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Abstract


An increasing share of fluctuating energy sources are being introduced in the
 Danish electricity grid. This is a result of a pursuit of greener energy sys-
 tem, where renewable energy sources produce the electricity. However, this
 introduces new problems related to balancing the supply and demand, at all
 times. In Denmark, this problem has so far been addressed by building new
 high voltage electricity transmission lines to surrounding countries, but with an
 increasing amount of renewable energy this solution is not feasible in long term.


One possible solution could be to introduce electricity storage solutions, that
 can store the energy from surplus capacity periods and use it in low capacity pe-
 riods. One way of storing electricity is to produce hydrogen using electrolyzers
 and utilize it in fuel cells to produce electricity whenever electricity is needed.


For fuel cells to become ready for large scale commercialization, prices need
 to come down and the durability needs to be improved. One method to improve
 durability and availability is by designing fault detection and isolation (FDI)
 algorithms, which can commence mitigation strategies for preventing down time
 and to ensure smooth fuel cell operation with minimal degradation.


In this dissertation, FDI algorithms for detecting five common faults in high
 temperature proton exchange membrane fuel cells are investigated. The five
 faults investigated are related to anode and cathode gas supply. For the an-
 ode, the considered faults are carbon monoxide (CO) contamination, methanol
 vapor contamination and hydrogen starvation. For the cathode, oxidant star-
 vation and too high flow of oxidant are considered.


The FDI algorithms are based on a data-driven impedance approach, where
 databases containing data from healthy and non-healthy operations are con-
 structed. The fault detection and isolation process has been divided in to three
 steps: characterization, feature extracting and change detecting & isolation.


For characterization of the fuel cell impedance, two techniques are consid-
 ered, electrochemical impedance spectroscopy (EIS) and current pulse injection
 (CPI).


In the CPI method, small current pulses are added to the DC fuel cell
current, and based on the corresponding voltage, the parameters of a simple



(10)of this method is that it can be implemented simply, using a transistor and a
 resistor, and although the estimated EEC model is more simple, it might be
 useful for some FDI applications.


When using the EIS method for fuel cell impedance characterization, a
 small sinusoidal current is superimposed on the DC current, and based on the
 corresponding phase shift and amplitude difference, the impedance can be es-
 timated. Based on the fuel cell impedance, two feature extraction methods are
 analyzed in this dissertation. First, fitting an EEC model to the impedance
 spectrum and utilizing the EEC model parameters as features. Second, ex-
 tracting internal relationships of the impedance spectrum, such as angles and
 magnitudes as features. Knowing the behavior of the features in healthy and
 non-healthy operation, algorithms are designed for FDI.


For change detection and isolation of the faults, two methods are considered
 in this dissertation. Firstly, based on an extracted feature, a squared error is
 calculated and compared to a threshold. Based on this a general likelihood ratio
 test is designed for detecting an increased level of CO in the anode gas, for a
 change in the value of a resistor in the EEC model. The algorithm demonstrated
 the ability to detect CO contamination with very low probability of false alarm.


As a second method, an artificial neural network classifier is trained based
on a database containing healthy and non-healthy data. This approach is
demonstrated in this dissertation, resulting in a global accuracy of 94.6 %, and
the algorithm is reported to yield a good detectability for four of the five faults
investigated, with the exception of methanol vapor contamination in the anode
gas, where it showed difficulties distinguishing between healthy operation and
the faulty operation, for the investigated methanol vapour concentration.
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Resumé


En stigende andel af fluktuerende energikilder bliver implementeret i det danske
 elektricitetsnet. Dette er som resultat af et mål om en grønnere elektricitets
 produktion, hvor vedvarende energikilder spiller en større rolle. Dette intro-
 ducerer nye problemer, hvor et af dem er at balancere elektricitetsnettet, så
 udbud og efterspørgsel hele tiden er i balance. I Danmark, er det hidtil løst
 ved at bygge højspændingstransmissionslinjer til nabolande, men med en sti-
 gende andel af produktion fra vedvarende energikilder, forbliver denne løsning
 ikke holdbar. En mulig løsning kan være at introducere energilagering, der kan
 lagere energien fra højproduktionsperioder, til senere tidspunkter hvor produk-
 tionen fra vedvarende energikilder er lav. Dette kan implementeres ved at
 producere brint ved elektrolyse, når det er nødvendigt, og brinten kan derved
 bruges i brændselsceller til at producere elektricitet.


For at brændselsceller kan blive klar til kommercialiseringen i stor skala,
 er det nødvendigt, at prisen sænkes og at levetiden øges. En måde at øge
 levetiden og forsyningssikkerheden er ved at designe fejldetektions og isolerings
 (FDI) algoritmer, som kan iværksætte forebyggende strategier, der forebygger
 nedetid og sikre et minimum af brændselscelledegradering.


Denne afhandling omhandler FDI algoritmer af høj temperatur PEM brænd-
 selsceller, som skal detektere fem typiske fejl. De fem typiske fejl som bliver
 undersøgt, er relateret til anode og katode gasforsyningen. For fejlene der
 er relateret til anode gasforsyningen, undersøges karbonoxid (CO) forgiftning,
 metanoldamp forgiftning og brintmangel. For fejlene der er relateret til katode
 gasforsyningen, undersøges iltmangel og iltoverskud.


De FDI algoritmer der undersøges, er baseret på den empirisk bestemte
 brændselscelleimpedans. FDI algoritmerne er designet ud fra databaser, der
 er sammensat af data fra normal og fejlbaseret drift. FDI processen er opdelt
 i tre trin: karakterisering, feature udvinding samt forandringsdetektering og
 -isolering.


For at udføre karakteriseringen af brændselscelleimpedansen, anvendes to
forskellige metoder: elektrokemisk impedans spektroskopi (EIS) samt strøm-
puls injektion (CPI).



(12)ing, kan parametre i en simpel ækvivalent elektrisk kredsløbs (EEC) model es-
 timeres. EEC model parametrene kan bruges som features til fejldetektering.


