hydrophobic material's ability to remove water and improve gas diffusion. However, higher hydrophilicity that means water is remaining in GDL and make to obstacles the pore and results in reduction of performance in FC. 3) Effect of temperature on GDL corrosion it is complicated because, some researcher are believing that it does not affect others, Wolfgang et al achieved and monitored the carbon weight loss [2.45].

Chemical and mechanical degradation of the membrane

Despite of the membranes of Nafion have long lifetimes. However, in FC application is degraded very quickly (especially in electrical application during potential cycling). Many factors have been influenced to degradation of the membrane but two of them were important:

1) Production of hydroxh1 (OH) and peroxy1 (ooh) radicals due hydrogen peroxide (H 2 O 2 ). They chemically attack the polymer. 2) The chemical attack according to transient operating conditions (potential, humidification cycling and temperature) that causes of degradation in the membrane [2.40].

Corrosion and mechanics degradation of the bipolar plates and gaskets

Three main factors for degradation mechanisms are as follows:

1) Material of bipolar dissolves in water and move into the membrane 2) Increase ohms resistance by forming resistive surface layer on the plate 3) Pressure that used for sealing causes the deformation of the plates [2.44].

Contamination of the cell

Contaminations are produced inside the cell or they are carried into a cell with inlet gases. They lead to effect of the performance and life of the FC.

Contamination of the electrodes/electro catalyst

Carbon monoxide is harmful for electro catalyst. Co-concentration only happens in anode side. Pt catalyst layer observed Co-molecules results to block the hydrogen from reaching the Pt particles. This process in a long time will be happening. The voltage drop can recover by the air injected into the fuel stream because CO can be burnt by air.

Contamination of the membrane and starvation

Because of the conductivity and low level of the water at the cathode, contamination in the membrane causes to diminish the maximum current density [2.45].

Starvation degrades the FC performance and the cell voltage drop. One of the factors that cause to staring is generating hydrogen in the cathode and oxygen in anode.

Faults synthesis

A summary of the major failure modes is represented in Table .2.3. In the most cases, a combination of the inherent reactivity of component materials, harsh operating condition, contamination and poor design is responsible for the degradation. 

Neural network

Deep review of the system is significant for determination of fault diagnosis method (FDM). In PEMFC unknown physical parameters the Artificial Neural Network (ANN) is one of the most interesting in FDM by comparing to other methods (for instance, fuzzy logic, support vector machines and Bayesian network). NN is a combination of numerous neurons that connect together via weighted. Artificial Neural Network (ANN) is a power full system for fault diagnosis in non-liner system modeling. ANN has the capability to learn and build non-linear mapping of the system. In addition, it is a good solution for modeling of complex systems. Fundamental section of an ANN is named neuron. Based on the structure of the neuron, there are three important topologies, single layer feed forward network, and multilayer feed forward network and recurrent network. In feed, forward all input signals flow one direction to output. However, for recurrent ANN, in the output some neurons are feedback either to the same neurons or to neurons in former layers. MIP type is the most common ANN that applied for PEMFC modeling. In Figure .2.29 illustrated the example of MLPNN with two hidden layers. In this figure Layer 1, 2 are hidden layer, , And Is weight between input/hidden layer, two hidden layers and hidden layer/output respectively. To explain of neuron is given by the following function [2.47]:

∑ Eq64

F: transfer function NN W i , j: weight of the connections between neuron j, and i B j : the bias X i : value input to the neuron S j :neuron's output

The input of the hidden layer is calculated as:

(∑ ) Eq65 

Feed forward NN

In feed forward network from input to output all signals flows in one direction. The most popular for minimizing training algorithm of weights is back propagation. Feed forward NN is suitable for static mapping between input and output and improper for dynamic evaluation. To solve this problem Recurrent NN can be replaced to feed forward NN. In this structure, neurons are feedback either to the same neurons or to pervious neurons. This means signals can move in two directions (forward and backward). Therefore, outputs have a quick response from the impact of inputs compare to feed forward [2.48]. Function in this NN for the first layer is "tansig" then "pure line" use in the second layer.

Training NN

The choice input data are important in training NN results. The most efficient variables for faults must be selected for training in NN. Otherwise, the amount numbers input impels a complex and slow to run the model. Notice that there is not any precise method to choose an optimal number of the hidden layer. This mean value of hidden layer depends on increasing of the output accuracy will be augmented [2.43]. For training an ENN weight matrix and the bias are adapting by using back propagation method. In other words, in the period of the training at every repetition, the matrices will be updated by minimizing errors between input and target (output). Training explained by: { } Eq66

P is the number of points used in the training and is input system and is output system. This set data must contain of the information on all different conditions such as safety and degradation mode. For this reasons chosen four inputs involve of 4000 points. Weight coefficients of the matrices are fixed by using a standard Back propagation algorithm.

Data collection in NN

Data is organized randomly into training, validation and test. Firstly, NN trained with first data then validations data for keeping off over-learning at the end, the test will be chosen by the data that NN have never trained. To facilitate training of the NN: Input data normalized between 0 and 1 ensure homogenized ranges and permit comparing the different weight related to different factors. The NN outputs recode to back right values [2.48]. The carry out of the NN was considered by executing a linear regression between both experimental and calculated values and evaluated (the corresponding Pearson Correlation Coefficient R). The statistical analysis describes the two data. If, R=0 that mean the correlation will be unpredictable else if R closer to 1 will be a better correlation between NN training and experimental data.

Conclusion

The PEMFC modeling and diagnosis are the most important issues treated in literature. A good diagnosis strategy contributes to improve the lifetime of the FC and then to improve the availability of the system built around it, as for example the drivetrain of FCEVs. It has been established that the FC is subject to a lot of fault during its operating. The latter are due to multi-physical phenomenon namely the temperature, the pressure and the humidity of the gas involved within the FC stack and cells. Several models have been developed to understand this phenomenon and to evaluate the FC performances according to different conditions of use but also to detect, isolate and classify the faults when they occur. On the basis of literature, it has been noticed that the ANNs are one of the most interesting in PEMFC fault diagnosis and modeling. ANNs have the capability to learn and build non-linear mapping of complex systems such as PEMFC.

In this research work, the used diagnosis approach consists in combining the model and non-model based methods to train an ANN model. The next chapter will focus on the proposed equivalent circuit model taking into account the 3D geometry of the stack. Details on the modeling process as well as simulation and experimental results will be given to check the validity of the proposed model. 

Chapter III 3D Fault Sensitive Modeling of PEMFC

Introduction

As highlighted above, modeling and simulation are very useful tools in the study of complex systems. They allow ascertaining the impact of a great variety of conditions and variables for studying system global or local operating points. To reach this goal a fuel cell model has to take into account the space coordinates, time and multi-physical phenomenon.

According to the dimensions taken into account the FC model can be 1D when only one dimension is involved in the model, 2D for 2 dimensions or 3D when the three space dimensions are taken into account. Within any one of these kinds of models, one has to include one or several different domains of physics: electric, fluidic and thermal. The principal physical phenomena found in PEMFC are listed by domain of physics in Table.3.1 [3.1]. Finally, the time parameter is introduced in the models to evaluate the dynamics of one of several of these phenomena.

A PEMFC model is always a combination of the elements above. For example, a system can be 1D, dynamic and analytical, involving all three domains of physics with the different phenomena modeled at the individuality layer level.

Many mathematical models can locally describe these phenomena by means of partial differential equations involving space and time [3.2], [3.3], [3.4], [3.5]. Many searchers have realized the importance of adapting models to system applications [3.6]. Mention may be made on the research works as in [3.6] and [3.7] that established suitable mathematical models for control purposes, for instance for automotive applications. Nevertheless, no model has included the three dimensions of the fuel stack in the formulation. Only the axial dimension has been generally considered by assuming all the FC cells are invariant across the transverse dimensions.

The present research work proposes a 3D model of PEMFC for diagnosis purpose. Knowing that in the PEMFC around 50% of the chemical energy available in the fuel is converted to electrical power, and the rest is waste heat, a particular attention is given for temperature in the developed 3D model. This chapter is dedicated to explain the methodology used to build this model and to show how it is used for characterizing the FC behaviors under faulty conditions. A FC cell is considered alone to establish the modeling principle before generalizing the 3D model to a complete FC stack

The proposed 3D model for one FC cell

The chosen model is a semi empirical one using fundamental equations for known phenomena. For unknown phenomena, they can be modeled by realizing experiments on the fuel cell. Indeed, all the equations that belong to electrochemical model are used analytically. In addition, experimental tests have been used to determine the thermal mode and finding impedances in all branches.

This model is built up of multiple points (nodes) at different zone of cells. It is preferable to choose the nodes that are located at critical zones of fuel cell (e.g. center of cell, inlet and outlet of gases and boundary zones). The considered cell consists of 9 nodes. All the physical phenomena that take place in these nodes will change depending on the position of the nodes and the variations of the corresponding operating conditions in terms of pressure, humidity and temperature. Moreover, several thermocouples and voltage measurements were used so that to know accurately the voltages and temperature in each node (More details on this issue will be explained in chapter IV).

Description of the modelled FC Cell

The studied fuel cell (MES-DEA single cell) has different layers included on both sides: the anode and the cathode (see in Figure .3.1). These layers are named:

1) Bipolar plate (plastic material) 2) Connector between (bipolar plate and cooling plate) 3) Cooling plate 4) Gas diffusion layer 5) Catalyst layer 6) Membrane layer 

Description of the 3D model applied on one cell

This 3D model combines the electric and thermal domains in the dynamic state. The geometric description for the cell modelled is illustrated in Figure .3.2. The idea is to divide the cell into 9 elementary cells (zones) so that to take into account the differences of temperature, humidity and gas pressure in each zone. The 9 nodes represent the center of the 9 elementary cells which are respectively modelled by 9 elementary circuits. To ensure a difference between the potentials of the 9 nodes, 20 resistors are used. Thus the total cell behaviors in terms of current and voltage is obtained by the contributions of the 9 circuits. Because of the local current density and temperature distributions are closely related to various phenomena that occur in the cell, the sophisticated multidimensional is capable of predicting many phenomena occurring inside an operational fuel cell, but only to a certain limit due to the complexity and high computational cost. Therefore, the overall goal of the present 3D model is to conduct an experimental analysis with emphasis on temperature and voltage distribution inside a single cell (MES) and stack PEMFC (Nexa). The advantages of this model are:

1) All electric circuits are considered in all the available layers.

2) The simulation time, with electrical model, is about few seconds.

3) For each node, the current density is calculated. 

Modeling hypotheses

These hypotheses are a compromise between electrical model and a mathematical model. They are summarized as follows:

1) The contributions of the anode, the cathode, and the membrane are not distinguished.

2) Pressure drop in the catalytic sites is negligible (both in the cathode and the anode sides).

The voltage drop associated with the activation loss is negligible at the anode when compared with that of the cathode. Generally the voltage in all nodes is considered to be the same by the authors in literature. However, reality based on varying operating conditions (temperature, gas pressure, humidity) and material, voltages in each node have different values. In order to allow these differences the 9 nods (N 1 , N 2 , …N n ) of the cell model are separated by resistors as shown in red in Figure .3.5. The resistances between nodes are named according to their location within the anode side. Setting the transverse coordinates for each node according to the node's number that is to say (X 1 , Y 1 ) are the coordinates of the node N 1 , (X 2 , Y 2 ) the coordinates of the node N 2 and so on, the resistor R 12 is set between the nods N 1 and N 2 , the resistor R 23 is set between N 2 and N 3 ,..etc. That means the index of each resistor contains the two numbers of the departure node and the arrival node respectively: index 12 means departure node is N 1 arrival node is N 2 .

These resistances have different values that can be the site of different distribution of current density. The operating conditions and material of usage in each node of the FC cell will manifest through the difference in current density distributions.

To illustrate the operating conditions and ohms resistance in z axis 9 other resistors have been added between two cells, see Figure .3.6. This means 9 resistors are set between the 9 nodes of two neighbor's cells in Z. These resistances marked such as R 12 N1N1 contains two indexes: the top index indicates the numbers of the two neighbor cells (here the cells 1 and 2), the bottom index indicates the neighbor nods connected through this resistor (here the nodes N 1 of cell 1 and N 1 of cell 2). Notice that all the nodes connected together have the same nodes numbers. 

Electric Formulation

This section describes the electrochemical formulation to compute the 3D steady state distribution of temperature and potential inside a stack. This method of modeling allows the study of the electrical behavior of large stacks with efficient time computation. The proposed 3D electric model (Figure .3.6) allows designing easily electric circuit connections to other electric components in the power train such as the power DC/DC converter. In this model, the electrical phenomena at the stack's level are highlighted instead of the electrochemical and mass transport processes that take place at microscopic scale as it is done usually. The knowledge on the latter allows calibrating correctly the physical parameters of that circuit. Thus in this work, a dynamic model has been developed by MATLAB software (see, Appendix 3A). This model is based on, electrochemical and thermodynamic characteristic of the PEMFC. The inputs of this model include the influence of temperature, gas pressure (hydrogen and oxygen), the voltage Nernst and other losses (Activation, Concentration and Ohmics). Each cell is composed by Nernst voltage, activation, concentration and ohmics losses electrochemical that are computed as follows [3.1]:

Eq3.1 [ ] Eq3.2
The ohmics over voltage due to the membrane resistance R m in PEMFC is given by the following expression [3.1]:

, Eq3.3
A relationship for voltage loss due to concentration polarization is obtained as follows:

Eq3.4

By adding capacitor, dynamic system is involved in this model. Therefore, the voltage of each cell is computed by equation as defined below:

Eq3.5

Eq3.6

Thermal domain

In the thermal domain, the stack temperature can be obtained by using an empirical method (As shown in Figure. 

Dynamic effect of double layer

The dynamic phenomenon of double layer capacitor influences the transit value of the stack activation and the concentration. This influence can be modeled by a first order system (See Figure .3.8). 

Computing the parameters of the 3D model

In the first stage of modeling process the parameters of the proposed 3D model are computed theoretically as following:

 The free load voltage E, is calculated with the Nernst Equation which is a representation of the relationship between the ideal standard potential E 0 =1.22 for the fuel cell reaction and the ideal equilibrium potential at other temperatures and pressures of reactants and products (see Eq.3.1).  The parameters (R con ,R act ,R ohm ) as follows:

o R act : The first of these three major polarizations is the activation loss, which is pronounced in the low current region. In this region electronic barriers must be overcome before the advent of current and ionic flow (see equation 3.2).In this formulation current density is assumed of variable parameters. o R ohm : The ohmic loss varies proportionally to the increase in current and increases over the entire range of currents due to the constant nature of fuel cell resistance (see Eq.3.3). In this formulation the variable parameters are supposed the current density. o R con : the concentration losses occur over the entire range of current density, but these losses become prominent at high limiting currents where it becomes difficult for gas reactant flow to reach the fuel cell reaction sites (see Eq.3.4).  The double layer charge in anode and cathode is consumed as equivalent capacitors and is equal 1.8 F.



The temperature in all formulation between Eq.3.1 and Eq.3.4 is depending on the temperature measurement that gained from experimental test.

Remark:

Notice that all the parameters above will change according to temperature, pressure and humidity except the double layer capacitor.

Newton-Raphson method

The Newton-Raphson method, or Newton Method, is a powerful technique for solving equations numerically. The Newton-Raphson method is used to calculate the voltage cell and the current for each element. The latter is a very useful technique for solving equations numerically. It can also solve square non-linear systems of equations using matrices.

Newton-Raphson method it solves equations of the form f(x) = 0 for the solution nearest a starting point of x = x 0 . It then creates a list of values x n where each x n (the nth element of this list) is the xintercept of the tangent line to y = f(x) at the previous list value of x = x n-1 .

The solution vector by the Taylor series expansion in general is written for each Eq3.8

Eq3.9

This can be written more compactly in matrix from

( ) ( ) ( )

Eq3.10

Derivation of the N-R method is similar to the scalar case Eq3.11

To find solution to

Eq3.12 Eq3.13

( )
Eq3.14

Iterate until ‖ ‖

Newton-Raphson algorithms that consist on linearizing an equation around some points until convergence are reached. A Newton-Raphson algorithm was used to couple the analytical equation 3.1-3.7 with the experimental measurement of voltage and temperature.

The measurements of temperature and voltage have to be done within the PEMFC stack so that too much data as close as possible to the nodes of the 3D model presented above. Newton Raphson method is used to match between temperatures, voltage and current density at those nodes. The Newton-Raphson problem is then set as the two operations bellow:

 To assume the function f = E-V.  E: is defined by the voltage calculation of the cell in each node. This calculation is performed starting from the physical parameters of each elementary circuit evaluated analytically by using the measured temperature distribution (see the beginning of section §2.7).  V: is defined by the voltage measurements of each node.  To find the current density distribution to reach the equality f(x) = 0. Where the vector is the distribution of the searched current density.

Given a function ƒ defined over the reals x, and its derivative ƒ', we begin with a first guess x 0 for a root of the function f. Provided the function satisfies all the assumptions made in the derivation of the formula, a better approximation x 1 is

Eq3.15

The process is repeated as Eq3.16

Then the Algorithm of Newton-Raphson Method contains the seven main steps given bellow:

Step 1) Measurement of temperature and voltage in each node (more details will be given in chapter IV).

Step 2)

Calculation of voltage of each node based on formulation Eq.3.6.

Step 3) Evaluate numerically.

Step 4)

Use an initial guess of the current density to estimate the new value of the current density, as in equation 3.16.

Step 5)

Find the absolute relative approximate error | | as :

| | | | Eq3.17
Step 6) Compare the absolute relative approximate error with the pre-specified relative error tolerance.

 If ||> Relative error tolerance, to upgrade the initial guess of the current density and go to "step 4".  If ||< Relative error tolerance, then go to "step 7" -stop the algorithm.

Step 7) Stop the Algorithm.

Calibration of 3D model in healthy mode

An important aspect of fuel cell modelling is that, using this model, the fuel cell can be simulated in both modes: faulty and healthy. A large number of parameters need to be implemented to create a complete fuel cell model under Matlab/Simulink software in order to model and to simulate the fuel cell in healthy and faulty modes.

The temperature and voltage distributions that should be used to calculate the current distributions with the Newton-Raphson method are obtained experimentally.  Air stoichiometry of 3 and hydrogen stoichiometry of 2,  Current load of 10 A,  Humidified cathode and dry gas hydrogen are used. The proposed fault sensitive 3D model of PEMFC developed under Simulink software is shown in Figure .3.9. Hydrogen, oxygen gas pressure, current density and temperature are the inputs of the model while the voltages and currents are the out puts. Each subsystem circled in red contains open circuit; activations, concentration and ohmic voltages (see more details in Appendix IIIA). The cell potential at each point of the cell is calculated separately based on different current densities that are obtained by the Newton-Raphson method. The significant point in this model is the computation of the connection resistors at each point. These resistors can be useful to simulate the faults. Furthermore, calibration of these resistances is the one of the most important point of this model. These parameters change with variations of temperature, humidity, pressure and aging effects. Simulation measurement of current density and experimental measurement of the temperatures and voltage are shown in Table .3.3. The latter indicates that, due to the increase in the local current density, the temperature increases too. According to the data sheet of the MES Company (as show in Figure .3.10. the voltage measurement, with a current load of 10 A should be equal to 0.8V. However, according to Table .3.2 the voltage measurements are recorded between 0.65 and 0.69. In other words, the voltage drops between 110-150 mV at each node. This can be attributed to the change in the operating conditions such as pressure, humidity, temperature. Resistances are increased because of nut and screws are used to fix the cell. In addition, the existence of multiple voltage sensors and thermocouples increase these resistances. These losses are caused by irregular pressures of the bipolar plate and the connecting points. If the pressure in some points is above than the normal average, it can block the channel of hydrogen or oxygen gases. Nevertheless, cell voltage decreases with the pressure drops. Based on adding thermocouples and voltage sensors physical failing have been occurred and it rise to voltage drop in the cell. This phenomenon can be present by adding impedance in series of each node in the 3D model. That mean impedances (R 1 -R 9 ) are added in x axes in order to indication of internal voltage losses in the fuel cell model. It is obvious that the value of these resistances that it can be easily obtained by knows current density and voltage in each node. For example in first node the current density calculated by Newton Raphson. Also voltage measured in experimental test is 0.687 V then resistant can be obtained around the 0.1324 ohm. In this way all impedances can be calculated in the Table .3.4. It has shown the internal impedances for each node. Based on current distributions obtained by the Newton Raphson, Table .3.5 illustrates the percentage of current density of the nine nods compared to 10 A. It is obvious that in each part the activation area will be to 6.7 cm 2 (61/9) and mean values of the current density calculated from simulation results are shown in Table .3.6.

Network circuit analysis

To construct an equivalent circuit of a complicated process (e.g., electrochemical parameters such as voltage losses and voltage reversible with impedance in series and parallel) and calculate its impedance, more knowledge about the network circuit is indispensable. The major factors are the parameters that change according to the operating conditions. A commonly used network analysis method is the loop and mesh analysis, which is generally based on KVL. The series of equations are in the form of ([Z].

[I]= [V]) can be established by equating the sum of the externally applied voltage sources acting in each loop to the sum of the voltage drops across the branches forming the loop.

The number of equations is equal to the number of independent loops in the network. The general equation in the loop or mesh analysis is given by

[ ] [ ] [ ]

Eq3.22

Where the impedance matrix [Z] is an N × N matrix, as described in Eq.3.26 The following rules describe how to determine the values of the voltages, currents, and impedances in Eq.3.22.[3.9].

1. The voltages in Eq.3.22 are equal to the voltage sources in an each branch. If the direction of the current caused by the voltage is the same as that of the assigned current, the voltage is positive. Otherwise, the voltage is negative. 2. The series of mesh impedances, known as the self-mesh impedances, Z 11 , Z 22 , Z 33 , …, Z NN , are given by the sum of all impedances through the loop in which the circulating current flows. 3. Each mesh mutual impedance, denoted by Z ik (i ≠ k), is given by the sum of the impedances through which both mesh currents I i and I k flow. On other words, the mesh mutual impedances are equal to the sum of the impedances shared by meshes i and k. If the direction of the current Ii in loop i is opposite to that of the current I k in the adjacent loop k, the mutual impedance equals the negative sum of the impedances, whereas if the direction of the current Ii is the same as that of the current I k , then the mutual impedance equals the positive sum. In a linear network, the following can be obtained: Z ik =Z ki .

A linear matrix equation can be solved by the application of Cramer's rule. Assuming the determinant Δ of the matrix Z is non-zero, the solution of the current can be expressed as .

Eq3.23

Where [Z] -1 is the inverse of [Z], which can be expressed as represents the matrix transpose. Δ and Δ ki can be expressed as follows:

Eq3.24

Where Δ ik is the matrix cofactor and (Δ ik ) T = Δ ki represents the matrix transpose. Δ and Δ ki can be expressed as follows:

[ ] Eq3.25 [ ] Eq3.26 Where | [Z]| is the determinant of [Z].
For an easy calculation, memory space less generally, in mesh grid used admittance rather than impedance. However, bus impedance is used for short circuit study. A set of equations can be established with the form of

[Y]. [V]= [I]: [ ] [ ] [ ]

Eq3.27

Generally to calculate Y admittance:

[ ∑ ∑ ∑ ∑ ]
Eq3.28

An equivalent circuit of this model is included the parallel and series impedances. These Impedances account the voltage and temperature distributions. Without considering of temperature, effect then fuel cell electrical model is included of the activation loss, consideration loss, ohmic loss, double layer capacitor and Nernst voltage. By Adding impedances in parallel and series Z 1 , Z 2 … we can highlight the effect temperature in the electric model of PEMFC in different space directions (X, Y and Z). This is because of there are physical relationships between temperatures and these impedances.

Furthermore, considering these impedances to simulate the PEMFC the accuracy of the PEMFC model is improved. Thus, for any reason, variation temperature in different directions in the fuel cell stacks changes the value of these impedances. Moreover, any fault that related to variable temperature such as flooding, drying, and degradations may be considered in this model.

First, a model for a stack including two-cells was developed and the simulation results were compared with experimental results (see Figure. 

The 3D model applied to one stack

The 

Considerations on the 3D model calibration

The concept of calibration is an important step in model validations. Calibration task involves systematic adjustment of model parameters. It allows an estimation of the model outputs. The calibration of the stack fuel cell can be summari zed as follows:

One of the simple ways to calculate the impedances in the 3D model (see Figure. Calculation of reduction and downsize in it should suppose that the impedances in a non-diagonal matrix for the impedance interaction cells are equal t o zero. This model is a semi empirical electric model. That means, we used a dynamic electric equation with regard to the temperature influence for voltage losses and reversible voltage of the fuel cell. In this model, an empirical thermo equation of the MES fuel cell is considered by using experimental test.

To build a 3D model, first, one should study the influence of operating conditions on the fuel cell performances. Then one should simulate all the effects of the polarization curve and voltage losses. Electric model was chosen to take advantage of its ability to save time. However, in reality, the electric model was not sufficient to demonstrate all variable in different directions. As illustrated in Figure .3.14, the fuel cell is divided into different branches, following x, y and z axis. At each branch, the impedance and the electrical mode are connected together.

Otherwise, the single cell is divided in several electric models connected to each other with several impedances. In the literature, all the studied models are based on the irregular distribution of the current density.

Specifying the nature of impedances is not an easy matter. So, to reduce the calculation in impedance matrix, we consider only their magnitudes (i.e. we assume they have resistance behavior).

To take into account the impedance phases is too laborious especially regarding to the necessary experimental measurements to perform (a spectroscopy measurement will be necessary in each node). However, as a future work to include the phase's aspect in the computation may improve the model accuracy in dynamic states.

To find the complete resistance in each branch, several special tests at different currents should be carried on (designs and details of test bench are discussed in the next chapter). In addition, all temperatures measurements and voltages in each node (using the voltage capture and thermocouples) should be registered on this test. Then, to obtain current at each node, first, it should be compared to the real voltage using the simulation results. Second, temperature measurements should be applied in theoretical equation. Third, the NR method for nonlinear equations should be used.

Calibration of the 3D model of FC Stack (Two cells)

The concept of calibration is an importan t step in model validation. Calibration task involves systematic adjustment of model parameters. The calibration of the 3D model of the PEMFC stack can be summarized as follows:

1) Voltage and temperature are recorded as shown in Tables .3.6 andTable.3.7 (12 sensors for each cell). 2) Application of Newton-Raphson method to calculate the current density as illustrated at the right sides of Tables.3.6 and Table .3.7. 3) Calculation of the network impedance that matches the model.

In the Table.3.7 and Table.3.8, the voltage and temperature are measured in experimental test performed on two cells (Figure .3.15) with three different values of current load: 5 A, 10 A and 15 A. For all these measurements, the H 2 stoichiometry is set to 2 while O 2 ones is set to 3. In the X direction, the voltage and temperature variation based on domination of MES cell can be negligible. Moreover, in order to simplify calculations, all the sensors have been installed in 9 nodes in each cell with the 3D model. However, voltage sensors and temperature are limited only in three nodes (see Figure3.15). Besides, mean values of 4 proper sensors have been used to execute the calculations in each zone. As depicted in this Figure .3.15, each cell is divided into three zones. These zones include the inlet, the middle and the outlet. According to the results in cell one, voltage and temperature have been changed by different operating conditions from inlet to outlet. It is shown in Figure .3.15, nodes 1, 2, 3 in cell one and nodes 4, 5, 6 in cell two are connected via impedance in y axes, and every two node that are in front of each other in each cell are joined by impedance in z axes. The variations of operating conditions from cell one to cell two are also represented. In addition, mechanical parts such as connectors and several sensors installed to measure the voltages and temperatures can increase the voltage losses in each cell. Table.3.7 and Table.3.8 (middle) represents the voltage measurements. It can be noticed that the values are situated between 0.577 V at the outlet, 0.732 V at the inlet for cell one, and 0.588 V at the outlet, 0.709 V at the inlet for cell two. This means there are voltage drops about 0.155 V and 0.121 V between inlets and outlets of the cells one and two respectively. This can be attributed to the changes in the operating conditions such as pressure, humidity, temperature, etc. Also; it may be related to circuit physical components of the 3D model such as increasing ohmic resistance by adding a lot of voltage sensors and thermocouples. It can be also noticed that the current densities are not homogeneous. This may be related to the variations in the operating conditions as the temperature distributions that are higher in cell two than in cell 1. It should be seen that, the current density distributions of the cell in x, y and z axes have different values. This phenomenon can create different voltage in each point of the cell.

The effects of the impedance in each cell can change the current density distributions in the fuel cell stack. These effects are able to use the fault isolation in the stack PEMFC. Hence, the change in the impedance in each direction represents a change in the related current density. Moreover, the deviation in the current density is related to the operating conditions such as temperature. Thus, the fuel cell would be changed from normal to a faulty mode based on the variation of the operating conditions. This is the aim of the next section §4.

Simulation of PEMFC in faulty operating modes

Generally, fuel cells operate in two modes: healthy mode, which means that, the fuel cell operates under normal conditions and degraded mode where the FC operates under faulty conditions. These faulty conditions can be caused by: 1) Long time operation (natural ageing).

2) Operational incidents, such as Membrane Electrode Assembly (MEA) Contamination or reactant starvation.

The degraded mode indicates that there is an abnormality in the FC operating conditions such as variations of temperature, causing a fault and/or a performance loss in fuel cells. The common faults that happen in the fuel cell can be divided into two categories: flooding (cathode side and anode side) and drying faults [3.9].

Flooding at cathode side

Flooding at the cathode side is a common problem for the cells. It is caused by an excess of water produced sometimes on the cathode side when the stack is operating. In case of cell flooding, the water film which is formed on the cathode side of the cell, blocks the oxygen diffusion into the positive electrode (oxygen reduction reaction site) thus decreasing the cell voltage. The magnitude of this phenomenon strongly depends on the stack current, stack temperature and reaction airflow rate.

Flooding at anode side

This phenomenon is as common as the previous one. It generally occurs during the "reconditioning" procedure because of the complete filling of the anode compartment with deionized water. In this case the water film blocks the hydrogen diffusion to the negative electrode (hydrogen oxidization reaction site) thus decreasing the cell voltage. In practically, the voltage will increases after every purge event. The single cell nominal voltage (about 600 mV) because of the flooding in anode side voltage immediately after the purge event decreases fast again. In other in other worst cases you have a constant single cell voltage around zero volts (in the range +/-50mV).

Drying in membrane

Drying of the membrane is another common fault that occurs in fuel cells. It can cause damage at the membrane level by creating holes in the structure of the polymeric one. This phenomenon occurs accidentally when the temperature is near to 70 °C. The direct consequence of such an event is again a very low voltage (near zero Volts or in the worst case low down to -1.4V). If one cell has some holes in the membrane, its voltage decreases very fast with respect to the normal single cell normal behaviour.

For example, the Figure .3.16 emphasizes the link between the relative humidity and the state of the membrane, which can be either wet or dry. It can be readily seen that for most operating conditions, the membrane of the FC is either too wet or too dry. Furthermore the humidity should be above 60% to prevent excess drying, but must be below 100% to prevent of flooding.

Higher temperatures cause better performance, mainly because the cathode overvoltage reduces. However, once over 60 °C the humidification problems increase [3.10]. For instance, if the humidity gases inlets increased, more water would accumulate in the cell. Hence, flooding could occur and block the gas inlet. By comparison, if the humidity was too low, less water would accumulate in the cell, leading up to drying [3.11]. For this reason, humidity range has been selected between 50% and 120% in order to take into account flooding, drying and normal mode.

Besides, if the humidity range is included between 80% and 100%, the FC works in healthy mode; whereas for more than 100%, flooding case occurs and less than 80%, drying case occurs. In the same way, if the inlet gas pressure increased, flooding water would occur; while in low pressure, would lead up to drying. According to the characteristic of the FC, pressure has been chosen with a different range.

Hence, for this paper pressure range has been selected between 0 and 2.2 bars. In other words, FC operates in healthy mode for a specific range, namely between 0.7 and 1 bar. On the other hand, if the pressure is included between 1 and 2.2 bars, indicates the presence of flooding in the FC; whereas a pressure lower than 0.7 bar leads up to dry. Indeed, the temperature is included between 0 and 70 °C. (This range depends strongly on the technical characteristics of FC). Starting from these different operating conditions, a 3-D fault diagram has been sketched in Figure .3.18. The latter allows summarizing the studied faults in FC, namely drying and flooding in terms of temperature, pressure and humidity. 

Simulation of faulty modes examples

To simulate the effect of faults introduced in different zones of the circuit model, a given DC load current containing some typical harmonics identical to those one can find in a DC/DC boost converter generally associated to the PEMFC, has been supplied from the FC. To simulate the fault first one 3D model calibrated in healthy mode is used. As mentioned before, the impedances in different zones depend on the temperature and other operating conditions of fuel cell. In addition, impedances are attached to z axes i.e. they represent the connection losses between the different FC cells in the Z direction. Indeed, changing one of these impedances can change current distribution in the cell. This behavior can be used to simulate faults in each point of cell.

The measurements of the mean value and the first seven harmonics of the output voltage, in the steady state operation, allow computing the corresponding Harmonic Distortion Rate (HDR) and the mean values voltage variation according to the healthy value (MVV). These two parameters are used to characterize the different faults taking into account the 2D space coordinate of the fuel cell.

The Figure.3.18 gives some examples of this characterization process. The variations in impedances at the branches in the middle of two cells are represented. The z axes have been considered to realize these simulations. The significant point in these figures is that changing an impedance value of impedance affects the output voltage of the cell. By increasing and decreasing the impedance of this model current density in each point will be changed and it can be assumed the drying and flooding faults are happed in FC more detailed will explained in chapter V. 

Conclusion

The proposed 3D model is implemented under Matlab/Simulink software and it has been validated experimentally in healthy mode on one air cooled PEMFC. The circuit approach has been used to divide each cell of the modelled FC into several elementary cells. The case of a circuit of 9 nodes has been studied and explained. This allows creating the most common faults in any were within the 3 space directions of the FC stack. The idea is to use this model for training an ANN model that will be used for on-line diagnosis of the PEMFC but also in the management of its degraded modes.

However, to achieve this goal one has to calibrate the 3D model in healthy mode. Such operation requires a lot of experimental data and a huge work to build the adequate test benches. In the next chapter, a special focus will be done on the developed experimental work for calibrating and validating the proposed model. 
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Introduction

Two set-ups have been developed to validate the proposed 3D model. Because of the difficulty to introduce faults in the FCs without destroying them, only the healthy mode has been focused in this study. The first one concerns one FC cell from MES-DEA technology. The second one is a FC system from Ballard technology (called Nexa stack FC). Both technologies use the air-cooling system for FCs cooling. In this chapter, the two set-ups are presented with the corresponding environmental hardware and software materials. The obtained results are exposed and commented regarding to the validity of models.

Single cells set-up

In order to validate the 3D fault sensitive model of PEMFC cell a test bench for a single FC cell has been carried. Different parameters have been controlled to test various operating conditions such as, gas flow or pressure, temperature, air humidity rate, airs and hydrogen stoichiometry's. In addition, an electronic load is considered to simulate the load dynamic variations, and to take into account constraints related to transportation applications. 

Gas supply description

The suitable pressure in the range 1-3 bars, according to the manual indicator, feeds the oxygen for the stack operation. For this reason, special devices have been designed to connect the air supply to the bipolar plate in the cathode side (see Figure.4.1). As shown in this Figure, the two parallel inlet channels of the stack are embedded on the top of the cell. Thus, the air is able to overcome the pressure drops of the cathode side and feed each compartment of the entire cell. Then, the exhausted air enters in the parallel outlet reactant air channels that finally drive it outside the stack. In order to supply the stack with hydrogen, the supplied H 2 inlet tube connector has to connected the to the hydrogen source via a proper tube. A flexible or rigid tube (e.g. silicon or Teflon respectively) should make the exhausted hydrogen circuit. The nominal flow of this exhausted hydrogen is 0.28 Nlt /s. The supply pressure of the hydrogen should be adjusted to a set value of 0.5 bar overpressure. 