Fordelen ved denne metode er, at den nemt kan implementeres med en tran-
 sistor og en modstand, og selvom EEC modellen er simpel, kan den muligvis
 bruges til nogle FDI applikationer.


Ved anvendelse af EIS metoden til at karakterisere brændselscelleimpedan-
 sen, overlejres DC brændselscelle strømmen med en sinusformet AC strøm.


Baseret på den tilsvarende faseforskydelse af spændingen og amplitude forholdet,
 kan impedansen estimeres. Baseret på impedancen af brændselscellen kan to
 metoder anvendes til at beregne features. Ved den ene metode tilpasses en
 EEC model til impedansspektret, og værdierne fra EEC modelen kan anvendes
 som features. Ved den anden metode udregnes features baseret på det interne
 forhold for spektret, såsom vinkler og modulus. Med viden om opførslen af
 disse features for normal og fejlbaseret drift kan FDI algoritmer designes.


For detektering af fejl på brændselsceller, er to metoder taget anvendt i
denne afhandling. Den ene metode er baseret på at udregne kvadratet af
afvigelse mellem den karakteriserede feature og den forventede feature. Vær-
dien sammenlignes med en grænsetærskel, hvorved normal- eller fejldrift be-
stemmes. Denne metode er demonstreret med en GLR-test for en EEC model
modstandsværdi, som kan detektere et øget niveau af CO forgiftning i anode-
gassen. Det er vist at algoritmen kan detektere CO forgiftning med en lav
sandsynlighed for falsk alarm. Den anden metode, er baseret på en udvælgelse
via et kunstigt neuralt netværk, som er trænet baseret på en database som
indeholder normal og fejlbaseret driftsdata. I afhandlingen demonstreres det,
at metoden resulterer i en 94.6 % samlet præcision, og derudover er problemer
med adskillelse mellem normal drift og fejlstadiet med metanol.
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Chapter 1



Introduction


In recent decades, there has been an increasing focus by researchers and the
 public on the effects of the emissions from energy production from fossil fuels,
 which have dramatically increased, since the first industrial revolution [1]. The
 emission types of focus, is mainly CO2 and particle matter. In recent years,
 many politicians have finally changed their interpretation what is caused by
 man-made, and what is due to changes natural cycles, and opened their eyes
 for the consequences of this topic [2, 3].


The consequence of the increased emissions of CO2are by the Intergovern-
 mental Panel on Climate Change (IPCC) [1] linked to climate change and global
 warming. By monitoring the global temperature a clear indication on global
 warming is seen for the last decades, where 2015 and 2016 had the warmest
 recorded earth surface temperatures, since modern surface temperature records
 began in 1880 [4, 5].


Climate change has severe effects on human health, such as the spread
 of disease, reduced access to drinking water, air pollution etc., which is also
 confirmed by the World Health Organization (WHO) estimates that approx.


150,000 lives have been claimed annually by climate change [6]. In addition
 to costing lives climate change also causes more extreme weather conditions,
 and according to estimates by the European Environment Agency, the cost of
 weather extremes due to climate change, was e 33 billion (in 2015 value) in
 the period 1980-2015, and varying from annual e7.5 billion in 1980-1989 to
 annuale13.3 billion in the period 2010-2015 [7].


Another consequence of the energy production from fossil fuels, is emissions
and formation of particle matter (PM10 and PM2.5). Besides creating visual
smog conditions in larger cities all over the world, such as Beijing, Moscow,
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Figure 1.1: Forcast for the worlds energy consumption in Peta joule. Devised by the U.S.


Energy Information Administration [18].


Los Angeles, London, Paris and Naples, the particle matter also constitutes a
 health risk such as premature death, increasing risk for heart or lung disease,
 etc. [8–12]. Particle matter also contributes to environmental damages, such
 as depleting the nutrients in soil, making lakes acidic, damaging farm crops,
 etc. [13–15].


In a study by WHO, it was estimated that globally in 2012, 3 million pre-
 mature deaths were due to air pollution world wide [16]. A different study by
 the Health Effects Institute 1 found that 366.000 premature deaths in China
 were due to air pollution, in 2013 alone [17].


If the global society continues down this lane, producing the majority of en-
 ergy from fossil fuels, the above problems are only going to grow. In a study by
 the U.S. Energy Information Agency (EIA) [18], the global energy consumption
 will increase dramatically with a growing middleclass in developing countries.


In Figure 1.1 a prognosis of the worlds energy consumption, in the coming
 years toward 2040 will increase by 48 % with respect to 2012 values, provided
 no change in politics and business as usual [18].


Globally most countries are committed to implement changes. As an exam-
 ple, China have committed to spend $ 360 billion on renewable energy before


1Receives funding from the U.S. Environmental Protection Agency and U.S. based motor
vehicle industry.
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2020, and to supply 15 % of their total energy consumption by renewable energy
 by the year 2020 [19, 20].


In Denmark, the Danish government in 2012 approved the official Danish
 targets of being fossil free by 2050. A wide range of investments will accomplish
 this, by improving energy efficiency and installing renewable energy systems.


The intermediate goal is to have more than 35 % renewable energy share of
 total energy consumption by 2020, and to supply approximately 50 % of the
 electricity from wind turbines, 7.6 % reduction in net energy consumption and
 to reduce greenhouse gas emisions by 34 % compared to 1990 [21, 22]. The
 latest prognosis for 2020 from the Danish Department of Energy, Distribu-
 tion, and Climate, reports that the 2020 goals for the electricity sector will be
 accomplished, and that wind share in the grid will be 53-59 % [23].


To reach these goals, a broad variety of solutions, such as wind and solar is
 needed. As a result electricity, will play a larger role in 2050.



1.1 An electrochemical part of the solution


Most renewable energy sources fluctuate, “as the wind blows and the sunshines”


so to say. In the Danish energy system, the aim is that more than 50 %
 electricity should be supplied by wind turbines, on average in 2020. This results
 in periods with more than 100 % supplied from wind turbines, and periods with
 negligible supply from wind turbines. In some periods, this becomes a problem
 since the grid needs to be balanced and the Danish electricity consumers also
 need electricity when wind production is low [23].