The physical references of the MEAs

The complete equipment consists of one cell with a connector and an isolator. These connectors have realized the air-cooling and the electric connection (current collector) between the bipolar plate, at the anode and the cathode sides. The isolators were used to prevent the hydrogen and oxygen leakage from the inlet and the outlet. As illustrated in Figure .4.3 each cell includes: a membrane with an active area of 62 cm 2 ; a gas diffusion layer with a thickness roughly equal to 0.42 mm and a graphic block in the anode and the cathode side. More details about the component characteristics can be found in Table.4.4 [4.1].

Cathode side of single cell with inlet and outlet of hydrogen and oxygen. 

Single cell

Isolator

Description of the test bench

The structure of the test bench can be divided in four parts according to Figure.4.4 [4.2]. The supervisor block includes the user interface. It collects measured data, transmits the operational orders and manages safety processes. The Ancillaries that consist of different actuators and sensors apply the control and transmit back the measurements. The tested stack is equipped with specific sensors such as measurements of voltages across each elementary cell, thermocouples, current, etc. The electronic load can be computed to impose a given time evolution of the stack current [4.2].

Supervisor and control

The control has been implemented on a National Instrument PXI platform (Figure. The software interface allows the user to choose the fuel cell running mode and the parameters to be controlled. The system can run automatically, following either a computed load cycle or a manual operation, according to the user's need. An interface panel (Figure. In the "Settings" part of the supervisor (see Figure. 

Ancillaries

The structure of the test bench is illustrated in Figure .4.8 Actuators and sensors implemented in the fluid circuits, such as hydrogen and air distribution, humidification rate control, cooling loop and regulation of water temperature are presented [4.2]. 

Electronic load

The electronic load allows the performing tests to characterize the static and dynamical behaviors of the fuel cell and the simulate high frequency disturbances (chopping frequency). It can be directly controlled by the supervisor. Their nominal values are equal to 800W, 120A and 20 kHz bandwidth. Figure .4.9 shows the electronic load in the test bench [4.2]. 

Thermocouple

The most common, accurate and practical method, to measure the temperature distribution within a PEMFC cell is the thermocouple. The thermocouples have nice features, such as their simple configuration, high accuracy (0.1 °C), fact response and large measurement range. The thermocouples are widely used as point temperature measurement devices that consist of two wires of different materials joined at the end. When the two junctions are subject under different temperatures, a small electrical current is generated, which leads to a small voltage drop.

The available types of thermocouples can be classified according to the American National Standards Institute (ANSI) standard as K, J, N, R, S, B, T, or E. The 12 th thermocouple type K type and the isolated parts have been selected to control the distribution of the temperature cell during its performance (see Figure 

Calibration of the Thermocouples

The chosen thermocouples should be calibrated before starting using them. The thermocouple type K can be configured through the DPI 620 Series (see Figure.4.12). The GE Druck DPI 620 Series Advanced Modular Calibration and HART Communication System can measure and provide the mA, mV, V, Ohms, frequency and a variety of RTDs and T/Cs.

To calibrations, all the thermocouples and the reference thermocouple (The Canne Pyrometrque of type 14 (see Figure.4.14)) are placed in the BINDER incubator of the BD series (see Figure.4.13)) Therefore, temperature correlation between the thermocouple's and the reference temperature is developed. Because of the all temperature inside of the Binder are become homogeneous until the reference thermocouple shows the same temperature as the Binder temperature. It is necessary that reference thermocouple with others thermocouples are placed in the Binder at specific temperature during the 1 hour.

In the next step, the advanced measurement device DPI 620 measures all the thermocouples. Thus, the results are shown in Table.4.6. in this table the reference temperatures are compared with all thermocouples (12 thermocouples are used). In Table this table maximum errors are recorded in thermocouple 3 and 4 with around 2.6 %. This error would be due to the long wire connector usage or could be related to the thermocouple conjunction. The mean values of the errors (see Table.4.7) for each thermocouple are calculated with different temperatures and all the thermocouples are compared to others. It can be remarked that the maximum error (~2.6 %) is localized between the third and fourth thermocouple. Therefore, as preliminary results, the difference of temperatures between these thermocouples can be negligible in temperature distribution measurement. 

Voltage

In order to investigate the voltage distributions at different parts of a single cell, 12 voltage sensors were installed in the same place as the thermocouples. They were stuck directly with tolerable adhesive (with temperature) in the bipolar plate of a single cell. In addition, it isolated from the connector. Hence, they can achieve the existing relationship between temperature and voltage (see Figure 

Voltage sensors choosing for measurements

Generally in this type of fuel cell (MES fuel), an air fan has been used for cooling system. In particular, test for the influence of temperature (consider the distribution temperature) in performance of fuel cell air-cooling was omitted and 12 thermocouples were replaced in during the cell for control of temperature in a single cell (as shown in Figure.4.19). These thermocouples are isolated from the electrical parts for preventing of short circuit between thermocouples body and bipolar plate.

Voltage sensors directly connected to the graphic parts in anode and cathode sides. The sample frequency was adjusted in 3 Hz in the control test panel. Current loads profiles are set constant between 5 and 15 (A) as long as the temperature in thermocouple inlet and outlet stabilized. To select acceptable data from measurements of voltage firstly fuel cell has been run without load just with input gases (hydrogen and oxygen) data measurements noted (see Figure.4.20). In the other world only Nernst voltage was affected in these measurements. The various voltage acceptable measurements can be selected in the range of the 0.8-0.95 V. This range can be confirmed due to the data extract from datasheet of MES fuel cell based on polarization curve. In each cycle this process are repeated. 

Validation tests of one single cell

The dynamic characteristics of voltage and temperatures along the one cell in different zones are investigated for various operating conditions: Load current, air and hydrogen stoichiometry ratio and different boiler temperature have been used. The sophisticated test bench is applied to study the dynamic characteristic of the voltage and temperature distributions in single and stack PEMFC. Each individual operating condition is used in a complete cycle up to that local temperatures in the each points of cell become stabilized. For example the air stoichiometry ratio has increased from 3, 5 and 7 then decrease, temperature measurement recorded until the temperature values become constant. In each local temperature and voltage is recorded by the data acquisition system at 3 Hz over a period time from the changing the experimental condition as illustrated in Figure .4.22. This procedure is repeated for other operating conditions to study their impact on the dynamic of the voltage and temperature distributions. All experimental test investigations related to the temperature distribution measurements are carried out using the PEM fuel cell in single cell (MES fuel cell) as shown in the Figure .4.19. 12 Micro thermocouples of K types are used to measure the temperatures with PC-based data acquisition system. It must be noted that at the same place that the temperature voltages sensor was placed, for also measuring voltage in order to explore the relation between these parameters (temperature and voltage). Thermocouple and voltage sensors are placed in different locations along the fuel cell (x, y and z axes). The measurement of temperatures in FC can be waited to stabilize by passing minims 360 second.

Many parameters must pay attentions to the following of temperature measurement. For Instance different heat transfer processes, such as conduction, convection and radiation can have considerable influence on the temperature measurement. However, it has pointed out in reference [4.1] the effect of conductive heat can be minimized by using long thermocouple wires. The present experiment is used the more than 2m length connector between the acquisition system and junction.

The heat radiation in not expected to affect in low temperature (Maximum 60 °C). The thermocouple connections are insulated by rating between -10°C and 105°C. Testing is performed prior to actual testing Table .4.8 summarizes the main operating conditions adopted in the present study. In the present study, each temperature measurement is collected by the data acquisition with a sampling rate of one reading each 1 second. These measurements are investigated over the intervals where the temperature is constant after changing the experimental conditions. This procedure is repeated for different current loads and different stoichiometry air and hydrogen ratios. 

Voltage sensors

It is noted the advantages of the present measurement is that the thermocouple probes are not directly contacted to the reaction site. Furthermore, the voltage sensors are located before the current collector. Otherwise, chemical effects produced by the reaction such as combustion processes or catalytic reactions may lead to unexpected significant errors in the temperature measurements, and may cause same voltage in the current collector's plate.

The local temperature distributions are measured in anode and cathode sides by inserting 12 thermocouples (Type-K) in the GDL. The thermocouples have a diameter of 1mm and the specifications of thermocouple are includes of:

 Mineral insulated Type 'K' Thermocouple;  310 stainless steel sheath;  Highly flexible, sheath can be bent/formed to suit many applications and processes;  Insulated hot junction;  Probe temperature range -40°C up to +1100°C;  Miniature plug termination (200°C);  Conforms to IEC 584 specification.

Temperature measurements across PEMFC

It is desirable that the PEMFC operates at uniform temperature distributions. Non-uniform distributions of the temperature could result in poor reactant and catalyst utilization as well as overall cell performance degraded and also caused to faults occurred in the fuel cell. In additional, the polymer membrane is very sensitive to temperature variations, and the hydration of the membrane depends strongly on the temperature of the cell because the water vapor saturation pressure is an exponential function of temperature. In order to obtain temperature profiles across the PEMFC, 12 thermocouples are placed in different locations within the experiment set-up.

Effect of Air stoichiometry on temperature distribution

The effect of the air stoichiometry ratio on the temperature distribution along the channel for three different current values (current 5A, 10A and 15 A) are shown in Figure .4.24 (more results are given in Appenix VIA). The air stoichimetry ratio effect on the temperature is highlghted in these Figures at operating conditions: the reactants are humidified on the cathode and dry on the anode. It is obvious that the local temperature increases when the stoichimetry ratio decreases. they are declined by growing the stoichimetry in cathode side. This can explain that the stoichiometry can be as useful as the air cooling system. Also, it can said that the increasing the air stoichiometry ratio has a positive impact on the overall cell potential. In the following analysis of results all temperature measurments hold on at cathode sides. Indeed, the temeprature at the cathodes sides is more than in anode side because of the activation losses are directly proportional to the rate of electrochemical reaction and the activation at anode side are negligible at cathode sides cathode. A. The anode and oxygen stoichiometry ratios are fixed at 3 to 6 while the hydrogen one is fixed at 2. The oxygen sides are humidified with a boiler. Here also, it is clearly seen that the temperature of the anode side is lower than the cathode side by more than 1°C. These Figures shows also that the local temperature between the anode and cathode are increased follow to increasing of the stoichiometry oxygen. This can be caused with increasing stoichiomtery, the temperature in cathode side will be decreased. It is obvious and it can be using these Figures that current load increase implies the temperature increase.

. For comparision of temperature in different direction of single cell Figure .4.28 shows the temperature distributions across the cell for the three current loads of 5 A, 10 A and 15 A. The anode stoichiometry ratio is fixed at 2 but the O2 stoichiometries are selected to be between 3 and 5.

In this test the channels are divided into three different regions in depending on the temperature values. These three sections are : inlet on the top, middle and bottom of the cell. Furthermore, in each region, the temperatures are recorded with four thermocouples, placed in series and located in the inlet, middle and outlet zones. These Figures show the the temperature measurements for the inlet, middle and outlet of the cell.

The highest temperature in the profile is recorded at the outlet of the channel on the cathode side. This can be resulted by the heat generation and the transfer to the outlet.

The temperature is greater in the middle points than in the inlet. The most important conclusion is that the temperature in three regions has very similar behaviours. That means, the temperature increases in the outlet, middle and inlet of the cell have same correlations, in function of time. Also Figure .4.28 indicates that, as the time passes, by increasing the current up to 15A, the middle and inlet temperature become higher than the outlet temperature. This may be caused by drying faults happens inside the cell. It can be noticed that the temperatures increase gradually from the left side to the middle and then decline at the right side, in reference to x axis.

The temperature distributions are represented in the y-axis and they are compared within different regions. As shown in these figures, the temperature from inlet to outlet increases progressively.

Hence, at high current loads with a hydrogen stoichiometry of 1.5, temperature at the outlet decreases in y axis. However, when the stoichiometry hydrogen is equal to 2, this problem can be removed by reducing the temperature (see the Figure . These results above show that from one zone to another zone clear differences are observed in temperature and voltages for any conditions of stoichiometry and current load. It has been noticed a difference about 2°C of temperature between inlet, middle and outlet of the single cell. For the voltages a difference about 9mV has been measured. This confirm the hypothesis done in the chapter III where each FC cell is assumed as the combination of 9 elementary cells connected to each other in 9 nodes having different voltages and different temperatures. Thus to do the 3D modeling for the single cell tested above the calibration process (Cf. Chapter III §2.3) is used.

Measurements of the voltage in x and y axes together

Calibration and validation one single cell

In order to calculate impedances in different directions in one cell, the calculation of the local current density has to be defined at each node based on using Newton Raphson method (see in Table.4.9). In additional, the local resistance based on the current density can be summarized in Table.4.10. Furthermore,comparisons In order to check the validity of the so obtained model a simulation of polarisation cureve of has been performed. The Figure.4.38 shows a comparison between the simulation results and and experimental measurments. Three polarisation cureves are obtained accronding to the three test conditions performed. The model adjusts itsef by switching from one to another of these three polarization curves. This is very interesting for both purpose of control and diagnosis. This indicates that the model in healthy of the FC stack (of two cells) is valid according to each measurements so, it is now ready to be used namely to simulate faults. 

Case of two cells

In this section two single cells as those used above, are assembled together to build a little stack. The goal is to show how to generalize the modeling process from one single cell to a stack. This requires introducing the Z direction in the model. The used set-up is the same as the single cell (Figure.4.19) but by involving two cells of the MES fuel cell instead of one.

Temperature distribution in z axes

24 thermocouples type K have been chosen (each cell 12 thermocouples that installed at cathode sides). It is noted all have been calibrated before usage (as explained before). Furthermore, 24 voltage sensors are selected for this test.

Each voltage and temperature reading is recorded by the data acquisition at 3 Hz over a period of 5 minutes. Because, the temperature stabilization need to temperature remained in constant values at minimum 5 min. Accuracy, minim error and precision of results, every test is repeated 2 times for each operating condition. Further, the local current density profiles with various operating conditions are obtained in different operating conditions such as: various current loads (5A, 10A and 15A), air and fuel stoichiometry ratios. 

Voltages distribution in z axis

The Figure .4.40 illustrates the voltage curves insides two cells from the inlet to outlet with different oxygen stoichiometry (3, 4 and 5) and the hydrogen stoichiometry fixed at 2. The voltage sensors are placed in the cathode and right side of each cell. It is seen that the voltage from the inlet is lower than the outlet and have the same inherent of the temperature curves. It is seen that the highest temperatures and voltage in the profiles are recorded at the outlet of each cell (as expect from single cell in y axes). This increasing of voltage is based on augmentation of temperature (see Figure.4.39).

Cell one: red Cell two: blue 

Calibration and validation for two cell

In order to calculate impedances in different directions in one cell, the calculation of the local current density has to be defined at each node based on using Newton Raphson method (see in Table.4.11). In additional, the local current density calculations by Newton Raphson can be summarized in Table.3.7. Furthermore,comparisons .0024

In order to check the validity of the so obtained model a simulation polarisation cureve of two cells has been performed. The 

Validation with one complete PEMFC

In this section a MES PEMFC stack is used to validate the proposed model in healthy mode. The same validation process used above is applied in the case of this stack.

Set-up description

The used PEMFC is shown in Figure .4.42 where the stack and the Electronic Control Unit (ECU) of the system are focused. The latter allows supervising and controlling the FC system through a PC using software provided by the FC manufacturer. The FC system is loaded with an electronic controlled load able to simulate the current profile [4.3]. 

Temperature measurements

The fuel cell was tested in the climatic room at different ambient temperatures between 10°C and 30°C (see Figure.4.43). The purpose of this test is to calculate the constant parameters in thermal equation (Eq.3.7). 

Voltage measurement and validation

The measurements of temperature above are used for calibrating the 3D electrical model under Matlab/Simulink software. The A second comparison has been performed between the proposed simulation 3D model and experimental tests on the stack of the FC under test. The obtained results are illustrated in the Figure4.48. The small differences observed between the simulation and experimental results can be caused by two phenomena that happen during the experimental test. First, a hydrogen purges function which is used to eliminate the water impurity at the hydrogen side. During this operation, the hydrogen value is open periodically. The duration of purge is included in the range 0.15-1 second. Second, the short circuit function is used to increase performance of the system. Short circuit happens every 20 second for duration of 50 milliseconds. According to the results above, one can conclude that the proposed 3D model is valid for the simulation of PEMFC in healthy modes. This result opens interesting prospects to use the model for simulating the faults within the FC stacks notably for diagnosis purpose.

Experimental validation of the model.

Experimental tests have been carried out in order to compare them with the multi-physical model. The latter consists of the equivalent circuit given in Figure 2.1 in which the physical parameters were computed according to rated characteristics of the studied fuel cell. The test bench is built around that FC and it uses a climatic chamber for the tests at different environmental temperatures (see Figure .4.49. Load profile. The technical characteristics of PEMFC used for modeling purpose are given in Table .4.12.

The dynamic test has been carried out through a load profile calculated with a real driving cycle. The latter lasts 12549s and is given in Figure .4.50. The load profile is controlled by a programmable electronic load connected to the FC stack (Figure.4.51.a). The same profile is then applied to the model for the simulation. In addition, the same experimental physical conditions are used in the simulation (e.g. ambient temperature, stack current). Stack PEMFC

Temperature and voltage measurement results

As explained above, the fuel cell voltage depends on many parameters, such as temperature, current, etc. In this work, the effects of the temperature variation in the 3D directions of the stack fuel cell are considered. In fact, temperature and time during operation of the fuel cell will be changed. Specifically, Figure. 

3D effect on stack voltage

As illustrated in Figure .4.56 two sets of temperature measurements were taken the first one was along the y-axis (top, and bottom of the side edge of the cell). The second one was along the x axis (left, right on the top edge of each face). The third set was along the z axis (side faces of each cell). It must be noted that at the same place that the temperature sensor was placed, voltages were also measured in order to explore the relation between these parameters. Based on equations Eq.2.1, ..Eq.2.7 in chapter II, all parameters are directly related to temperature. In other words, the temperature distribution in different parts of the fuel cell has direct influence on the increase and decrease of the fuel cell output voltage. In these figures, owing to the location of the air intake, distribution of current density and other parameters, temperature in the middle of any direction (x, y and z) is warmer than other parts.

Calibration of 3D model for two cells

In order to calculate impedances in different directions in stack cell, Newton Raphson method has been used. For this aim voltage and temperatures were measured in specific points of the stack FC (Because of the unreachable install thermocouple and voltage sensors in all place of FC). The voltage and temperature measured in experimental test as shown in Table .4.14. The parameters of impedances calculated by the NR method are given in Table.4.15. It compares the variation of impedance in response to the air cooling system (Variable temperature) and current density inside the cell parameters (chemical process such in particular activation losses…). Only magnitudes of impedances are considered in this paper. 

Circuit Parameters Impedance [Ω]

cell-1 Impedance[Ω] cell-2 R 1 12[Ω] 0.0577 R 2 12[Ω] 0.2300 R 1 35[Ω] 0.1007 R 2 35[Ω] 0.2107 R 1 25[Ω] 0.8286 R 2 25[Ω] 0.1691 Impedance [Ω] Interface between cell one and two R 12 11[Ω] 0.1237 R 12 55[Ω] 0.4236

Synthesis on validation with Nexa stack PEMFC

All tests have been done for Nexa stack such as temperature and voltage. Also based on the measurement calibration of two cells of this FC have been carried out. However at this stage of study, the 3D model for Nexa stack needs to be finalized by updating all the model parameters starting from the FC characteristics. In fact a lot of temperature and voltages results are available for several 3D positions within the FC stack. It is expected to use all these data in the near future for the 3D fault sensitive modeling of the Nexa FC.

Conclusion

In this chapter, two PEM fuel cells (MES FC and Nexa FC) have been considered to analyze the behaviors of the cell voltage and temperature distributions under various operating conditions. The measurements obtained allow validating the proposed 3D model first on one single cell, second on two cells and finally on a complete stack of the MEM FC. The single and double cells allowed validating the 9 nodes model while the complete stack validated the one stack model. Otherwise, the validation stills to be finalized on the Nexa FC.

It can be concluded that the main hypothesis of the proposed multi-nodes circuit approach which assumes different potentials and currents density at each point of the FC stack, is valid. Second, the developed 3D model is valid for simulating the PEMFC operation in healthy mode. Thus, it can be used for introducing different faults to study the behaviors of the distributions of voltages and currents in X, Y and Z directions of the stack. The goal is to characterize faults for diagnosis purpose. The next chapter will explain how the proposed model can be used in the fault diagnosis of the PEMFC for automotive applications. 

X direction T[°C

] V[V] Y direction T[°C] V[V]

General Diagnosis Strategy of FCEV drive trains

With increasing demands for efficiency in vehicles applications and safety-critical processes, the field of fault detection and fault diagnosis plays an important role. During the last few decades theoretical and experimental research has shown new ways to detect and diagnose faults. One distinguishes fault detection to recognize that a fault happened, and fault diagnosis to find the cause and the location of the fault. Advanced methods of fault detection are based on mathematical signal and process models and on methods of system theory and process modeling to generate fault symptoms. Compared to other electrochemical power devices such as the battery, the PEMFC is much more complicated. Its complexity derives from the following aspects [5.1].

1. Three-dimensional architecture is vitally important to performance and durability, due to the large size of PEM fuel cell stacks. 2. Local performance can seriously affect the system's performance and durability. 3. There are complicated operating conditions, such as load, temperature, pressure, gas flow, and humidification. A further important field is fault management or asset management. This means to avoid shutdowns by early fault detection and actions like process condition-based maintenance or repair. If sudden faults, failures or malfunctions cannot be avoided, fault-tolerant systems are required. Through methods of fault detection and reconfiguration of redundant components, breakdown, and in the case of safety-critical processes, accidents, may be avoided [5.2].

The diagnosis process developed within this thesis concerns the drivetrains of the FCEV (see chapter 1,Figures 1.18). Among the components of the drive train of FCEV explained (PEMFC, Batteries, DC/DC and DC/AC converters and electrical motors), the fuel cell is the most fragile. This is why the part of the drivetrain, which is focused through this study, consists in the PEMFC.

Regarding to whole the vehicle, the drivetrain becomes just one subsystem among many other subsystems. Thus, the faults can be divided in different levels according to the depth of their location within the vehicle (see Table.5.1). In this section, we explain this scheme around our thesis work whose topics a green frame points out. 

Level one

This diagnosis level takes care about the feature of the main systems inside the vehicle. These devices generally called subsystems or main components include the powertrain, the embedded grids (or the electrical harness), the ICE, the steering column, wheels, etc. In this level 1, a fault is detected through a basic supervision algorithm in which sensors send to the main Electronic Control Unit (ECU) the State of Operating of each Subsystem (SOS). Thus a Boolean supervision algorithm (true/false) sends a fault signal and indicates the subsystem in which the false input is detected (seeFigure.5.2) [5.3]. indicate accurately which component of the drivetrain is in fault i.e. the PEMFC, the DC/DC power converter, the battery system, the DC/AC power converter or the motorization device. This is achieved thanks a classification of faults done starting from the electrical, thermal and mechanical measurements of the drive train. At this level 2 the subsystem in faulty mode is detected by the ECU. The next step is to go deeper in the analysis of fault signals to know more on the fault occurred and to evaluate the SOH of the faulty subsystem.

Level two

Level three

When an unusual behavior is identified in on subsystem, fault diagnosis strategy is to evaluate the fault severity and its impact on the subsystem performance. The loss of performance can be expressed through a function between zero and one traducing the actual State Of Health (SOH) of the subsystem. That parameter can be used in a control algorithm in degraded mode of the drivetrain. To evaluate efficiently the parameter SOH it is necessary to have a deep knowledge on the corresponding system. In the framework of this thesis, this study has been developed on fault diagnosis on the source of the drive train (Fuel cell). This was achieved through the 3D fault sensitive modeling of PEMFC and training of model based on ANN for fault diagnosis and SOH computation (see Figure. A common consequence of the PEMFC failures is the voltage. In fact, if a fault occurs in FC, the voltage can be either increase or decrease according to the fault [5.4]. In summary, FC stacks voltage is a first indicator of a degraded working mode. Different categories of faults in PEMFCs are likely to occur during the operating conditions [5.5].

Water management and temperature are effects crucially important for healthy operation of a PEMFC. 

Artificial Neural Network for diagnosis of PEMFC

In this work, a two layer feed-forward ANN has been used in order to classify. There are no general rules to determine the number of hidden layers and hidden nodes; this also depends on the complexity of the mapping to be achieved. The number of inputs (input nodes) and output (output nodes) is of course determined by the specific problem. The number of neurons and connections limit the number of patterns a neural network can store reliably [5.6]. A comprehensive investigation about ANN structure and application is presented in appendix 5A.

Fast Fourier Transform (FFT)

DC load current contains some typical harmonics identical to those one can find in a DC/DC boost converter generally associated to the PEMFC. FFT algorithm is applied to compute the 7 The DFT is extremely important in the area of frequency (spectrum) analysis because it takes a discrete signal in the time domain and transforms that signal into its discrete frequency domain representation. An FFT computes the DFT and produces exactly the same result as evaluating the DFT definition directly; the most important difference is that an FFT is much faster. (In the presence of round-off error, many FFT algorithms are also much more accurate than evaluating the DFT definition directly. It is the speed and discrete nature of the FFT that allows us to analyze a signal's spectrum with Matlab. Matlab's FFT function is an effective tool for computing the discrete Fourier transform of a signal. 

Modelling method for on-line FC diagnosis

ANN Based 3D Fault Classification in the PEMFC single cell

The PEMFC dynamic 3D model is built based on experimental results and simulation using MATLAB software. With this model and experiments, the mechanisms of different faults in PEMFC systems are analyzed. ANN is applied for the fault diagnosis and classifications. ANN is trained by data coming from FFT algorithm according to an analysis of the variation of operating conditions in the fuel cell. Fault detection in each step based on operating conditions has been simulated. The classification of flooding and drying is illustrated in Table .5.3 For the too dry faults all possibilities of humidity between 30% to 50% with constant pressure (at the cathode and the anode side) and constant temperature 65 °C have been simulated. FFT algorithm has been used to express the output voltage in each node and output voltage in the cell. The measurements of the mean value and the first seven harmonics of the output voltage, in the steady state operation, allow computing the corresponding Harmonic Distortion Rate (HDR) and the mean values voltage variation according to the healthy value (MVV). Hence, data from FFT in each operating conditions based on the values given, serve for training the ANN for fault diagnosis and classification.

In order to calculate impedances in different directions in one cell, the calculation of the local current density has to be defined at each node based on Newton Raphson method (see Table5.6). In addition, the local current density calculations by Newton Raphson can be summarized in Table .5.5. Furthermore, comparisons of the current distributions between different current profile loads are shown in this table. To train the neural network all impedances are used in the 3D sensitive model. Drying and flooding faults are divided into 4 types as shown in Table .5.2. In order to isolate faults, each node can be simulated for different operating conditions. In this work the temperature of 62°C and humidity of 30% is relative to the Too Dry. The temperature 55 °C and humidity 120 % are assumed for too flood. Besides, temperature 45°C, 55°C and 110%, 50% humidity is presumed for flood and dry faults respectively. To obtain these conditions the pressure of hydrogen and oxygen inlet are adjusted 1.5 bar and 2.2 bar respectively. .9 show the current distributions in different current load profile and different faults in all nodes of the cell. Actually, Table .5.8 shows that the local current density at 10 (A) in faulty mode (too flood) increased from 0.02 to 1.07 A/cm 2 from outlet to inlet. These variations for flooding fault decrease approximately from 0.02 to 0.11 A/cm 2 . However, for too dry and dry fault local current densities decreased from 0.5 to 0.29 and 0.4 to 0.17 in outlet to inlet respectively. It could be caused by temperature variations changed in the cell.

As explained previously temperature distributions are inhomogeneous distributed. Because of the heat transfer, changing the pressure of the inlet and outlet happened. In additional, these variations in current load profile of 5 (A) is not noticeable, because of temperature distribution in this level of current is not effected a lot. 

ANN Faults classification in stack of 2 cells

In this work isolation and classification of faults in the PEMFC are divided in two steps:

Step 1: Isolate fault and classified the fault in stack that means detected the faults in each cell.

Step 2: Faults isolation and localized the faults in each cell. The dry faults of 567 numbers of samples contain 7 numbers of harmonics in 9 nodes for 9 classes. Each class is chosen by variations operating condition based on Table .5.2.

Faults Classification in stack

These figures show that 7 harmonic attributes will be used as inputs to the neural network and the respective target for each will be 9 classes. Data for classification are set up for the neural network by organizing the data into 9 matrixes the input matrix X and the target matrix T. Each column of the input matrix will have 9 elements representing 9 nodes. That means, each corresponding column of the target matrix will have 9 elements consisting of 9 classes.

In these figures the confusion matrix shows the percentage of correct and incorrect classifications.

Correct classifications are green squares on the matrix diagonal. Incorrect classification is the red squares. Furthermore, the blue cell at the bottom right shows the total percent of correctly classified cases (in green) and the total percent of incorrect class cases (in red). The results show very good recognition and in this case, the network response is satisfactory. . The neural network architecture appropriate to solve classification problems is the feed forward one characterized by:  An input layer having as many units as attributes are in the data;  One or several hidden layers (as the number of hidden units is larger the model extracted by the neural network is more complex -but this is not necessarily beneficial for the problem to be solved);  An output layer having as many units as classes.

Conclusion

In this chapter, the study focused on a power source consisting of a PEM Fuel cell in the power train. A new model was proposed to improve the lifetime and reliability of the power train and to detect online faults.

Fault classification and isolation are implemented in the stack fuel cell and one cell.

Besides, Current distributions in different points of the cell based on varying operating conditions are calculated by the Newton Raphson method. These variations cause Drying, Flooding, Too dry and Too flood in the cell. Current density distributions localized in each step of current and faults.

The ANN method has been used to develop diagnosis based on 3D sensitive models for fault isolation in one cell PEM. The input data of the ANN were analyzed by the FFT method. The ANN advantages consist in their ability to analysis a large quantity of the data and to classify the faults in terms of their types. The AAN are used for classification and isolation the faults. Data for classification are set up for the neural network by organizing the data into 9 matrixes the input matrix X and the target matrix for 9 classes. The results show very good recognition and in this case, the network response is satisfactory.

General Conclusion

FCEV is considered by public and private research organizations, as one of the most suitable solution for clean transportation. Indeed, the use of hydrogen produced by water electrolysis using renewable energy sources, combined with a FC proton exchange membrane, allows completely green energy cycle. Hydrogen production and distribution technologies as well as FC ones as enough mature to be economically viable. Many automakers (Daimler, Honda, Chevrolet, Hyundai, Ford) already propose vehicles whose performance are comparable to internal combustion vehicles (500 km range, 130 CV, 160km/h-max).

One of the main still existing locks on the way the marketing of these vehicles is the reliability of their drivetrains that has to be increased so that to be competitive regarding the conventional vehicles. The FCEV drive trains contain the PEMFC, Batteries, DC/DC converters, DC/AC inverters and electrical motors. Among the drivetrain components, the PEMFC is the more fragile. Indeed, its performances are affected by different operating conditions such as temperature, pressure, humidity and current density. The latter influence cost, output power, energy efficiency, reliability and lifetime of the PEMFC. Thus, Understanding the operating modes will be very useful for enhancing the lifetime of the system.

To meet this objective a 3D model has been developed for modeling and simulation of a PEMFC. A circuit approach has been used to allow to easily take into account the three dimensional aspect of the PEMFC stack. Also, this kind of model offers the possibility to include through a parameterization process all the environmental conditions namely, the temperature, gas pressure and stoichiometry and humidity. It has been shown that the propose model is able to simulate the PEMFC single, double and multi cells in normal operation conditions (healthy mode) but also in faulty operating conditions (faulty mode). Thus the model has been used to train an ANN based model for on line diagnosis purpose.

The model principle as well as the used process for its establishment has been explained in details. It has been shown that the experimental tests are combined to the theoretical formula to calibrate and validate this model. In the calibration process, the Newton Raphson method has been used to find the physical parameters of the model. In such calibration the temperature and voltage distribution in the FC stack were considered for different operating conditions in terms of current load and stoichiometry of oxygen and hydrogen.

For experimental study, two PEMFCs have been considered to analyze the behaviors of the cell voltage and temperature distributions under various operating conditions. The measurements obtained allow validating the proposed 3D model first on one single cell, second on two cells and finally on a complete stack of the PEMFC: The single and double cells allowed validating a 9 nodes model while the FC system validated the one stack model. Thus, the 3D validated model can be used for introducing different faults to study the behaviors of the distributions of voltages and currents in three space directions of the stack in the purpose of diagnosis of the FC. In this framework, an ANN based model has been also developed to classify the different faults. The input data of the ANN were analyzed by the FFT method. Data for classification are set up for the neural network by organizing the data into 9 matrixes the input matrix X and the target matrix for 9 classes in a single cell. The results show very good recognition and in this case, the network response is satisfactory.

Block Diagram

A dynamic model for the PEM fuel cell has been developed in MATLAB/SIMULINK, based on the electrochemical and thermodynamic characteristics of the fuel cell discussed in chapter III. The fuel-cell output voltage, which is a function of temperature and load current, can be obtained from the model. 

Effect of Air stoichiometry on temperature distribution along channel

The effect of the air stoichiometry ratio of the temperature distribution along the channel for three different current values 10 (A) and ( 15 .7. and Figure.4.A.8. This phenomena can be attributed to the higher electrochemical activity taking place over the MEA surface as a result of decreasing the cell potential. This is the most important point to be noted about the effect of the temperature on the cell voltage. This relationship can be useful to study the fault diagnosis for drying and foolding. 

Static and Dynamic Artificial Neuron Models: Adaptive Function Estimators

General: a very detailed description of the artificial neuron is given below, since this is absolutely necessary for a good mathematical and physical understanding and for all those who also wish to develop other types of ANM (e.g. a fuzzy-neural model, minimum architecture neuron model, etc.). ANNs are based on crude models of the human brain and contain many artificial neurons (computational units) linked via adaptive interconnections (weights) arranged in a massively parallel structure. They are artificial 'entities' that can actually learn from given data sets (they estimate functions from datasets). In other words, they are adaptive function estimators which are coarse simulators of a biological neural network in a human brain.

It is a very important feature that a suitable ANN is capable of learning the desired mapping between the input signals and output signals of the system under consideration, without knowing the exact mathematical model of the system in this sense, the ANN is a numerical, trainable, modelfree adaptive estimator (similar to a fuzzy system). Since the ANN does not use a mathematical model of the system under consideration, the same ANN configuration and dynamics can be applied to many problems.

A human brain can perform an extremely large number of different operations. There are a number of different ANNs that try to mimic many of these features. Similarly to the human brain, the basic element of an ANN is a single computational neuron, which is basically a multi-input usually nonlinear processing element with the weighted interconnection of the neuro-biological process of a human brain neuron; it is possible to obtain a relatively simple artificial neuron model which gives a good representation. A simple model of the so-called 'static' artificial neuron has four main parts:  Input(s);  A weighted summer;  A non-dynamic function ( so-called 'activation function', which is also sometimes referred to as a transfer function ) and in most of the applications is non-linear (there are also ANN models with use linear functions)  Output(s) It must be noted that this neuron model is also referred to in the literature as the perceptron neuron, but strictly speaking, by considering its original definition. It should only be called the perceptron if a spatial form of activation function is used (e.g. where the activation function is the hard-limit function). It can seem that the static artificial neuron model does not contain dynamics. However in a so-called 'dynamic' artificial neuron model, in addition to the four main parts described above, the activation function block is followed by a dynamic block. This dynamic block can be represented by a simple delay element (first-order low-pass dynamic block). Figure .5A.1 shows the basic model of a single static artificial neuron (AN), which is the ith neuron in an artificial neuron network containing many neurons.

Although in the simplest neuron model there is only one neuron, in general there are n inputs to a general ith neuron as shown in Figure .5A.1, these are x 1 (t), x 2 (t), x 3 (t),..., x n (t). These can be considered the elements of the n-dimensional input vector x(t)=[x 1 (t), x 2 (t), x 3 (t),..., x n (t)] T . The neuron output is the scalar quantity y i (t) . The neuron contains an aggregation operator, which e.g. Where w ij are the connection weights (interconnection strengths) between the ith neuron and the jth inputs and i b is a constant (which is often called a bias or threshold of the activation function). It follows that the inputs are transmitted through the connection weighted, whereby the weights are multiplied by the inputs and the weighted sum is added, and the net value (S i ) is obtained by adding to this the bias (b i ). Finally, the output of the neuron (y i ) is obtained by using the neuron activation function (f i ), thus y i =fi(S i ) as shown in Figure .5A.1. 