In production periods with more than 100 % electricity supply from wind
 turbines, this problem has been solved by exporting electricity to the surround-
 ing countries. This is made possible through several established high power
 transmission lines, through which surrounding countries can purchase electric-
 ity when Denmark produces more than needed, or sell when Denmark is in
 need. [24]


This solution is only feasible when the surrounding countries can purchase,
 however the surrounding countries do also invest in wind power, and therefore
 have surplus wind power production, in the same hours as Denmark [25]. With
 an increasing installment of wind power in Denmark, and surrounding coun-
 tries a more flexible demand and supply is needed. A flexible demand could
 be achieved by implementing storage solutions for balancing between energy
 supply and demand [26].


This storage solution could be achieved by producing hydrogen using elec-



(20)trolyzers, and thereby storing the energy as hydrogen. When grid electricity
 is in shortage, the hydrogen can be used in fuel cells to generate electricity to
 balance the electrical grid. Alternatively, the hydrogen could be used in the
 transport sector for fuel cell electric cars, in micro combined heat and power
 plants in households, or be used as a building block in the production of syn-
 thetic fuels such as methanol [27–29].



1.1.1 Fuel cells


A fuel cell is an electrochemical device, that converts potential chemical energy
 to electricity. The principle was first described by Grove [30], in 1843, as a gas
 battery, and has the advantage compared to batteries, that it continuously can
 produce electricity, as long as it is supplied with fuel and oxidant.


The most common type of fuel cell is the proton exchange membrane (PEM)
 fuel cell, which uses hydrogen as fuel and oxygen as oxidant, and produces
 electricity, heat and water. A PEM fuel cell consists of two electrodes, the
 anode and cathode. In between the anode and cathode, a PEM is located,
 which only conducts protons. The working principle of a PEM fuel cell is
 illustrated in Figure 1.2. On the anode side of the PEM, hydrogen is distributed
 through a gas diffusion layer (GDL) and undergoes the reaction as shown in
 Equation 1.1. Protons (H+) move through the PEM to the cathode and the
 electrons move as electricity through an external load. On the cathode side, an
 oxygen molecule reacts with four electrons and four protons, and form water, as
 shown in Equation 1.2. Normally, the cathode side is supplied by atmospheric
 air, where of approx. 21 % is oxygen.


Anode: 2H2→4H++4e− (1.1)


Cathode: O2+4e−+4H+ →2H2O (1.2)


The two GDLs, two catalyst layers and the PEM are collectively named a
 membrane electrode assembly (MEA). The MEA is compressed between flow
 plates, which distributes the hydrogen and the oxygen. One fuel cell MEA has
 an operation voltage in the range 0.5 V to 0.8 V, which is too low for most
 applications. Therefore, the MEAs are stacked together for achieving a higher
 voltage.


There are two types of PEM fuel cells, a low temperature PEM (LTPEM)
fuel cell and a high temperature PEM (HTPEM) fuel cell. The most common
fuel cell type, is the low temperature PEM fuel cell, which uses Nafion as
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Figure 1.2: Working principle of a PEM fuel cell. Based on illustration from [31].


membrane material, which is operated at temperatures below 100◦C. The other
 type of PEM fuel cell, is the HTPEM, which uses polybenzimidazole (PBI)
 doped with phosphoric acid, as membrane material. HTPEM fuel cells operate
 between 130-220 ◦C [32, 33]. LTPEM fuel cells require high hydrogen purity
 of more than 99.9 % [34]. HTPEM fuel cells can tolerate a higher share of
 impurities in the anode gas, compared to LTPEM fuel cells, and as an example
 up to 3 % CO at 160 ◦C is reported in the literature [35, 36]. This is mainly
 due to lower CO adsorption rates at higher temperatures, and electro-oxidation
 of some CO into CO2 at higher temperature. In addition, since HTPEM is
 operated at above 100 ◦C, problems with flooding never occurs, and water
 management are thereby more simple. Furthermore, the waste heat quality of
 a HTPEM fuel cell is higher compared to LTPEM fuel cells.


The disadvantage of HTPEM fuel cells, are that start-up time is longer,
 efficiency is lower and the lifetime is shorter compared to LTPEM fuel cells [33,
 37]. This is also natural since HTPEM fuel cells have been under development
 for a shorter period, and the gap between them is closing.


Since HTPEM fuel cells can be operated with a higher share of impurities
in the anode gas, they can be deployed together with a reformer and run on
reformate gas, without a gas purification system.
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1.1.2 Reformed methanol fuel cell systems


In most fuel cell applications the cathode oxygen is supplied by a fan using
 the surrounding atmospheric air. The anode gas is most often supplied from a
 high pressure hydrogen vessel, using a pressure from 20 – 70 MPa. This stor-
 age method requires a very carefully designed hydrogen vessel and the energy
 density is lower compared to gasoline. Other applications store the hydrogen
 in liquid form (-253◦C), or using metal hydrides [38]. However, these methods
 are expensive and heavy.


Alternatively, hydrogen can be stored in liquid form at room temperature,
 as a alchohols such as methanol (CH3OH) or ethanol (CH4OH). The advantage
 is higher energy density compared to compressed hydrogen and more ease of
 transportation and storage. For fitting in the fossil free synergy described in
 the beginning of chapter 1, the fuel must be produced based on electricity from
 renewable sources and CO2 [39].


One promising fuel is methanol, which can be used directly in direct methanol
 fuel cells (DMFC). Alternatively, methanol can be converted into a hydrogen
 rich gas through methanol steam reforming [40], which can be used in hydro-
 gen PEM fuel cells. Instead of methanol, ethanol could also be used in a steam
 reformer, however this requires higher reforming temperatures.


The Danish chemist J. A. Christiansen described methanol steam reforming
 in a study from 1921, conducted at University of Copenhagen, where he discov-
 ered that by running a water and methanol mix across a reduced copper surface
 at 250◦C, it would convert to a gas containing hydrogen and CO2[41–43].


The methanol steam reforming reaction can be seen in Equation 1.3:


CH3OH+H2O→3H2+CO2 ∆H0= +49.4h


kJ
 mol


i


(1.3)
 If oxygen is available, an exothermic reaction between methanol and oxygen
 can occur as a partial oxidation as shown in Equation 1.4. The reaction occurs
 in the temperature range 180 – 300 ◦C.


CH3OH+12O2→2H2+CO2 ∆H0=−192.2h


kJ
 mol


i (1.4)


In a likewise temperature range a decomposition of methanol also occurs as
 shown in reaction scheme 1.5, which outputs two parts hydrogen and one part
 CO.


CH3OH→2H2+CO ∆H0=198hmolkJi (1.5)
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Figure 1.3: A simplified schematic diagram illustrating the principle of a reformed methanol
 fuel cell system [44]. Blue lines display syngas, red lines air, green lines methanol and water
 fuel mix and the brown lines display movement of warm gases.


Parts of the CO produced by methanol decomposition are removed by a
 water gas shift reaction:


CO+H2O→H2+CO2 ∆H0=−41.1hmolkJi (1.6)
 Designing the reformer with a good trade-off between steam reforming and
 partial oxidation, the reforming reactions can be self-sustaining, without any
 external heat supply. The water gas shift reaction can be controlled by ad-
 justing the temperatures, and thereby the concentration of CO in the output
 gas.


A reformed methanol fuel cell (RMFC) system could be composed as shown
 in Figure 1.3, which is the working principle of a commercially available RMFC
 system [44]. The RMFC system in this configuration was first suggested by
 Kurpit [45], in 1975. The RMFC system configuration as shown in Figure 1.3,
 utilizes the anode exhaust gas in a burner. The burner is thermally connected
 with the reformer and fuel evaporator, and thereby provides necessary heating
 for the system process.


The reformer output gas flow therefore needs to be controlled in such a
 manner that it never brings the fuel cell in hydrogen starvation, and must
 never create temperature spikes in the burner. Control of the reformer output
 gas flow, is a process linked with large time delays, and that is why the control
 of a RMFC system is an interesting task for control engineers.


A RMFC system in the configuration shown in Figure 1.3, is not able to
start-up, but need an external source of heating, such as electric heaters. In
some configurations the external heat source is a combination of electric heaters
in the burner and the methanol/water fuel being feed into the burner.



(24)In the RMFC system configuration as shown in Figure 1.3, the reformer
 output gas is connected directly to the anode input on the fuel cell, without
 any gas purification system. The fuel cell therefore needs to be robust toward
 impurities such as CO and methanol vapor. As mentioned in the end of sec-
 tion 1.1.1, HTPEM fuel cells can operate with a higher share of impurities
 compared to LTPEM, and they are well-suited for this type of application.


Faults on RMFC systems


One of the advantages of RMFC systems, such as the concept illustrated in
 Figure 1.3, is a potentially higher reliability and availability compared to its
 internal combustion engine counterpart. However, the reliability and availabil-
 ity of RMFC systems can be jeopardized by several faults occurring on sensors,
 actuators or on the control system.


The Department of Energy (US) has in their program, set a target for
 the lifetime of fuel cell applications, which needs to be fulfilled for fuel cell
 systems’ commercial competitiveness, compared to other available electricity
 generators. This target has been the global target for fuel cells systems, and
 demands 40,000 h for stationary and 5,000 h for automotive, before degrading
 to 80 % of rated power [46]. For this reason it is desirable to detect and isolate
 faults on fuel cell systems, in order to commence a mitigation strategy.


Any fault on the RMFC system, will result in a fault on the most expensive
 component; the fuel cell stack. A fault on the fuel cell stack will easily lead
 to an increased degradation which would yield a decreased lifetime of the fuel
 cell. The different faults lead to different degradation mechanisms, which leads
 to a degraded fuel cell. Most degradation mechanisms lead to a decrease in
 electrochemical surface area, while some leads to membrane degradation or
 loss of carbon support. The loss of electrochemical surface area is related to
 a reduction on platinum catalyst or adsorption of impurities on the catalyst
 sites. The membrane degradation is a result of e.g. leaching of phosphoric
 acid or membrane tinning and pin hole formation, because of hotspots. The
 loss of carbon support, can also lead to membrane tinning, but are most often
 related to change in the gas diffusion layer or the carbon support in the catalyst
 layer [47, 48].


The input and output of the fuel cell stack is the anode and cathode gases,
and the coolant. In this dissertation, the considered faults, will be limited to
faults occurring based on abnormalities in anode and cathode gases, and can
be summarized as five different faults (φ1-φ5).
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Faults related to the air delivery system, can be divided into two cases:


φ1 A decrease in cathode stoichiometry (λAir). The occasion could be a
 faulty fan/compressor, or a gas channel blockade or reduction. Alter-
 natively, the system could be deployed at high altitude, without control
 adjustments.


φ2 An increase in cathode stoichiometry (λAir). The occasion could be a
 change in fan/compressor characteristics or a software error.


Faults related to the anode gas delivery system, can be divided into three cases:


φ3 An increase of carbon monoxide in the anode gas. The occasion could be
 a change in the temperature profile of the reformer, or a degradation on
 the reformer catalyst.


φ4 An increase of methanol vapor in the anode gas. The occasion could be
 a change in the temperature profile of the reformer, or a degradation on
 the reformer catalyst. Alternatively, it could be due to more methanol
 delivered by the methanol pump than expected or a fault on the methanol
 evaporation system.


φ5 A decrease in the anode stoichiometry (λH2). The occasion could be a
 decrease in methanol delivered by the methanol pump or due to a degra-
 dation on the reformer catalyst. Alternatively, a gas channel blockade or
 reduction.



1.2 Project objective


The primary objective of this PhD study is to advance the fundamental knowl-
 edge about fault detection and isolation on HTPEM fuel cell stacks, which are
 deployed in RMFC systems. The faults considered is limited to faults related
 to anode and cathode supplies.