Input

Bias the input to a neuron has two sources: external inputs and internal inputs, the latter are inputs from other neurons. It should be noted that by also considering the bias input in Figure .5A.1, there are in total n+1 inputs and the threshold has been incorporated by employing input x 0 =1 and using a corresponding weight of b i . Thus the bias is imply added to (not that now the starting value for j is 0 and not 1 as before) where x 0 =1 and w 0j =b i . In this case, the bias in like a weight, but it has a constant input of "1". This is the main reason why one of these two very similar static neuron models can be found in various publications. A neuron fires if the weighted sum of its inputs exceeds the (threshold) bias value. In ANN, b i can be set to be a constant or a variable (which can change like the weights), since in the latter case there is added flexibility for the network.

An ANN with biases can represent input-to-output mapping more easily than one without biases, e.g. if all the inputs to a neuron are zero (x j =0, j=1,2,….,n), a neuron without a bias will have a net input:
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Thus the activation function becomes a single value f (S i ) = f (0), (which depends only on the activation function employed). However the same neuron has a bias, the input is Si=bi and thus the activation function becomes f (S i ) =f (b i ) , which (for a specific activation function) can have any value, depending on the bias. This results in greater flexibility.

In Figure .5A.1 the neuron also contains a non-dynamic activation function, f (S i ). The reason for the use of a non-linear activation function is to deliberately introduce non-linearity in the neuron model, since this makes the network capable of storing strong non-linear activation function were not incorporated into this model. Then the artificial neuron would represent a linear system, which could not be used for the mapping of a non-linear system and cannot suppress noise, so the linear network would not be robust. However, it should be noted that there exist neuron models, with linear activation function, but these can only be used for the modeling of linear systems.
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There are various types of f i activation function (a mathematical function), which can be used in ANNs. However, non-linearity and simplicity are the two key factors for the selection of a specific activation function. Furthermore, since some training techniques (e.g. the back propagation technique) require the first derivative of the activation function ( f ), when they are used in an ANN using such a learning technique, then the activation function must be differentiable.

ANNs, single layer and multilayer Feed forward ANNs

Neural network systems consist of parallel distributed information processing units with different connecting structures and processing mechanism. They have a large variety of applications in engineering such as function approximation, pattern recognition and etc. The architecture of a neural network specifies the arrangement of the neural connection as well as the type of units characterized by an activation function. The processing algorithm specifies how the neurons calculate the output vector for any input vector and for a given set of weights. The training algorithm specifies how the NN adapts its weights w with all given input vectors, called training vectors. Thus, the neural network can acquire knowledge through the training algorithm and store the knowledge in synaptic weights. The most common NN used ones are the multi-layer feedforward networks, as, a three-layer network (input, one hidden and output layers) as shown in Figure 5A.3. 

Single Layer ANN

The neurons are the building blocks of an artificial neural network. In a so-called single-layer feedforward ANN there is at least a single artificial neuron of the type discussed in the previous section. As shown in Figure .5A.3 , in general , there can be n inputs X = [x 1 , x 2 , …, x n ] T and k neurons in the single layer of the ANN, where in general k ¹ n, and an input is connected to each neurons (input) through the appropriate weights. Each neuron performs the weighted sum of its inputs plus the bias and applies this to its activation function. It follows that there are k outputs y 1 = [y 11 , y 12 … y1 k ] T to the ANN described by a single layer (where the index 1 in y 1 outputs on the first layer are y 11 , y 12 … y 1k ) and:

) ( 1 1 1 1 B X W F y  
In this expression F 1 is the activation matrix of this single layer, which is a diagonal matrix with k elements, and which depends on the net inputs to this layer: , where b11, b12, …, b1k are the biases of nodes 1, 2, …, k of the output layer respectively. An ANN with a single layer can be used with only a very limited number of systems and it cannot represent all nonlinear functions. When the activation functions in a single layer ANN are hard-limit functions, the so-called single layer perception model arises. Although this can be used for certain types of classification problems, science the hard limit function divides the input space (the space defined by the input vector) into two regions, and the output will be 1 or 0 depending on the input vectors.

However in fact, there can be only two different output values is a great limitation. Furthermore, the single layer perceptron cannot learn the mapping of such systems, whose input space is defined by linearly un-separable vectors. It is sometimes convenient to have a geometrical interpretation of this: if the input space contains linearly inseparable vectors, then a straight line or plan which separates the input vectors in the input plane cannot be drawn on the input plane between the input vectors. When a single layer network uses linear activation functions, where the single layer perceptron cannot train the network, so that it has linear neurons and called Widrow-Hoff neurons of ADALINE neurons (Adaptive Linear Neurons), then the resulting network using adaptive learning is called the ADALINE network or MADALINE network for many ADALINES.

Multilayer ANN

The neurons are the building blocks of an artificial neural network containing many layers. In a multilayer feed forwards ANN, the neurons are arranged into several parallel layers. The connection of several layers results in a network which has the possibility of more complex non-linear mapping between the inputs and outputs this can be used to implement classifiers and associates to represent complex non-linear relations among variables. In a multilayer artificial neural network the neurons of layer 0 (input layer) don't perform computation (processing), but only feed inputs to the neurons of layer 1 with is called the first hidden layer. There are no interconnections between the nodes of the same layer. Layer 1 can be followed by a second hidden layer (layer 2). In theory there could be any number of hidden layers, but this would significantly increase the complexity of the training of the network and also network with one or two hidden layers appear to provide adequate accuracy, robustness and generalization in many cases. If there is only a single hidden layer satisfactory performance can be obtained by using the non-linear activation function only in the hidden layer, and linear activation functions in the output layer when contrasted to the network with a single hidden layer, the network with two hidden layers may provide higher accuracy at a low cost (fewer processing units).

In the ANN with two hidden layers, the last layer (layer 3) is the output layer. In general, layers between the input and output layers are the hidden layers. Each neuron is connected to all neurons of the adjacent layers and to no other neurons. Connections within a layer are not permitted. Generally there are different numbers of neurons and different weights for different hidden layers. There are no general rules to determine the number of hidden layers and hidden nodes; this also depends on the complexity of the mapping to be achieved. The number of inputs (input nodes) and output (output nodes) is of course determined by the specific problem. The number of neurons and connections limit the number of patterns a neural network van store reliably. In a multilayer ANN the activation functions in the output layer can be linear functions, since the network is able to represent a non-linear system by using non-linear activation functions in the hidden layer(s). For illustration purposes Figure .5A.4 shows the schematic of three-layer feed forward ANN. The term 'feed-forward' refers to the fact that the arcs joining the nodes are unidirectional. Such a network is also referred to as a multilayer perceptron also strictly speaking this should only be the terminology used for the same network, when the activation functions are hard-limit functions (see the definition of the perceptron above). It should be noted that in the literature sometimes such a network called a four layer network, corresponding to the fact that there are four layers of nodes (for the input, hidden 1, hidden 2 and output layers). However the network has only three layers of processing neurons and therefore such a network is also sometimes referred to in the literature as a three layer network. If the latter definition is applied, the term 'layer' refers to the actual number of existing and processing layers. This convention is more logical, since the input nodes (in the input layer 0) don't perform computation. As a result, this is equivalent to saying that the ambiguity could be totally removed by considering such a definition where there is no terminology of an input layer and the layer and the layer to which the inputs are directly connected to is the first layer (first hidden layer).it is then very clear that the number of layers in such a network is equal to the number of hidden layers plus 1. It should also be noted that when this definition is used, an N-layer network has N-1 layers of hidden neurons, whose outputs are not directly accessible. As a consequence, the errors (difference between desired value and actual value) at these outputs are not known directly. They can be obtained by first determining the errors at the output layer, and then by backpropagation these. In general, multilayer artificial neural networks can be considered as versatile non-linear maps with the elements of the weight matrices (weights) and bias vectors as parameters. In the ANN shown in figure.5A.4 there are n inputs, there is one output layer (OL) with M output nodes and there are two hidden layers (HL1, HL2). In general in each of the layers there can be different number of nodes and all nodes in a given layer are connected to all nodes in the next layer, but there are no inter connections between the nodes of the same layer. The number of input correspond to the number of physical characteristics that are considered to be important for the neural network and the number of output nodes is equal to the number of output quantities to be determined. As discussed above, in general there can be several hidden layers, but often due to the computation burden, this is limited to one or two hidden layer. According to the universal approximation theorem one hidden layer is sufficient to perform any non-linear input-to-output mapping but the theorem doesn't give the number of hidden neurons and doesn't say if a single hidden layer would be optimal in the sense of ease of learning.

These can make the training of the network sometimes difficult and in supervised ANNs may necessitate trial-and-error-based computations aimed at obtaining an ANN with optimum of hidden layers and hidden nodes.

In recent years, according to the upcoming challenge of pollution, fuel saving, to use on FCEV is increasing. It can be that fuel cell power train divided in the PEMFC, Batteries, DC/DC converters, DC/AC inverters and electrical motors. The Proton Exchange Membrane Fuel cells (PEMFC) have consistently been considered for transportation application. Characteristic features of PEMFC include lower temperature (50 to 100 °C) and solid polymer electrolyte membrane. In this work, experiments have shown that the temperature distributions can significant influence on the performance of the PEMFC. Also analytical studies have indicated improvement of ionic resistivity of the electrolyte membrane, kinetics of electrochemical reaction and gas diffusion electrodes have directly related to temperature. This work evaluated the effectiveness of temperature on a single and stack fuel cell. In addition, a 3D model is developed by effective of temperature on performance on the fuel cell. In this thesis, two PEM fuel cells have been considered to find out the relationship and analyze the behaviors of the cell voltage and temperature distributions under various operating conditions. An experimental study for voltage and temperature has been executed, using one cell, 12 thermocouples and 12 voltage sensors have been installed at different points of the cell.

In this work a new model was proposed to improve the lifetime and reliability of the power train and to detect online faults. Besides, current distributions in different points of the cell based on varying operating conditions are calculated by the Newton Raphson method. On the basis of the developed fault sensitive models above, an ANN based fault detection; diagnosis strategy and the related algorithm have been developed. The identified patterns ANN have been used in the supervision and the diagnosis of the PEMFC drivetrain. The ANN advantages of the ability to include a lot of data made possible to classify the faults in terms of their type.

Résumé :

Ces dernières années, la pile à combustible à membrane échangeuse de proton (PEMFC) a fait l'objet d'un intérêt particulier pour des applications liées au transport. De par le fait qu'elle fonctionne à une température de fonctionnement relativement basse (50-100°C) combiné à une membrane polymère solide empêchant tout risque de fuite. Dans ce travail, des expérimentations ont été effectuées pour démontrer que la distribution de température à une influence significative sur les performances de la PEMFC. Par ailleurs, ce travail comporte une analyse ayant pour but de d'indiquer une amélioration de la résistivité ionique de la membrane, de la vitesse de réaction et de la diffusion des gaz en fonction de la température.

Des expérimentations sur une cellule puis sur un stack complet ont permis d'évaluer l'impact de la température à l'aide d'un modèle 3D développé simulant les performances de la pile en relation avec la distribution de température. Dans cette thèse, deux piles à combustible ont permis de valider le comportement et d'en déduire une relation entre la tension de sortie et la distribution de température dans différentes conditions de fonctionnement. Une étude expérimentale prenant en compte la tension et la température a été effectuée sur une cellule en mesurant la température et le voltage en douze points à l'aide de thermocouples et de sonde de tension.

Le modèle 3D proposé permet ainsi d'améliorer la durée de vie d'une pile ainsi que sa fiabilité, il permet aussi d'effectuer un diagnostic et de détecter en ligne un défaut. Ceci est effectué en calculant la densité de courant localement à différentes conditions de fonctionnement en utilisant la méthode de Newton Raphson. De par le développement de ce modèle sensible à un défaut, un algorithme de détection de défaut ainsi que la stratégie de diagnostic ont été développé en utilisant des réseaux de neurones artificiels (RNN). Ces derniers ont été utilisés pour la classification supervisée de défaut permettant ainsi le diagnostic.
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 1112 Figure.1.1. Energy power source from 1949-2011
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  Figure.1.3. Daimler fuel cell electrical vehicle.

Figure

  Figure.1.4. Ford fuel cell electrical vehicle. 2.1.3. General Motors: General Motors has the longest fuel cell history of any automaker, with the Electro Van was demonstrating the potential for fuel cell technology nearly 50 years ago. The company has had a succession of fuel cell test and demonstration vehicles, including the world's first publicly drivable FCEV in 1998. 2007 saw the launch of the HydroGen4 (marketed in the USA as the Chevrolet Equinox, see Figure.1.5), representing the fourth generation of GM's stack technology. More than 120 test vehicles have been deployed since 2007 under Project Driveway, which put the vehicles into the hands of customers and has been the world's largest FCEV end user acceptance demonstration: the vehicles have accumulated more than two million miles on the road [1.4].
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 15 Figure.1.5. GM fuel cell electrical vehicle.
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  Figure.1.6.Honda fuel cell electrical vehicle.

Figure. 1

 1 Figure.1.7.Honda fuel cell electrical vehicle.

Figure

  Figure.1.8. Honda fuel cell electrical vehicle.
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 19 Figure.1.9. Honda fuel cell electrical vehicle.

  ECCE project is developed in cooperation with the FEMTO-ST laboratory of the University of Franche-Comté and two industrial partners, HELION and PANHARD General Defense. The Electrical Chain Components Evaluation vehicle (ECCE) (See Figure.1.10) is a research project supported by the French Army General Direction (DGA), (Direction Générale de l'Armement). The ECCE vehicle, which was driven for the first time in 2003, is presented in Figure.1.10.

Figure. 1 .

 1 Figure.1.10. ECCE test bed

Figure. 1 .

 1 Figure.1.11. F-City H2 test bed.

  The project develops and tests under real conditions two fleets of five vehicles for postal mail delivery. Consortium partner La Poste will run the field tests in close coordination with other project partners involved. Partners Institute: University of Technology Belfort-Montbéliard, EIFER and companies: LA POSTE, MA HY TEC, MES, H 2 NITIDOR DUCATI energia and Steinbeis-Europa-Zentrum (SEZ). The hydrogen part of the drive train of Mobypost vehicle has been mounted at UTBM (Belfort) while the vehicle in its full electrical version has been built by Ducati Energia (see Figure.1.12)[1.7].
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 113 Figure.1.13. Passive cascaded battery/UC system.
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 11433 Figure.1.14. Active cascaded battery/UC system.3.3. Parallel active battery/UC systemA parallel active battery/UC system, are shown in Figure.1.15 have been analyzed by researchers in the Energy Harvesting and Renewable Energy Laboratory (EHREL), Illinois Institute of Technology (IIT), and Solero at the University of Rome. The battery pack and the UC bank are connected to the dc link in parallel and interfaced by bidirectional converters. In this topology, both the battery and the UC present a lower voltage level than the dc-link voltage. The voltages of the battery and the UC will be leveled up when the drive train demands power and stepped down for recharging conditions. Power flow directions in/out of the battery and the UC can separately be controlled, allowing flexibility for power management. However, if two dc/dc converters can be integrated, the cost, size, and complexity of control can be reduced[1.9].
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 1 Figure.1.15. Parallel active battery/UC system.
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 116 Figure.1.16. Multiple-input battery/UC system.
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 1174 Figure.1.17. Multiple-input battery/UC systems. 4. Components of the drive trains of FCEV: Fuel cell electrical vehicle structure is such as series-type hybrid vehicles. The fuel cell is the main energy sources which produce electricity, fuel cells in vehicles create electricity to power by supplying the engine, Battery, DC/DC converter and DC/AC inverter. (See in Figure.1.18) [1.10].
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 118 Figure.1.18. Fuel Cell Electrical vehicle.

  Figure.1.19. (a) The electrolysis of water. The water is separated into hydrogen and oxygen by the passage of an electric current. (b) A small current flows.

  Figure.1.20 summarized different fuel cell and compared all of them with characteristics such as operating temperature, electrolyte charge carrier, and electrochemical reactions. In this figure illustrates the relative placement of the different type of fuel cell technologies with regard to electric demand (kW). The residential market considered is from 1 kW to 10 kW and related to PEM and SOFC. Commercial market range is 25 kW to 500 kW for examples of the commercial market segment include hotels, schools, small to medium sized hospitals, office buildings, and shopping centers. MCFCs and SOFCs are the only types of fuel cell that applied in both distributed power (3 MW to 100 MW) and industrial applications (1 MW to 25 MW) [1.10].
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 1 Figure.1.20. Market for Fuel Cell Technologies.
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 1 Figure.1.21. Single cell structure of PEMFC.
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 1 Figure.1.22. Membrane electrode assembly.
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 1 Figure.1.23. Gas diffusion layers.
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 124 Figure.1.24. Bipolar Plate.

  1.25 the different sub-systems presented in in this Figure are defined below:
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 125 Figure.1.25. System of the fuel cell [1.14].
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 26 Figure1.26. DOE has reduced the cost of automotive fuel cells from $106/kW in 2006 to $55/kW in 2013 and is targeting a cost of $30/kW [1.17]
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  2.2. (a). Simplified schematic of chemical reaction of the FC were shown inFigure.2.2.(b). In this anode and cathode parts which R ionic represents the ionic resistance of the membrane, R CT,A and R CT,C represent the charge transfer loss across the electrode-electrolyte interface at the cathode and anode side respectively. The capacitor C DL,A and C Dl,C represent the double layer effect at the cathode and anode side respectively. The Randles's FC models were depicted in Figure.2.2.(c) , R w and C w model the diffusion/mass transport losses are shown in this Figure. The modification in cathode side to taking into account diffusion impedance illustrated in Figure.2.2. (d) and in Figure.2.2.(e). In general electrochemical cell have been represented by classic transmission line model of porous electrodes that is shown in Figure.2.2. (f).

Figure. 2 . 1 .

 21 Figure.2.1. Dynamic electrical circuit model of the PEMFC.

Figure. 2 . 2 .