It is a requirement specified prior the project, that the fault detection and
isolation algorithms must not rely on additional sensors, and only depend on
available measured signals.
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Chapter 2



Diagnostics of Fuel Cells


To extend the life time of fuel cells, effort must be put into research improv-
 ing MEA materials, design of bipolar flow plates and optimal control of the
 fuel cell operation. In addition to this, proper fault detection and isolation
 (FDI) algorithms must be designed, to prevent them from causing an increased
 degradation of the fuel cell.


In the final construction, the diagnostic algorithm will be a part of a health
 management system, which has the purpose of maintaining the fuel cell oper-
 ation in a reliable way to extend the lifetime [49].


For FDI algorithms to be successful, they must be able to function in-situ
 in a non-intrusive manner. Furthermore, it is desired that the algorithm can
 function without any additional sensors, and must therefore rely on fuel cell
 voltage, current and temperature, as measured signals. This requirement is
 desired for reducing the cost of the fuel cell system, reducing the complexity
 and most importantly for increasing the reliability.


This chapter aims at describing the state of the art within the research
 areas of FDI of fuel cells.


Most available fault detection (FD) algorithms for fuel cells function as
 shown in Figure 2.1. The characterization is based on direct measurements,
 conducted on the fuel cell system or a specific characterization technique such as
 e.g. estimating the fuel cell impedance, the total harmonic distortion or the like.


The feature extraction could be based on e.g.: calculating a residual between
a model and the measured signal, estimating a model parameter, calculating
a maximum phase for the impedance spectra or the like. The selected feature
is then used for determining whether the fuel cell is in normal operation, and
could be based on e.g. comparing to a threshold, a machine learning approach
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Figure 2.1: "Flow chart of most available methods for fuel cell fault detection." Paper B


or the like.


In general FD of fuel cells can be accomplished quite straight forward by
 monitoring the fuel cell voltage. An example of this is given in Figure 2.2,
 where in the left column ((a),(c),(e)) a high CO in the anode gas fault (0.5


% to 2.5 %), is analyzed and in the right column ((b),(d),(f)) the occurrence
 of a low cathode stoichiometry (λAir = 4 toλAir = 1.5) fault is analyzed. In
 both columns, the fault occurs at 150 s (marked by a vertical black line in the
 two top plots in Figure 2.2). The voltage data illustrated in the top row of
 Figure 2.2, is collected in the initial phase of experiments for Paper D.


For illustrating how fault detection can be performed using the voltage as
 characterization method, two feature extraction methods are used for detecting
 the two faults above. In Figure 2.2.c and 2.2.d, the squared error of the above
 voltage signal is illustrated. The squared error is calculated as the square of the
 residual between the expected value of the voltage and the actual voltage. It is
 clearly seen that the voltage drops when the fault is introduced. The squared
 error can then be compared to a threshold (horizontal dashed line in Figure 2.2.c
 and 2.2.d) for determining if the fuel cell is in non-healthy operation.


In Figure 2.2.e and 2.2.f, the standard deviation of the voltage signal is
 shown. The standard deviation is calculated based on a moving window of
 length 10. It is clearly seen that the standard deviation of the voltage signal
 increases when the two faults are introduced. The standard deviation can again
 be compared to a threshold, for determining if the fuel cell is in non-healthy
 operation.


These two simple methods can be used for fault detection of a fuel cell,
 alternatively the voltage variance or voltage gradient could be used in a similar
 way. The advantages of these methods are that they are easy to implement,
 are low in computational cost and can be performed at a low sampling rate of
 the voltage. Even though the methods above are suitable for fault detection
 of fuel cells, it is questionable whether the methods can be used for full fault
 identification, meaning determining what kind of fault, the amplitude and the
 location of the fault.


One evident method for isolating the faults that occur on a fuel cell system,
is installing additional sensors for monitoring extra states of the system. It
could be obvious to install e.g. flow meters, advanced humidity sensors, gas
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Figure 2.2: (a)Fuel cell voltage during a high CO in the anode gas fault. (b)Fuel cell
 voltage at the occurrence of a low cathode stoichiometry (λAir) fault. Both faults occurs at
 150 s. (c)and(d)The squared error of the above signal. (e)and (f)Standard deviation
 of the voltage signal above (moving window of size 10). The data is collected in the initial
 phase of experiments for Paper D.


analyzers, however, this would increase the cost of the fuel cell system and
 reduce the power density of the system. Therefore, if additional sensors are
 to be installed, it is important that they are at low cost and size. Several
 studies have addressed this approach such as in the work by Lee and Lee [50],
 a metallic micro sensor was described for the detection and isolation of anode
 and cathode starvation. In a similar manner, Lee et al. [51] installed micro-
 electro-mechanical sensor, for estimating the flow, temperature and voltage,
 inside a HTPEM fuel cell. Alternatively, many studies have investigated small
 differential pressure sensors, for detecting a flooding state of LTPEM fuel cells
 [52–54], or other types of sensors for detecting flooding and drying of LTPEM
 fuel cells, such as hot wires [55, 56] or acoustic emission sensors [57]. But,
 as mentioned earlier in this section, adding additional sensors is not desired.


Therefore, different methods needs to be addressed for fault detection and
isolation for fuel cells, which will be addressed in the following section.
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2.1 State of the Art on Fuel Cell FDI


Even though FD on fuel cells are straight forward, isolating what fault occurred
 is more challenging. This is why, many fuel cell researchers focus on experi-
 mental characterization and mathematical modeling and fault diagnostics of
 fuel cells, for accomplishing FDI of fuel cells. Activities on online diagnosis of
 fuel cells started in the early 2000s [52, 58, 59], and are now spread-out around
 the world. The studies done on fault detection and isolation often focus on
 low temperature PEM fuel cells, and are often related to water management
 problems [60, 61]. The studies done within HTPEM fuel cells are limited, and
 the literature study in section 2.1.1 and 2.1.2 will therefore include studies on
 all types of fuel cells, where the two sections will focus on model based and
 non-model based methods, respectively. Section 2.1.3 will focus on state of the
 art of diagnostics of HTPEM.



2.1.1 Model based


Model based FDI of fuel cells can be divided into three categories; white box,
 gray box and black box based models, as shown in Figure 2.3. These three
 categories, can then be divided into different subcategories.


White box model based FDI approaches often rely on a set of non-linear first
principle algebraic and differential equations, which mathematically describe
the behavior of fuel cells. For fuel cells, this yields a multiscale, multidimen-
sional and multiphysical model, with a wide span of time constants. The time
scales vary from micro second range of electrical power and electrochemical
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reactions, to temperature changes of minutes.


For diagnostic purposes, the white box model is simulated online with the
 same inputs as the physical system, and the model output is used for calculating
 a residual between the model and output of the physical system. There are a
 few studies in the literature pursuing this direction, as in Escobet et al. [63],
 where a relative fault sensitivity method is used for detecting faults on auxiliary
 components of a LTPEM fuel cell system. In the studies by Rosich et al. [64, 65]


and Yang et al. [66, 67], a structural model approach was presented for FDI on
 auxiliary components of a LTPEM fuel cell system. In the work by Polverino
 et al. [68], a white box model based on first principles was used for calculating
 residuals for binary decision, isolating the faults using a fault signature matrix.


Simulating a complex white box model is in many cases too computationally
 intensive for online use, and are therefore, not suitable for online FDI of fuel
 cell systems. A similar approach is attempted in Polverino et al. [69], using
 static scalar values for describing the nominal operation conditions and without
 a model of the fuel cell. For this reason, the presented algorithm will not
 function, under the influence of degradation.


Gray box models are in general built on first principle equations but are
 supported with prior knowledge or are heavily simplified. Often, gray box
 models are based on a set of linear equations, which e.g. can be put on a
 state space form, and used in cooperation with an observer. In the study by
 De Lira et al. [70, 71] a Luenberger observer is designed based on a linear
 parameter varying dynamic model, which is able to detect four typical sensor
 fault scenarios, and utilizes an adaptive threshold for robustness of the proposed
 algorithm. For FDI on the actual fuel cells, this approach is only useful if a
 dynamic linear model is available in the literature, which is not the case for
 any type of fuel cell. Fuel cell models build on first principle equations are
 often very complicated on a microscopic scale, and not suited for linearization.


Alternatively, the models that are simple and fast executable are empirical data
 driven and far away from physical relations.


Another gray box model FDI approach is parameter estimation, which can
 be performed on a low cost micro controller during the operation of the fuel
 cell. The estimated parameter, which is related to a specific behavior of the
 fuel cell can then be compared to the normal value. If the value differs from
 the normal value and it can be linked to a specific fault, the fault can thereby
 be isolated.


A well described powerful method for characterization of fuel cells is elec-
trochemical impedance spectroscopy (EIS) [72–75]. The method empirically
determines the impedance for a given range of frequencies, and yields an instant
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A common approach for quantifying the impedance is to estimate parameters
 of an equivalent electrical circuit (EEC) model [76–79]. For the application of
 FDI of fuel cells, the parameters of the EEC model can be used as features
 for determining whether the fuel cell is in healthy or non-healthy operation.


The EEC model used for FDI propose is most often a modified version of the
 Randles circuit [80, 81], or a series of RC circuits [82, 83].


In the study by Fouquet et al. [81], a Randles-like EEC model was fitted to
 the acquired EIS measurements, and the three resistances of the EEC model
 were used for FDI of flooding, drying and normal operation. The isolation is
 shown graphically but no explicit algorithm or threshold for online implemen-
 tation is suggested, which is common for early publications for fuel cell FDI. In
 the study by Tant et al. [84], the EEC model parameters were used to detect
 flooding and drying. In a study by Mousa et al. [85] a LTPEM fuel cell is char-
 acterized by EIS for hydrogen leaking cells into the cathode side, and quantified
 by the parameters of a simple Randles EEC model, and in a later paper [86],
 the findings are coupled with a set of fuzzy rules, for online implementation
 of the algorithm. In the work, no other faults were considered. In the study
 by Konomi and Saho [87],[88], a Fast Fourier Transform of a LTPEM fuel cell
 voltage was used to estimate the fuel cell impedance, and an EEC model of
 three RC circuits was fitted to the impedance. In the work seven faults were
 investigated and the faults were isolated based on a fault signature matrix and
 a set of rules, using the resistors of an EEC model as fault features.


In the work by Génevé et al. [82], a time-constant spectrum is estimated
 by applying small current steps, and thereby a series of RC circuits. Génevé
 et al. [82] then utilized the peak amplitude of the resistance and time constant
 as features for comparing them to a threshold for fault detection. In the work
 only flooding is considered.


In some of the above references, EIS is used for the characterization of the
 fuel cell. EIS measurements on laboratory scale are traditionally performed
 by expensive potentiostats and spectrum analyzers. The online implementa-
 tion of EIS measurements on the DC/DC converter was suggested by Narjiss
 et al. [89] and Bethoux et al. [90], and investigated in depth by the two EU
 projects D-code1 and Health code2. In this dissertation, all EIS measurements
 are performed by a commercial potentiostat, but it is assumed that the EIS
 measurements can be performed online by a DC/DC converter.


The advantage of white and gray box models is their ability to adapt and


1Fuel Cells and Hydrogen Joint Undertaking (FCH JU) under grant agreement No 256673.


2Fuel Cells and Hydrogen Joint Undertaking (FCH JU) under grant agreement No 671486.
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detect faults that are not previously seen, by linking a physical parameter
 directly to a new fault. However, the problem with model based FDI of fuel
 cells is that the quality, accuracy and robustness are directly linked to the
 model performance, and a very large number of parameters are needed for fuel
 cell modelling. This is most likely also why all white box model FDI approaches
 have focused on auxiliary components. No model based FDI studies have yet
 described a method, which take degradation of the fuel cell into account, which
 is needed for the method to function during the entire lifetime of the fuel cell.