 22 Figure.2.2. Equivalent electrical circuit model of PEM FC.

Eq2. 4 n

 4 = number of electrons per molecule of H 2 = 2 electrons per molecule. N Avg = number of molecules per mole (Avogadro's number) = 6.022 10 23 molecules/Mol. q ei = charge of 1 electron = 1.602 10 -19 Coulombs/electron. The product of Avogadro's number and charge of 1 electron is known as Faraday's constant: F = 96,485 Coulombs/electron-Mol. Electrical work is therefore: Eq2.5

Figure. 2 . 3 .

 23 Figure.2.3. Cell potential loss at different temperature.

  Based on equation above by increasing of pressure, cell potential raised too(Figure.2.4).

Figure. 2 . 4 .

 24 Figure.2.4. Cell potential losses at different pressure.

  Figure.2.6 shows the experimental voltage plotted as a function of current for a cell fuel cell PEM at a temperature of 23 ° C. The polarization curve shows the cell voltage of a fuel cell according drop of the output current. Even though, a fuel cell does not have load (open circuit) the theoretical potential voltage is less than one volt. Because there are, some unavoidable loss is generated in the fuel cell: 1) Activation losses. 2) Internal and ionic resistance. 3) Concentration losses. 4) Internal current. 5) Crossover of reactants. 6) Activation losses.

Figure. 2 . 6 .

 26 Figure.2.6. Polarization curve for a cell of a PEM fuel cell.

Figure. 2

 2 Figure.2.7. The charge double layer at the surface of a fuel cell. The Fuel cell equivalent circuit model consists of: open circuit voltage (OCV, E nernst ), ohmic losses (R ohm ), activation losses (R act ), consideration and double layer effect capacitance (C dl ). The delay of different current in FC based on the effect of double layer capacitance in both cathode and anode side. However, in cathode side it is more important than the anode side. The ohmic losses are not affected by this capacitance. In the Figure.2.7, the capacitance is placed in parallel with activation and consideration resistance, and the cause of voltage drop has a dynamic effect in the FC. The dynamic equation of FC voltage is [2.23]: Eq2.50

Figure. 2

 2 Figure.2.8. Polarization Curve with different losses.

Figure. 2

 2 Figure.2.9. Block diagram of the multi-physical modeling of FC.

Figure. 2 .

 2 Figure.2.10. Activation losses at different temperature.

Figure. 2 .

 2 Figure.2.11. Resistive loss in FC at different temperature.

Figure. 2 . 12 .

 212 Figure.2.12. Concentration losses in FC at different temperature.

  Figure.2.14 shows the effects of increasing temperature between 25°C and 55°C with different polarization curves. It is obviously that the voltage increased by increasing the temperatures. It should be noted that rising of the internal temperature of the FC reduces performances and has irreversible damage on the FC[2.18].

Figure. 2 .

 2 Figure.2.13. Cell Voltage losses at different temperature.

  2.14. allows pointing out the effect of different pressure on the activation voltage losses.

Figure. 2 . 14 .

 214 Figure.2.14. Activation losses in FC at different pressure.

Figure. 2 .

 2 Figure.2.15. Concentration losses in FC according to changing pressures.

Figure. 2 . 16 .

 216 Figure.2.16. Voltage losses in FC at different pressure.

  2.17 according to different relative humidity. In this Figure shows how with increase in the relative humidity decrease in ohmic resistance is caused. Because of the conductivity of the membrane is closely linked to the RH.

Figure. 2 . 17 .

 217 Figure.2.17. Resistive losses at different Humidity.

Figure. 2 .

 2 Figure.2.18. Cell Voltage losses at different Humidity.

  ): does not effect to change these losses I = Fuel cell current in amperes, T = Temperature of the fuel cell stack in Kelvin, = The partial pressure of H 2 in atm, = The partial pressure of O 2 in atm, = Concentration of hydrogen, = Concentration of oxygen. = Relative humidity of hydrogen or air. [2.28].

Figure 2 . 19 .

 219 Figure 2.19. Fault action depend on the system.

Figure. 2 .

 2 Figure.2.20. Scheme for fault-Tolerance strategies.

Figure. 2 .

 2 Figure.2.21. Model base fault diagnosis diagram. In contrast, non-model based diagnosis is the fault detection and isolation according to human knowledge or qualitative reasoning techniques based on input and output data. Three categories of non-model based diagnosis methods: • The artificial intelligence (Neural Network, Fuzzy Logic and Neural-Fuzzy method), • Statistical (Principle Component Analysis, Fisher Discriminant Analysis, Kernel PCA and Kernel FDA) method, • Signal processing method (Fast Fourier Transform, Short Time Fourier Transform and Wavelet Transformer).

Figure. 2 .

 2 Figure.2.22. Schematic representation of EIS applied to fuel cell characterization.

Figure. 2 .

 2 Figure.2.23. Circuits model according to EIS [2.43].

Figure. 2 . 24 .

 224 Figure.2.24. Bode plot of the impedance spectra simulated in the frequency range from 10 MHz to 10 kilohertz.

  2.25) [2.40].

Figure. 2 . 25 .

 225 Figure.2.25. Original arrange for HFR and EIS measurement techniques.

Figure. 2 . 26 .

 226 Figure.2.26. Ac resistance measurement diagram with combination load parallel with mille-ohm meter.

  Many Different phenomena involved to operate of fuel cell. Some of these phenomena's are the common source fault in FC: specifically, improper water management (flooding, Drying)[2.42], catalyst degradation and fuels starving, membrane electrode assembly (MEA) contamination[2.43]. These faults cause for voltage drop and reduce the lifetime of a fuel cell. The typical fault classification method can be described in Figure.2.27. This Figure shows a simplified scheme for process fault classification with several levels of information processing. The lower level contains the processing data indeed, data of systematically collected by the sensors. Faults extracting from healthy mode and faulty mode can be attached to a medium level. Fault classification is located in the high level in order to distinction different faults in the system[2.36].

Figure. 2 .

 2 Figure.2.27. Faults classification process in PEM FC.

Figure. 2 .

 2 Figure.2.28. Overview of the wide range of dynamic processes in FC [2.44].

Nadia 2008 ,

 2008 increase temperature leads to increase in saturation pressure and causes evaporation. As a Matter of fact, reduce in flooding will be happened when liquid water diminished. He et al. Investigated of while another operating condition in which (air flow, cell voltage) are constant with increasing temperature from 40 °C to 50 °C causing improvement flooding in the cell[2.40].

Figure. 2 . 29 .

 229 Figure.2.29. Multilayer feed forward neural network.
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5 )

 5 Biphasic effect of liquid and vapor of water 6) Water condensation/evaporation 7) Gas diffusion in the diffusion layer 8) Diffusion layer flooding 9) Microscopic gas diffusion in catalyst layer 10) Non uniform water distribution in the membrane 11) Water transport in the membrane 12) Dynamic water content variation in the membrane Thermal domain 1) Non-isothermal temperature distribution 2) Dynamic temperature variation 3) Conduction between solid materials 4) Forced convection in the channel 5) Heat flux due to convective mass transport 6) Natural convection on external surface 7) Latent heat due to water phase change

Figure. 3 . 1 .

 31 Figure.3.1. Single cell MES PEMFC with different layers.

Figure. 3 . 2 .

 32 Figure.3.2. Single cell PEMFC based on elementary cell in three dimensions (3D).

4 )

 4 Thermal mode and distributions temperature are included in it. 5) Voltage distributions are recorded based on experimental test. 6) This model is able to induce inhomogeneous distribution of physical parameters. 7) Possibility of fault characterization. Before being used for characterizing the FC cell faults, the 3D needs to be calibrated. The so called calibration consists in computing all the physical components of the circuit shown in Figure 3.3. It is performed starting from voltage and temperature measurements by the mean of Newton-Raphson method. The operations of calibration as well as the fault characterization are summarized through the algorithm shown in Figure.3.3.

Figure. 3 . 3 .

 33 Figure.3.3. Algorithm of calibration and using of the 3D model.

3 )

 3 Voltage sensors and thermocouples installed in 9 nodes of each cell (N 1 -N 9 ). 4) Only magnitudes of impedances are considered. Thus the FC fault can be characterized only through the magnetite of voltage and current density.Voltage cell has not the same values at different points of cell, because of the following reasons:1) Non-uniform fuel/air flow distribution to individual the cells,2) Non-uniform temperature, 3) Current distribution, 4) Uniformities of the material (compositions and microstructure)[3.8].

Figure. 3 .

 3 Figure.3.4 shows the top view of the basic electrical model of one FC cell including the cathode, the anode and the membrane sides. R ohm represents the resistance of the membrane, R Act (a) and R Act (C) represent the activation losses on anode and cathode sides respectively. R Con (a) and R con (C) represent the concentration losses on anode and cathode sides respectively. The capacitors C (a) and C(C) represent the double layer capacitor present at the anode and cathode. However, as mentioned before in modeling hypotheses activation in anode side compare to cathode sides negligible. R con is assumed as the sum of the concentration on the anode and cathode sides (R con =R con (a) +R con (C)). The Capacitor C is equivalent of the two capacitors on the anode and cathode sides.

Figure. 3 . 4 .

 34 Figure.3.4. Top view of 3D electric model of one cell of a PEMFC.

Figure. 3 . 6 .

 36 Figure.3.6. View of the interface resistors (z axis) between two FC cells.

Figure. 3 . 7 .

 37 Figure.3.7. Stack temperature according to load current in MES fuel cell.

Figure. 3 . 8 .

 38 Figure.3.8. Simulation result of the polarization curve in different double layer effect for MES PEMFC.

Figure. 3 . 9 .

 39 Figure.3.9. Simulation models of sensitive mode. As this model is to be used for accurate diagnosis fault in PEMFC we suggest dividing each cell of the FC stack in different elementary cells. The temperature can be taken into account by adopting a different equivalent circuit for each elementary cell. The magnitude of the decrease in voltage, called the voltage variance, is associated with changes in fuel cell model parameters that include opencircuit voltage, types of losses in anode side (R a ) losses in cathode (R c ), double layer capacitance (C dl ) in anode and cathode and membrane losses (R o ).

Figure. 3 .

 3 Figure.3.10. Polarization curve of MES fuel cell.

  Figure.3.11. The electric circuit model for 3D of PEMFC.

  proposed 3D fault sensitive model considers distributions of temperature and voltage in X, Y and Z directions. Three illustrative views of this model are shownFigure.3.12, Figure.3.13 and Figure.3.14. 

Figure. 3 . 12 .

 312 Figure.3.12. Front view of the 3D proposed model for PEMFC stack.

  3.12) is to determine all impedances in each individual cell. Then the connection resistors between cells are calculated by known current density distributions. A set of equations can be established with the form of [Y]. [V] = [I] for the two cells.

Figure. 3 .

 3 Figure.3.15. Simplified model in three dimensions (3D) for two cells.

Figure. 3 . 16 .

 316 Figure.3.16. Relative humidity according to the stack temperature of the exit air of the FC with air stoichiometry of 2

Figure. 3 . 17 .

 317 Figure.3.17. Fault diagram according to operating conditions of FC.

Figure. 3 .

 3 Figure.3.18. MVV and HDR variations according to resistance changes in Z direction.

Figure. 3 .

 3  be where gives some examples of this characterization process that variations in impedances of different branches of the 9 zones of the circuit model are assumed. The X, Y and cross sections direction have been considered in these simulations. The significant point shown in these Figures is that the voltage characteristic at the output of the cell is affected by changing the impedance value. In this example resistance in the X, Y and cross section direction increased to simulate of drying fault. In other world, with increasing the impedance in one of the direction caused to distributions current density changed in all of the FC and it caused to drying or flooding faults occurring in the FC.

Figure. 3 .

 3 Figure.3.19. MVV and HDR variations according to resistance changes in X direction.

Figure. 3 .

 3 Figure.3.20. MVV and HDR variations according to resistance changes in XY direction.

Figure. 3 .

 3 Figure.3.21. MVV and HDR variations according to resistance changes in Y direction.
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  /min ( at the nominal power and pressure )

Figure. 4 . 1 .

 41 Figure.4.1. Reactant air management with two parallel inlet pieces for oxygen feeding part.

Figure. 4 .

 4 Figure.4.2 shows the present design STANSTEEL plate. The dimension of the plate is equal to 80×57×9 mm. Two holes are identical to those considered in the filled oxygen flow. The desired common material physical properties that can be used for the feeding oxygen sides are a high mechanical strength and excellent stability of water corrosion.

Figure. 4 . 2 .

 42 Figure.4.2. Oxygen plate feeding.

ConnectorFigure. 4 . 3 .

 43 Figure.4.3. Components of single PEM cell.

Figure. 4 . 4 .

 44 Figure.4.4. Structure of the test bench.

  4.5) and developed in Labview ® environment.

Figure. 4 . 5 .

 45 Figure.4.5. Hardware of control.

  4.6) allows checking of the various available measurements and sensors states. For instance, the displayed measurements are: single cell voltages, gas flows and pressures, and current. The leads indicate in which mode that means the system operates[4.2].

Figure. 4

 4 Figure.4.6. Interface panel.

  4.7), some fuel cell parameters are displayed, such parameters are (number of the cells, fuel cell stoichiometry anode and fuel cell stoichiometry cathode, active surface fault thresholds and safety on cell voltages, T ° max, delta pressure maximum). These parameters can change while the program is running, it is necessary to modify some factors, for example, the choice of stoichiometry factors, and set this parameter according to the data sheet of the manufactory. Some parameters should be kept unchanged in a given range to avoid irreversible damages. The voltage across each cell of the stack should have its values greater than a given threshold. A sufficient amount of gas should be provided to the bipolar plates, according to the load current[4.2].

Figure. 4

 4 Figure.4.7. Panel for Settings" the type fuel cell for test.

Figure. 4 . 8 .

 48 Figure.4.8. Test bench structure.

Figure. 4 2 . 4 .

 424 Figure.4.9. Electronic load for simulate of driving cycle.

  .

  4.11).Thermocouples are used in the present experimental work due to tolerable different range of the temperatures and availability in a low price in comparison with other types as indicated in Figure.4.12. 

Figure. 4 .

 4 Figure.4.11. Thermocouple type K.

Figure. 4 . 12 .

 412 Figure.4.12. The relationship between the seek voltage and temperature.

  .

  4.7 the errors are calculated by supposing that the reference thermocouple has acceptable values of temperature reference. The possible sources of errors include compensation, linearization, thermocouple wire, and experimental errors. As shown in

Figure. 4 . 13 .

 413 Figure.4.13. DPI 620 advance measurements devise.

Figure. 4 . 14 .

 414 Figure.4.14. Process of the calibration of thermocouples with reference thermocouple.

Figure. 4 .

 4 Figure.4.15. The Cannes Pyrometrques type 14-reference thermocouple.

Figure. 4 .

 4 Figure.4.16. indicates that the thermocouples recorded the temperature measurement at different temperatures and compared them with the reference thermocouple. As illustrated in this Figure, the errors between the different thermocouples are related linearly. Moreover, the error between the thermocouples and the reference thermocouple increases with the temperature of the BINDER incubator. This error can be reliable in the test analysis and measurement comparison in temperature distributions.

Figure. 4 . 16 .

 416 Figure.4.16. Comparing the reference and 12 thermocouples in different temperatures.

  4.17). During the test, a voltage acquisition device from National Instrument measures two parameters fist, the individual cell voltages second, the thermocouples capture continuously in the individual cell temperatures (see Figure.

  4.18).

Figure. 4 . 17 .

 417 Figure.4.17. Voltage sensors directly connect to the graphic block in cathode and anode side.

Figure. 4 . 19 .

 419 Figure.4.19. Set up measuring the temperature distribution in PEMFC (MES).

Figure. 4 .

 4 Figure.4.20. Boundary limitation for choice of acceptable sensors.

  Figure

  .

  Figure.4.21. Schematic of one cell with thermocouple and voltage sensors.

Figure. 4 .

 4 Figure.4.22. Test conditions on load current and oxygen stoichiometry.

Figure. 4 .

 4 Figure.4.23 shows the schematic diagram for measuring the voltage inside the cell. The oxidant gas is heated and humidified by passing from the boiler that designed in the test bench. In the present study, each temperature measurement is collected by the data acquisition with a sampling rate of one reading each 1 second. These measurements are investigated over the intervals where the temperature is constant after changing the experimental conditions. This procedure is repeated for different current loads and different stoichiometry air and hydrogen ratios.

Figure. 4 .

 4 Figure.4.23. Set up measuring the Voltage in PEMFC (MES).

Figure. 4 . 24 .

 424 Figure.4.24. Temperature distribution for the cathode side "O2 stoichiometry ratios of 3, 5 and 7; Current load 5 A, H2 stoichiometry of 1.5".

Figure. 4 .

 4 Figure.4.25 shows of this different temperature between anode and cathode sides. In this figure the temperature measurments are done at different for three different current loads of 5 A, 10 A and 15A. The anode and oxygen stoichiometry ratios are fixed at 3 to 6 while the hydrogen one is fixed at 2. The oxygen sides are humidified with a boiler. Here also, it is clearly seen that the temperature of the anode side is lower than the cathode side by more than 1°C. These Figures shows also that the local temperature between the anode and cathode are increased follow to increasing of the stoichiometry oxygen. This can be caused with increasing stoichiomtery, the temperature in cathode side will be decreased.

Figure. 4 . 25 .Figure. 4 .

 4254 Figure.4.25. Temperature measurement for various load current, O2 stoichiometry ratios of 3, 4, 5 and 6; H2 stoichiometry of 2".

Figure. 4 . 26 .

 426 Figure.4.26. Schematic of positions of thermocouple in cell.

Figure. 4 .

 4 Figure.4.27. Temperatures are measured for various loads current 5A, 10A and 15A, stoichiometry of 3 for O2 2 for H2.

Figure. 4 .

 4 Figure.4.28. Local temperature distributions along the cell at the cathode side, Opeation condition : stoichiometry of 3,4 and 5 for O2 2 for H2.

Figure. 4 .

 4 Figure.4.28 and Figure.4.29 shows the sensitive variation temperature in y axes and effect on the profile of voltaic cell. based on these figures the temperature in the middle and inlet are lower than the temperature at the outlet. This can be explained by that the increase of the membrane hydration and the oxygen rate at the outlet may increase the temperature of the inlet.

Figure. 4 .