The third category on Figure 2.3 of model based FDI of fuel cell, is a
 black box approach. Black box models are a data driven approach to establish
 a relationship between inputs and outputs, and do not rely on any physical
 relations. Black box models are well suited for online implementation and for
 modelling of complex non-linear systems such as fuel cells. The down side of the
 method is that it requires a large data foundation and that the implementation
 of new functionality requires new experiments. The three most common black
 box models for fuel cells are Artificial Neural Networks (ANN) [91–93], Support
 Vector Machines (SVM) [94–96] and Adaptive Neuro-Fuzzy inference system
 (ANFIS) [97–99], and all of them can be static or dynamic models.


In the study by Steiner et al. [100], an ANN model was used to model the
 pressure drop over a LTPEM fuel cell stack, using fuel cell current, stack tem-
 perature, cathode gas dew point and cathode gas volume flow. The modelled
 pressure drop was then compared to the measured pressure drop and a residual
 was calculated as fault feature, and the method was successfully demonstrated.


The study was extended by the same authors [101], where in addition to the
 above model, the ANN model was trained to also have the voltage as output.


By comparing the two outputs to the measured signal, two residuals can be
 calculated as fault features, and by comparing the two residuals to thresholds
 a rule decision based FDI algorithm can distinguish between flooding, drying
 and normal operation of a LTPEM fuel cell. The same approach was used by
 Sorrentino et al. [102], where a black box static model of the voltage of a solid
 oxide fuel cell (SOFC), using 12 inputs of fuel cell current and different temper-
 atures and flows was utilized to detect 4 different faults, operation under high
 temperature gradients and anode re-oxidation at degraded and non-degraded
 operation. The accuracy of detection of the faults varied from 32.81 % to
 88.75 %. The work concludes high accuracy and reliability, but it neither com-
 ments on false alarm or false detection, nor mentions the implementation of
 the method for online use.


To summarize, the model based FDI approaches for fuel cells rely on calcu-
lating a residual based on a model of one or more of the fuel cell states or an
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Figure 2.4: Different available non-model based diagnostic methods for fuel cell applica-
 tions. Inspired by [103]


estimated parameter, which is compared to a threshold. For fault isolation, a
 fault feature matrix is most often used for linking different feature signatures
 to a specific fault.



2.1.2 Non-model based


Non-model based FDI methods of fuel cells are also often divided into three
 categories: Signal processing, Statistical and Machine learning, as shown in
 Figure 2.4. These three categories can then be divided into different subcate-
 gories.


Signal processing non-model based FDI approaches for fuel cells use signal
 processing methods of raw measured signals to detect and isolate faults on fuel
 cell systems, often over a sliding window. The methods detect a change of sig-
 nal oscillations or harmonics when the fuel cell go into non-healthy operation.


There are many different approaches and methods to signal processing [104]


for FDI, but the most described in the literature are Wavelet transform (WT),
 Short time fourier transform (STFT) (in different formulations), Singularity
 spectrum (SS) and Empirical mode decomposition (EMD).


Wavelet transform (WT) is a method for feature extraction of a measured
signal. The WT method reconstructs the measured signal, by a series of su-
perpositioned wavelets, of which the set of decomposition signals can be used
as fault features. For isolation of the faults, the WT must be utilized in co-
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operation with a fault classifier, such as an ANN, SVM or a fault signature
 matrix.


For using the WT for FDI of fuel cells often the measured signal is the fuel
 cell voltage, but examples of the WT of the pressure drop across the fuel cell
 stack is also reported. In the study by Ibrahim et al. [105], WT of the measured
 LTPEM fuel cell voltage was used to distinguish between normal operation,
 flooding and drying. In the work, a comparison between the continuous WT
 and the discrete WT was performed, and they concluded that the discrete WT
 was superior based on evaluation time and the localization of the beginning
 and end of the faulty mode. In the work no classifier was suggested for fault
 isolation. In the study by Rubio et al. [106], the WT of the measured LTPEM
 fuel cell voltage under steady state operation, was utilized for detecting three
 faults: flooding, drying and the cathode stoichiometry. A Chebyshev distance
 residual was used for comparing the normal operation conditions, and a fault
 signature matrix was used for fault isolation.


In the study by Pahon et al. [107], using the WT of the air pressure drop
 across the fuel cell stack, for detecting three faults: an emulated electrical short
 circuit fault, high air stoichiometry fault and a cooling system fault. In the
 study, the authors claim that the faults can be isolated, but do not demonstrate
 it or propose a classifier algorithm.


An extended feature extraction method to the WT is the Wavelet Transform
 Modulus Maxima as suggested by Benouioua et al. [108], for using as fault
 feature for FDI of fuel cells. In the work by the same authors [109], the same
 method was applied for FDI of five faults on a LTPEM fuel cell, using a k-
 nearest neighbor (kNN) and support vector machines (SVM) as fault classifier,
 which yielded a 91 % global accuracy, with 25 % probability of false alarm.


The authors described a small computational time of the method. Wavelet
 leader was used as features on the same dataset in a study by the same authors
 [110], in which it was investigated the performance of the classifiers for different
 number of extracted features, where the best global accuracy was 90 % by kNN
 [111].


There are several different methods available for converting a signal from
the time domain to the frequency domain. The most common ones are based
on different versions of the Fourier Transform, such as Fast Fourier Transform
(FFT) or the Short-Time Fourier Transform (STFT). By this transformation,
the signal is represented as a series of magnitude and phase components, which
can be used as fault features. The Fourier Transform is therefore, a feature
extraction method comparable to the wavelet transform, and needs a fault
classifier for isolation of faults. In most cases, this method is used for analyz-
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 perturbation, superpositioned on the fuel cell DC current. This is also known
 as EIS measurement, which is referred to in subsection 2.1.1. It is demonstrated
 that FFT can be implemented on the DC in the study by e.g. Katayama and
 Kogoshi [112] and others. However, the FFT can also be used as features ex-
 traction of the measured differential pressure drop across the gas channels, as
 demonstrated by Chen and Zhou [113], for detection of flooding states. In the
 study by Dotelli et al. [114], the Fourier transform of the voltage signal, was
 used to detect flooding and drying, by changing the switching mode of the
 DC-DC converter in order to create non-sinusoidal current harmonics. The
 resulting frequency spectrum is then used as fault feature, where the high and
 low frequency spectrum is used to distinguish between normal, flooding and
 drying states. In the work, no classifier algorithm is proposed.