 4 Figure.4.29 shows an example to verify the sensetivity of distributions of temperature in y axes. When the current load increases, the global voltage decreases however the voltage between inlet, middle and outlet decrease. Generally, the voltage decrease (or increase) is directly related to the temperature and current density in each region of the cell.

Figure. 4 . 29 . 5 .

 4295 Figure.4.29. Voltage distributions along the cell with operation condition : O2 stoichiometry of 3, 4 and 5 for H2 of 1.5.

Figure 4 .

 4 [START_REF] Hissel | A Review on Existing Modeling Methodologies for Pem Fuel Cell Systems[END_REF] shows the temperature reach its higher values at the middle point of the cell, with stoichiometry of oxygen of 3, stoichiometry hydrogen of 1.5 and a current of 15A. This figure indicates that the temperature are distributed randomly at the y axes, especially at high current load. Also, the temperature value at stoichiometry 1.5 is less than the temperature value at stoichiometry 2 for hydrogen(comparing with Figure.4.30).

Figure. 4 .

 4 Figure.4.30. Local temperature distributions along the two axes (x and y) at cathode side for various loads current: O2 stoichiometry of 3, 4 and 5 for H2 of 2.

Figure. 4 . 31 . 3 . 1 . 3 .

 431313 Figure.4.31. Local temperature distributions along the two axes (x and y) in PEMFC at cathode side for various loads current: O2 stoichiometry of 3, 4 and 5 for H2 of 1.5.

Figure. 4 . 32 .

 432 Figure.4.32. Temperature distribution over the cell in the x axes for various loads current: O2 stoichiometry of 3, 4 and 5 for H2 of 1.5.

Figure. 4 . 33 .

 433 Figure.4.33. Shows simply a scheme model of single cells that divided by different regions in the x and y-axes .To consider the distribution of temperate in x and y axes, temperature distribution in the single cell, cell divided into three parts in y axes (Middle, left and right sides) and three parts in x axes (inlet, middle and outlet). The temperature measurements are obtained by mean of 12 thermocouples on the y axis of the cell in the middle, left and right sides of the cell (x axes).

Figure. 4 . 33 .

 433 Figure.4.33. Schematic of the PEM fuel cell in x and y axes in different region "inlet, middle and outlet ".

Figure. 4 .

 4 Figure.4.34 and 4.35 show the effect of temperature on the x and y axis in the cell with different O 2 stoichiometry ratios of 3, 4 and 5 on different current load 5 A, 10 A and 15 A. The mean values of the temperature measurements are recorded at the fourth nearest thermocouple at the inlet, middle and outlet of each region as follows: left, middle and right side of the cell. By calculation of four mean values, three points are achieved for each region. The x and y-axes of the cell represent the effect of temperature for different current loads of 5A, 10 A and 15 A (see Figure.4.34) and stoichiometry oxygen values between 3 and 5 with fixed stoichiometry hydrogen of 1.5.

  Figure.4.34 and 4.35 show the effect of temperature on the x and y axis in the cell with different O 2 stoichiometry ratios of 3, 4 and 5 on different current load 5 A, 10 A and 15 A. The mean values of the temperature measurements are recorded at the fourth nearest thermocouple at the inlet, middle and outlet of each region as follows: left, middle and right side of the cell. By calculation of four mean values, three points are achieved for each region. The x and y-axes of the cell represent the effect of temperature for different current loads of 5A, 10 A and 15 A (see Figure.4.34) and stoichiometry oxygen values between 3 and 5 with fixed stoichiometry hydrogen of 1.5.

Figure. 4 . 34 .

 434 Figure.4.34. Temperature distribution over the cell with different current load 5 (A), 10 (A) and 15 (A). O2 stoichiometry of 3, 4 and 5 for H2 of 1.5.

  .

  4.35).

Figure. 4 . 35 .

 435 Figure.4.35. Temperature distribution over the cell with different current load 5 (A), 10 (A) and 15 (A). O2 stoichiometry of 3, 4 and 5 for H2 of 2.

Figure. 4 .

 4 Figure.4.36 shows the results summary of the temperature distributions. It indicates that the temperature at the middle of the cell has the highest values (in x axes). Nevertheless, the highest values of the temperature in y axis are located in the outlet. This result can be explained by the heat transfer convection and air heat transfer passing through the oxygen channel, as explained before.

Figure. 4 .

 4 Figure.4.36. Temperature distributions y axes.

Voltage

  Measurements and temperature distributions are carried out in order to determine the relationship between the voltage and the temperature distribution inside the cell. The relation of the voltage and temperature in single cell Figure.4.37 shows that, from the cathode side, the voltage has its highest values near the left of the outlet. Then, they decrease gradually and they get lowest values at the right corner and the middle of the cell. This is in total agreement with what was explained before concerning the temperature distribution (Figure.4.35).Consequently, it can be resulted that the voltage cell in the outlet is greater than the inlet voltage of the cell. In fact, Figure.4.37 shows that, when the stoichiometry is getting higher, the voltage at the outlet has the highest voltage values compared with other regions. The voltage varies between 5 and 10 mV at temperature become stabilized in the inlet, center and outlet of the middle of the cell. Finally, at the left and right edges of the cell, the voltage reaches the value of 0.2 V.

Figure. 4 . 37 .

 437 Figure.4.37. Voltage distribution over the cell for different current load 5 (A), 10 (A) and 15 (A). O2 stoichiometry of 3, 4 and 5 for H2 of 1.5.

Figure. 4 . 38 .

 438 Figure.4.38. Validation simulation and experimental test for one cell.

Figure. 4 .

 4 Figure.4.39 shows the experimental for measuring the distribution of the local temperatures in two cells. The temperature increase over the y axes of each cell from 27 °C to 45 °C because of the cells current change from 5 to 15. Examining the temperature distributions in z axes it can be seen that the temperature in cell two has a quite higher value comparing to that of cell one ; 1°C to 2°C of difference is observed.

Figure. 4 .

 4 Figure.4.40. Voltage measurements in cathode side of PEMFC in with O2 stoichiometry of 3, 4 and 5 for H2 of 2.

Figure. 4 .

 4 Figure.4.41. Validation simulation and experimental test for two cell.

Figure. 4 .

 4 Figure.4.42. The MES FC system used for validating tests.

Figure. 4 .

 4 Figure.4.43. Test bench of fuel cell in the chamber room.In order to improve the accuracy of stack temperature measurements of the fuel cell, three thermocouples have been used in this test. Their positions have been selected at critical points of the fuel cell as depicted in Figure.4.44 (the inlet of hydrogen, outlet of oxygen and middle of the near reaction air inlet channel).

Figure. 4 .

 4 Figure.4.44. Position of the thermal sensors.

Figure. 4 .

 4 Figure.4.45. Current dynamic profile of FC under test.

Figure. 4 .

 4 Figure.4.46. Comparison thermal equation between analytical equation and three points in experimental test.

Figure. 4 .Figure. 4 .

 44 Figure.4.47. The cell voltage versus current for MES PEMFC.

Figure. 4 .

 4 Figure.4.48. The comparison voltage between experimental test and simulation according to load dynamic profile.

Figure. 4 .

 4 Figure.4.51 compares the experimental results both for the electrical and thermal domain. As it can be observed, the multi-physical model gives results are in a good agreement with experimental ones despite the some errors (voltage pics) due to the periodic purges of the FC which are not taken into account in the model. Indeed, in order to eliminate the water and impurities on the hydrogen side (anode) during the operation, the H 2 purging valve is opened periodically. The H 2 purge function is visible in Figure.4.51 with the drop of FC stack voltage. These results allow validating the proposed model in normal (healthy) operating mode. As illustrated in Figure.4.52 the stack voltage of fuel cells have been improved by increasing outside temperature. This effect has been observed by locating the fuel cell in a climatic chamber as shown in Figure.4.49 and measuring the polarization curves.

Figure. 4 .

 4 Figure.4.49. Test bench of experimental tests on the FC: (a) laboratory, (b) climatic chamber.

FigureFigure. 4 .

 4 Figure.4.50. Load profile.

Figure. 4 . 52 .

 452 Figure.4.52. Comparison of polarization curves for different temperatures.

Figure. 4 . 54 .

 454 Figure.4.54. Thermal impact on PEMFC stack.

Figure. 4 . 55 .

 455 Figure.4.55. Variable temperature and voltage based on different current during stack fuel cell.

Figure. 4 . 56 .

 456 Figure.4.56. Schematic of position of the sensor of voltage and temperature in PEMFC stack.

Figure. 4 .

 4 Figure.4.57. Experimental results of disparate of temperature in different position of the PEMFC.
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  This level of diagnosis represents the vehicle. It includes all the external systems without diagnosis that can immobilize the vehicle. However, the simplicity of these systems from a technical point of view makes these faults easily detectable by a user of the vehicle. Furthermore, automatic supervision is not necessary at this level of diagnosis. It can be done by a visual inspection only (see Figure.5.1))[5.3].

Figure. 5 . 1 .

 51 Figure.5.1. Illustration of the "Level 0" of the vehicle diagnosis.

Figure. 5 . 2 .

 52 Figure.5.2. Illustration of the "Level 1" of the vehicle diagnosis.

The level 2

 2 of the diagnosis deals with the faulty main components of the vehicle indicated in the level 1. The subsystem considered in the present work is the PEMFC. The aim of the level 2 is to

  5.3).

Figure. 5 . 3 .

 53 Figure.5.3. Illustration of the "Level 3" of the vehicle diagnosis.

Figure. 5 .

 5 Figure.5.4 shows the synopsis representation of the followed method for on-line diagnosis modeling of the PEMFC. Based on aim of this work to detect of fault, FFT analysis has been used to fault characterization through proper patterns that are used for training the ANN model for on line diagnosis. In the next section, a comprehensive explanation about the structure of ANN is presented as well as detailed explanation of how fault diagnosis in each of faults mentioned previously.

Figure. 5 . 4 .

 54 Figure.5.4. Implementation algorithm fault diagnosis of PEMFC in power train.

  current density based on Newton Raphson in different faults are shown in In these tables, all effects of all faults in each node are shown in red rectangle boxes. It can be observed that the local current density has the highest values in the too flood fault and decreases following the too dry faults. Flooding faults cause current density increase because of the ohmic resistance decrease suddenly. However, Drying make that current density reduce, because of the ohmic resistance increase. It is seen that the current density distributions in low current (5A) are homogenous patents. These patents have been changed with increasing the load current profile and current density become uneven distributed. The significant point in these figures is that the local current density decreases very slowly from the inlet to the outlet. However, these variations have different characteristics according to each fault. For instance, as explained before current density distributions of each node have been changed according to the variation of the operating conditions. The local current density values increased noticeably along the flooding faults in each node. Hence, intervals impedances of cell in different directions have been modified by the new current density distribution. Consequently, fault isolation based on operating conditions and current density distributions can be feasible in the 3D sensitive model.

Figure. 5 . 5 -

 55 Figure.5.5-Figure.5.6 show faults detection in cells based on Table.5.2 In this figure the confusion matrix shows the percentage of correct and incorrect classifications. Correct classifications are green squares on the matrix diagonal. The input of the 7 harmonic attributes will be used as inputs to the neural network and the respective target for each will be 8 classes. The results indicate the success of ANN classification in all 8 in two cells of Flooding, Too Flood, drying and Too Drying faults.

Figure. 5 . 5 .

 55 Figure.5.5. Fault isolation on drying, flooding, too dry and too flood in two cell For this work, the training data indicate a good fit. The validation and test results also show R values that greater than 0.99.

Figure. 5

 5 Figure.5.6. Regression plot for different faults in two cells

Figure. 5

 5 Figure.5.7-Figure.5.10 shows the ANN training efforts of 9 nodes in different faulty mode. The results indicate the success of ANN classification in all 9 different nodes of Flooding and drying faults.

  It is noted that each time a neural network is trained, can result in a different solution due to different initial weight and bias values and different divisions of the data into training, validation, and test sets. As a result, different neural networks trained on the same problem can give different outputs for the same input. To ensure that a neural network of good accuracy has been found a retrain several times. Because of this, after retrain more than 10 times the better results are recorded and are shown in Figure.5.7-Figure.5.10.

Figure. 5

 5 Figure.5.7. Fault isolation for Drying faults according to nine nodes during in one cell.

Figure. 5 . 9 .

 59 Figure.5.9. Fault isolation for too flood faults according to nine nodes during in one cell.

Figure. 5 .

 5  shows the validating the network is to create a regression plot, which shows the relationship between the outputs of the network and the targets. If the training were perfect, the network outputs and the targets would be exactly equal, but the relationship is rarely perfect in practice. In this case we can create a regression plot with the following commands. The first commands calculate the trained network response to 70% of the inputs in the data set. And 15 % of the data set of validation and test network. The result is shown in the following figures. The three axes represent the training, validation and testing data. The dashed line in each axis represents the perfect result -outputs = targets (Classification in 9 classes). The solid line represents the best-fit linear regression line between outputs and targets. The R-value is an indication of the relationship between the outputs and targets. If R=1, this indicates that there is an exact linear relationship between outputs and targets. If R is close to zero, then there is no linear relationship between outputs and targets. For this work, the training data indicate a good fit. The validation and test results also show R values that greater than 0.9. The response is acceptable to implement of trained ANN in experimental test results.

Figure. 5 .Figure. 5 . 12 .

 5512 Figure.5.11. Regression plot for flooding faults according to nine nodes during in one cell.

Figure. 5 . 13 .

 513 Figure.5.13. Regression plot for too drying faults according to nine nodes during in one cell.

Figure. 5 . 14 .

 514 Figure.5.14. Regression plot for drying faults according to nine nodes during in one cell.

  Figure.3A.1. Diagram of building a 3D model of PEMFC in SIMULINK.

Figure.3A. 2 . 4 )

 24 Figure.3A.2. Diagram of building a dynamic model of PEMFC. In this Figure each elementary are depend on the temperature, pressure and humidity. Calculation activation, concentration and ohmic loss with reversible voltage (Nernst voltage) based on these parameters and current densities for finding the voltages are necessary. The Matlab Simulink for one elementary cell is given in Figure.3A.3 in this figure the voltage output calculated by 1) Calculation the pressure drop in channel (as shown in the Figure.3A.3 at subsystem 1). 2) Thermal domains as explained in chapter III only depend on the current of FC (as shown as shown in the Figure.3A.3 at subsystem 2). 3) Dynamic model is presented the double layer effect (shown in the Figure.3A.3 at subsystem 3) 4) Electrochemical reactions depend on the reversible voltage and losses (Activation, concentration and ohmic) as shown in shown in the Figure.3A.3 at subsystem 4.

  ) A are shown in Figure.4A.1 and Figure.4A.2, respectively.

Figure. 4 .A. 1 .Figure. 4 .. 2 .

 4142 Figure.4.A.1. Temperature distribution for the cathode side "O2 stoichiometry ratios of 3, 5 and 7 ; Current load 10 A, H2 stoichiometry of 1.5" .

Figure. 4 .A. 3 .

 43 Figure.4.A.3. Temperature is measured for various load current in anode side. "O2 stoichiometry ratios of 3, 5 and 7 ; Current load 15 A, H2 stoichiometry of 1.5 and 2".

Figure. 4 .A. 4 .

 44 Figure.4.A.4. Temperature is measured for various load current in cathode side. "O2 stoichiometry ratios of 3, 5 and 7; Current load 15 A, H2 stoichiometry of 1.5 and 2".

3 .

 3 Figure.4.A.5. and Figure.4.A.6 shows the temperature distributions at different operating conditions and different current loads with stoichiometry 3, 4 and 5 for oxygen and 2 for hydrogen.

Figure. 4 .A. 5 .

 45 Figure.4.A.5. Temperatures are measured for various loads current 5A, 10A and 15A. "O2 stoichiometry ratios of 4; Current load 5, 10 and 15 A, H2 stoichiometry 2".

Figure. 4 .

 4 Figure.4.A.6. Temperatures are measured for various loads current 5A, 10A and 15A. "O2 stoichiometry ratios of 5; Current load 5, 10 and 15 A, H2 stoichiometry of 2".

Figure. 4 .

 4 Figure.4.A.7 shows the sensitive variation temperature in y axes and effect on the profile of voltaic cell. In this figure shows the temperature profile along the channel, from the cathode side of the PEMFC at different current loads of 5 A, 10 A and 15 A. based on these figures the temperature in the middle and inlet are lower than the temperature at the outlet. This can be explained by that the increase of the membrane hydration a and the oxygen rate at the outlet may increase the temperature of the inlet. It can be noted in these figures a sudden variation of the temperature (rapid decrease and increase) occurs at 5 th stoichiometry for the current of 5 A and 10 A. The possible reason for this rapid variation is the water injection outside the cell. Other notification in these figures at current 15A, the temperature at the inlet increases sharply and the temperature at the middle increases gradually. The possible reason it can be drying in the inlet of a single cell. Consequently, with increasing the temperature the cell voltage drops accordingly (as shown inFigure.4.A.8).

Figure. 4 .

 4 Figure.4.A.7. Local temperature distributions along the cell on the cathode side, Opeation condition : "O2 stoichiometry ratios of 3,4 and 5 Current load 5,10 and 15 A, H2 stoichiometry of 1.5".

Figure. 4 .

 4 Figure.4.A.8. Local temperature distributions along the cell on the cathode side, Opeation condition : "O2 stoichiometry ratios of 3,4 and 5 Current load 5,10 and 15 A, H2 stoichiometry of 2".

  can be a weighted summer and is denoted by  j in Figure.5A.1, on the output of which the net value equation.5A.1 is presented:

Figure

  Figure.5A.1. Basic static artificial neuron (ith neuron).

  by b i if function f i is plotted versus the so called 'net' input to the weight, which is mathematically the argument of the activation function, is the same of the weighted inputs and the bias. However, it is also possible to use a model with n inputs together with the bias. In this case

Figure.5A. 3 .

 3 Figure.5A.3. Multilayer feed forward neural network.

 1 .

 1 Where the elements are the activation functions of each of the k nodes, which have been assumed to be equal, f 11 , = f 12 = … = f 1k = f 1 , S 1 is the net vector , S 1 = [S 1 , S 2 , …, S k ] T which contains the net inputs S 1 , S 2 , …, S k to neurons 1, 2, …, K, Furthermore, W 1 is the weight matrix of the output layer, which due to the specified architecture must contain k rows and n columns: ij w is the weight from the destination (recipient) node j to source node i , where i = 1, 2, …, k; j = 1, 2, …, ,n and B 1 is the bias vector of the single layer, B 1 = [b 11 , b 12 , …, b 1k ]T

Figure.5A. 4 .

 4 Figure.5A.4. Schematic of a three-layer feed-forward ANN.
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  Frenchman Gustave Trouvé built the first electric vehicle in 1881. It was a tricycle powered by a 0.01 HP DC motor fed by lead acid battery. A vehicle likewise to this was built in 1883 by two British professors. Due to, the low power and speed they never became commercial. The first commercial electric vehicle was Morris and Salom's Electroboat. It could be used for three shifts of 4 h with 90-min recharging periods. It had a maximum speed of between 32 km/h and a 40-km autonomous with 1.5 HP motors. Remarkable technology in this decade was a regeneration braking energy that it was invented by Frenchman M.A. Darracq on his 1897 coupe. Furthermore, the first electrical vehicles had reached 100 km/h which was built by Frenchman Camille Jenatzy. With the advent of gasoline, automobiles, which provided more power and more flexibility the electric vehicles, started to drop out of sight. The last commercial electric vehicles were issued around 1905. During nearly 60 years, the only electric vehicles sold were common golf carts and delivery vehicles.

  . The F-City H2 (see Figure1.11) is the result of a partnership between the Michelin Research and Innovation Center, the French automotive producer FAM Automobiles, EVE Systems, FC LAB and the Institute Pierre Vernier. The fuel cell range extender has an energy capacity of 15 kWh and works in a power pack alongside a 2.4 kWh lithium ion battery. The Energy Pack is initially installed on the F-City H2 car designed by French automotive producer FAM automobiles. The F-City is an innovative solution for urban transport. The power modules are consisting of 4KW PAC, 1 KG hydrogen stored at 350 bars, lithium-ion battery(2.4 kWh). The fuel cell energy pack weighs 120 kg. Michelin's Energy Pack containing battery and fuel cell range extender offers a significantly improved performance over the original NiMH battery with overall energy density almost quadrupled. The range of the F-City H 2 is 150 km (93 miles).

Partners: French company FAM Automobiles and EVE System, Swiss Research unit Michelin, French research units Institute Pierre Vernier, FC-Lab/UTBM and a Swiss high school. In addition, Funded by Europe (FEDER) with French authorities and Swiss regional state The F-City H 2 vehicle, is presented in Figure.

1.11 [1.6]

.

Table . 1.1. A brief of contemporary fuel cell characteristics [1.11].

 . 

		PEFC		AFC		PAFC		MCFC		SOFC
	Electrolyte	Ion Exchange Membranes	Mobilized or Immobilized Potassium Hydroxide	Immobilized Liquid Phosphoric	Immobilized Carbonate Liquid Molten	Ceramic
	Operating Temperature	80°C		65°C -220°C	205°C		650°		600-1000°C
	Charge Carrier	H +		OH -		H +		CO3 =		O =
	External														
	Reformer for	Yes		Yes		Yes			No		No
	CH4 (below)														
	Prime Cell Components	Carbon-based	Carbon-based	Graphite-based	Stainless-based	Ceramic
	Catalyst	Platinum	Platinum	Platinum	Nickel		Perovskites
	Product Water Management	Evaporative	Evaporative	Evaporative	Gaseous Product		Gaseous Product
	Product Heat Management	Process Gas + Independent Cooling Medium	Process Gas + Electrolyte Circulation	Process Gas + Independent Cooling Medium	Internal Reforming + Process Gas	Internal Reforming + Process Gas
		Cell:	Cathode:	Anode:	Cell:	Cathode:	Anode:	Cell:	Cathode:	Anode:	Cell:	Cathode:	Anode:	Cell:	Cathode:	Anode:
	Electrochemical														
	Reactions														
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Table . 2.1. Effects of operating conditions on the PEMFC. Operating Parameter I

 . 

		N/A	Yes	Yes	Yes
	T	Yes	Yes	Yes	B,
		Yes	Yes	4	B,
		Yes	Yes, minor	5	B,
		N/A	Yes	6	B,
		N/A	Yes, minor	7	B,
		N/A	1	8	11
		N/A	2	9	12
		N/A	Yes (3)	10	13

Table . 2.3. Summary of failure modes in the PEMFC. Water management in PEMFC

 . 

		Cathode	Anode	
	Flooding	Drying	Flooding	Drying
	Water production	Water evaporation	low temperature and high condensation (	

low current) Water evaporation Electro osmosis Back-diffusion (Low current density) Back-diffusion (low current density) Electro osmosis Saturated Injection water

  In brief, we need to avoid membrane drying at anode side and flooding at cathode side

Effects of operation condition Humidity humidify inlet gas > 40% Flow rate Flow rate due to higher stoichiometry remove the flooding. low flow rate is low risk drying Temperature increasing temperature resolve the flooding problem in the cell Pressure water produced at cathode can be removed by high pressure Current decreasing current cause the reduction the flooding Degradation of FC in long term operation condition

  

	Corrosion	Contamination	Gas starving	Freezing	high temperature
	Cathode corrosion	Anode Contamination	Hydrogen starving	Start up from freezing	
	Anode corrosion	Contamination of the membrane	Oxygen starving		
	Corrosion of gas				
	diffusion layer				
	Corrosion the bipolate				

Table of contents of Chapter III 1. Introduction

  

.........................................................................................................................

Table . 3.1. Principal physical phenomena found in PEMFC.

 . 

  Table.3.2 and Table.3.3 indicates the obtained temperatures, voltage and current distributions. The considered conditions measurements are the following:

Table . 3.2.Temperature and voltage distributions Table.3.3.Current distributions calculated by the Newton Raphson method

 . 

Table . 3.4. Internal Impedance calibration according to physical failing.

 . 

	R1=0.132(ohm) R2=0.133(ohm) R3=0.134(ohm)
	R4=0.138(ohm) R5=0.135(ohm) R6=0.136(ohm)
	R7=0.14(ohm) R8=0.136(ohm) R9=0.135(ohm)

Table . 3.7. Calculation current density in cell one based on voltage and temperatures which are recorded experimentally

 . 

Table . 3.8. Calculation current density in cell two based on voltage and temperatures which are recorded experimentally

 . 

  Table.4.1 is shown the technical data of the MES PEMFC.

Table . 4.1. Description of the MES single cell.

 . 

Table . 4.2. Specification of cathode side. Cathode side : Ambient air Close to ambient pressure : 20-30mbar over pressure Stoichiometry: 3-4

 . 

Table . 4.3. Specification of anode side. Anode side : Dry hydrogen 4.5 standard dead-end mode ( a 0.5sec purge every 20 sec) 0.55 bar of over pressure

 . 

Table . 4.4. Type of MEA used.

 . 

	Typology	3 layer MEA
	Membrane thickness	18 [μm]
	Anode electrode Pt loading	0.1 [mg/cm^2]
	Anode electrode thickness	around 8 [μm]
	Cathode electrode Pt loading	0.4 [mg/cm^2]
	Cathode electrode thickness around	around 15 [μm]

Table . 4.5. Type of GDL used.

 . 

	Thickness	0.42 [mm]
	Density	125 [g/m^2]
	Air permeability	3 [ cm^3/cm^2*sec]
	Resistivity	<15 [mOhm*cm^2]
	PTFE loading	5%

Table . 4.6. Comparison 12 thermocouple measurements with reference thermocouple.

 . 

	Initial temperature	38 C	45 C	50 C	55 C	62 C
	1	37.32	44.16	49.28	54.05	61.2
	2	37.62	44.54	49.28	54.17	61.51
	3	37.6	44.61	49.37	54.34	61.51
	4	37.63	44.54	49.5	54.37	61.6
	5	37.18	44.47	49.17	54.24	61.51
	6	37.14	44.18	49.35	54.09	61.26
	7	37.3	44.47	49.26	54.2	61.22
	8	37.15	44.36	49.34	54.13	61.28
	9	37.54	44.42	49.43	54.31	61.41
	10	36.97	44.36	49.39	54.14	61.26
	11	37.48	44.44	49.15	54.14	61.12
	12	37.38	44.65	49.41	54.48	61.64
	Reference	37.65	44.8	50.46	55.04	62.54

Table . 4.7. Comparing means errors in different temperatures between 12 thermocouples one by one.

 . 

	Number	1(%)	2(%)	3(%)	4(%)	5(%)	6(%)	7(%)	8(%)	9(%) 10(%) 11(%) 12(%)
	1	0	0.47	0.62	0.58	0.14	0.08	0.3	0.2	0.52	0.81	0.32	0.59
	2	0.47	0	0.15	0.12	0.33	0.55	0.3	0.42	0.1	0.43	0.3	1.58
	3	0.62	0.15	0	2.62	0.48	0.7	0.32	0.42	0.06	0.43	0.26	0
	4	0.58	0.12	2.62	0	0.44	0.66	0.28	0.38	0.06	0.05	0.26	0.45
	5	0.14	0.33	0.48	0.44	0	0.22	0.16	0.06	0.38	0.05	0.19	0.45
	6	0.08	0.55	0.7	0.66	0.22	0	0.38	0.28	0.6	0.11	0.4	0.67
	7	0.3	0.17	0.32	0.28	0.16	0.38	0	0.1	0.22	0.11	0.02	0.29
	8	0.2	0.27	0.42	0.38	0.06	0.28	0.1	0.1	0.32	0.01	0.19	0.07
	9	0.52	0.05	0.1	0.06	0.38	0.6	0.22	0.32	0	0.33	0.19	0.07
	10	0.81	0.28	0.43	0.39	0.05	0.27	0.11	0.01	0.33	0	0.13	0.4
	11	0.32	0.14	0.3	0.26	0.19	0.4	0.02	0.12	0.19	0.13	0	0.26
	12	0.59	0.12	1.58	0	0.45	0.67	0.29	0.39	0.07	0.4	0.26	0

Table . 4.8. Basic operating conditions for voltage measurements.

 . 

	Description	Values
	Stoichiometry air	1.5
	Stoichiometry hydrogen	3
	Number of the cell	1-2
	Surface area	62 Cm 2
	T° max	65 °C

  of the current distributions between different current profile loads are shown in this table.

Table . 4.9. Distributions current density for different current profile in outlet, inlet and middle of cell.

 . 

				Newton Raphson
			Left	middle Right
	Load Current		Current Density Distributions	Load Current
		inlet	0.485	0.448	0.492
	5 (A)	middel 0.612	0.497	0.756	5
		outlet	0.61	0.617	0.482
		inlet	1.077	1.042	1.033
	10 (A)	middel 1.106	1.071	1.163	10
		outlet 1.177	1.275	1.056
		inlet	1.732	1.642	1.646
	15 (A)	middel 1.664	1.645	1.825	15
		outlet 1.807	1.324	1.715

Table . 4.10. Calculations of impedances in x, y and xy axis.

 . 

	5	x axis		y axis		xy axis	
	(A)	R11[Ω]	0.00133	R14[Ω]	0.00384	R15[Ω]	0.000223
		R23[Ω]	0.00151	R25[Ω]	0.00154	R24[Ω]	0.00514
		R45[Ω]	0.00360	R36[Ω]	0.00262	R26[Ω]	0.004125
		R56[Ω]	0.0025	R47[Ω]	8.46E-05	R35[Ω]	3.92E-05
		R78[Ω]	4.21E-05	R58[Ω]	0.00353	R48[Ω]	4.21E-05
		R89[Ω]	0.00394	R69[Ω]	0.00298	R57[Ω]	0.00351
						R59[Ω]	0.00039
						R68v	0.00097
		x axis		y axis		xy axis	
	10	R11[Ω]	0.00097	R14[Ω]	0.000485	R15[Ω]	0.00045
	(A)	R23[Ω]	0.000189	R25[Ω]	0.00051	R24[Ω]	0.001452
		R45[Ω]	0.00093	R36[Ω]	0.00243	R26[Ω]	0.00259
		R56[Ω]	0.00208	R47[Ω]	0.00127	R35[Ω]	0.00032
		R78[Ω]	0.001656	R58[Ω]	0.00383	R48[Ω]	0.0029
		R89[Ω]	0.00383	R69[Ω]	0.00206	R57[Ω]	0.00219
						R59[Ω]	2.77E-05
						R68[Ω]	0.00178
		x axis		y axis		xy axis	
	15	R11[Ω]	0.00161	R14[Ω]	0.00106	R15[Ω]	0.00158
	(A)	R23[Ω]	0.00050	R25[Ω]	3.22E-05	R24[Ω]	0.00055
		R45[Ω]	0.00051	R36[Ω]	0.00255	R26[Ω]	0.00303
		R56[Ω]	0.00300	R47[Ω]	0.00195	R35[Ω]	0.00047
		R78[Ω]	0.0020	R58[Ω]	0.00448	R48[Ω]	0.00398
		R89[Ω]	0.00316	R69[Ω]	0.00165	R57[Ω]	0.00246
						R59[Ω]	0.00135
						R68[Ω]	0.00151

  of the current distributions between different current profile loads are shown in this table.

		Cell one		Cell two		Between cell one -two	
		R14[Ω]	0.0015	R14[Ω]	5.0816e-4	R1211[Ω]	6.05e-4
		R47[Ω]	0.0017	R47[Ω]	2.029e-4	R1244[Ω]	2.4e-4
						R1277[Ω]	.0018
		Cell		Cell		Between cell	
		one		two		one -two	
	10(A)	R14[Ω]	0.0013	R14[Ω]	8.07e-4	R1211[Ω]	4.207e-4
		R47[Ω]	0.0015	R47[Ω]	3.686e-4	R1244[Ω]	9.559e-5
						R1277[Ω]	.002
		Cell		Cell		Between cell	
	15 (A)	one R14[Ω] R47[Ω]	0.0014 0.0014	two R14[Ω] R47[Ω]	.0017 7.4351e-4	one -two R1211[Ω] R1244[Ω]	6.04e-4 2.64e-4
						R1277[Ω]	

Table . 4.12. Technical characteristics of the PEMFC.

 . 

	Parameters	Values
	Number Of Cell, Ncell	40
	Stack Weight, mstack	2.2 (Kg)
	Stack Area	21317480 (mm)
	Anode volume	4500(mm 2 )
	Cathode volume	6800 (mm 2 )
	Membrane thickness, tm	18 (µm)
	Active area, A	61.48 (cm 2 )

Table . 4.14. Temperature and voltage obtained by experimental test Ballard Nexa stack.

 . 

Table . 4.15. Resistance calculations of the stack FC .

 . 

Table of contents of Chapter V 1. General Diagnosis Strategy of FCEV drive trains

  ............................................................

Table . 5.1. Global strategy of supervision and diagnosis on the power train in FCEV.

 . 

  Th harmonic of the output signal of PEMFC. This algorithm (Fast Fourier Transform) can be used for on-line failure detection. Because of computation time hundred times is faster than other algorithms. A fast Fourier transform (FFT) is an algorithm to compute the discrete Fourier transform (DFT) and it's inverse. Fourier analysis converts time (or space) to frequency and vice versa; an FFT rapidly computes such transformations by factorizing the DFT matrix into a product of sparse (mostly zero) factors. In other words, Fast Fourier Transform. The FFT is a faster version of the Discrete Fourier Transform (DFT) what is the DFT?

Table . 5.2. Classification fault and normal mode in Fuel cell.

 . 

Table . 5.3. Classification flooding and drying.

 . 

Table . 5.6. Local Current density distributions in different nodes based on various faults of 5 current profiles.

 . 

Table . 5.7. Local Current density distributions in different nodes based on various faults of 10 current profile.

 . 

Table . 5.8. Local Current density distributions in different nodes based on various faults of 15 current profiles. Chapter V: Diagnosis of PEMFC within FCEV powertrain

 . 

Page | 176 

Figure.3.5. Transverse view (x, y axis) of the anode side with 9 nodes and 20 different resistances.

Eq3.[START_REF] Maggio | Modeling polymer electrolyte fuel cells: an innovative approach[END_REF] 

Figure.3.13. Perspective view of the 3D proposed model for PEMFC stack

Figure.3.14. Top view of the 3D proposed model for PEMFC stack

Table.4.11. Resistance calculations of the two cell. 5 (A)
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The next step of this work is to develop a diagnosis algorithm based on the developed ANN model and the general context of the FCEV drivetrain supervision, diagnosis but also the management of the degraded modes. The modeling process has to be continued to enhance the knowledge on different technologies of PEMFCs and the accuracy of the 3D models. This can be achieved through investigating more the modeling for single and stack fuel cell notably to do calibrations in faulty operating conditions. The aim is to propose diagnosis and control strategies in both healthy and degraded modes to improve the lifetime of the FC system and the reliability of the FCEVs drivetrains.

However, all current densities do not collected to current collector layers. Some currents are passed in X, Y direction of the cell (Z direction in stack) as shown in Table.3.6. These lost are simulated by connection resistors different directions. The amount of the latter's can be computed by the derivation of the voltage in two adjacent nodes divided by the average value of the current densities of these nodes. For example the connection resistors in cross section (X, Y) can be calculated by formulation bellow:

Where:

V 1 , V 2 , V 4 and V 5 : Nodes voltages which are recorded experimentally.

x 1 , x 2 , x 4 and x 5 : Nodes current densities which are calculated by the Newton Raphson.

Chapter IV Experimental Validation of the 3D Model in Healthy Mode

Nexa stack set-up

At this stage of research work a second validation set up has been carried out. The used FC is the commercial BALLARD Nexa Stack fuel cell rated at 1.2 KW with 47 cells. A compressor (blower) is installed to feed The Nexa stack by pure hydrogen and a low-pressure compressed air. The anode channels operate at the "dead end" mode. As for the Nexa stacks, the hydrogen at the anode inlet is not humidified. The entire stack is cooled with a forced air flux in the cooling channels. Table.4.13 summarizes the main configurations and operating conditions of the Nexa stack fuel cell [4.3]. 

Measuring equipment

During the experimental test, the Nexa stack's integrated control board takes most of the data measurements. These measurements include the air temperature at the inlet; stack current, stack output voltage and so on. However, the Nexa stack's control board does not measure the temperature and voltage of the individual cells. In order to get this information, some complementary instruments were added (as shown in.