In the study by Damour et al. [115], empirical mode decomposition (EMD),
 is investigated for FDI of flooding and drying of a LTPEM fuel cell. EMD is
 based on a small number of Intrinsic Mode Functions that admit a series of well-
 behaved Hilbert transforms. The described method relies only on the measured
 LTPEM fuel cell voltage, and do not require any excitation signal, such as EIS
 do. Fault isolation is managed by a fault signature matrix and a set of rules,
 with a global accuracy of 98.6 %, based on two Intrinsic Mode Functions as
 features. The method promises low computational time, and is therefore well
 suited for online implementation.


The statistical non-model based FDI methods for fuel cells use large datasets
 to extract the most dominant features that are related to non-healthy operation.


Often, many signals are measured on fuel cell systems, which cannot be used
 for FDI since many signals are correlated. However, by applying statistical
 methods the number of dimensions can be reduced. The reduced dimensions
 can then be used as features for fault detection, and a classifier is needed for
 FDI.


The most common dimensional reduction methods in the literature is Prin-
 ciple Component analysis (PCA) and Fisher Discriminant analysis (FDA), and
 their nonlinear kernel versions KPCA and KFDA. Studies of fuel cell FDI,
 have been carried out using PCA [57, 116] and FDA [117–119], for reducing
 the dimensions of the measured signals. In an extensive study by Li et al.


[120], PCA, FDA, KPCA and KFDA are compared for reducing the dimension
of 20 individual cell measurements of a LTPEM fuel cell stack, for detecting
flooding, drying and normal operation, with kNN, SVM and Gaussian Mixture
Model (GMM) as FDI classifiers. The result is that FDA in cooperation with
SVM classifier yields the best performance, and the lowest computational cost.
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Bayesian Networks (BN) are a class of statistical classifiers which have been
 used for FDI of fuel cell. They are sets of probabilistic graphical models,
 which are constructed in a network, for representing a set of random variables
 that describe a static system. Using a BN consists of two parts: setting the
 network structure and calculating conditional probabilities using a data driven
 approach.


In the study by Riascos et al. [121, 122], a BN is suggested for detecting
 four faults on a fuel cell system: fault in the cathode supply, cooling system
 fault, increase in hydrogen crossover fault and hydrogen pressure fault. The
 authors report an early FDI and demonstrate online implementation. In the
 study by Wasterlain et al. [123], six impedance points at six frequencies are
 used as input to a BN, for detection of flooding, drying and normal operation
 of a LTPEM fuel cell, where more degrees of flooding and drying were included.


The study reported a 91 % global accuracy. In the study by Wang et al. [124],
 a BN was constructed using 6 operating variables as input, and trained based
 on data from two different SOFC stack, installed in two different test benches.


The method was trained for six different faults which yielded a 67 % global
 accuracy. BNs are an alternative classifier to the Machine learning and fault
 signature rule based methods, which is described in the literature of fuel cell
 FDI.


Most signal processing methods, such as PCA and FDA presented on Fig-
 ure 2.4 are for the purpose of feature extraction. The methods in the machine
 learning (ML) category shown on Figure 2.4, are in the content of non-model
 based FDI of fuel cells, for fault classification. The application of FDI using ML
 can be divided into two categories, supervised and unsupervised learning. The
 most commonly described method is supervised learning, where a database of
 healthy and non-healthy data, which is labeled by the state, is used for training.


One of the ML methods mentioned in Figure 2.4, is then deployed online, for
 fuel cell FDI. Even though supervised learning is the most common approach
 to FDI of fuel cells, examples of unsupervised ML approaches are also available
 [125]. The most common methods for classification of the fault isolation of fuel
 cells are Artificial Neural Network (ANN), k-Nearest Neighbor (kNN), Fuzzy
 Logic (FL) and Support Vector Machines (SVM).


In the literature, there are two approaches described for attempting FDI of
 fuel cells, one is to use directly measured signals for dimensional reduction in
 cooperation with a ML classifier, and another one is to use extracted features
 from the impedance spectrum as features for ML classifiers.


In five studies with Z. Li as main author [117–119, 126, 127], individual
cell measurements were used as measurement space and FDA for reducing the



(38)dimensions. In all the five studies, the authors use SVM or a subvariant of SVM
 as fault classifier. In most cases the reported accuracy is larger than 90 %. In
 one of the studies the authors propose an online incremental learning of the
 classifier [118, 127], for retraining the classifier to adapt to new and unknown
 faults during the life time of the fuel cell. However, the accuracy of the new
 unknown fault is less than 40 %. The authors demonstrate that the method
 can be applied for different stack sizes after retraining [119].


Using the individual cell voltages as measurement space requires that these
 are measured online, which is not the case for some fuel cell systems. Alter-
 natively, EIS measurements can be used for characterization of the fuel cell in
 operation, and based on the EIS measurement, the fuel cell impedance can be
 estimated. In the study by Debenjak et al. [128], three points of the impedance
 are used as features for distinguishing between flooding, drying and normal
 operation of a LTPEM fuel cell. The faults are isolated by a fault signature
 matrix and a set of rules, and the method is demonstrated on a commercial
 fuel cell system.


As an alternative to using impedance points directly, features can be calcu-
 lated and extracted based on internal relations of the impedance spectra, such
 as, the maximum phase of the impedance spectra, high frequency crossing of
 the real axis, maximum impedance amplitude, etc. In the work by Onanena
 et al. [129], kNN was used as a classifier in cooperation with two different fea-
 ture extraction methods from the impedance spectrum, the first was specific
 impedance points and the second feature extraction method is based on the
 high frequency crossing of the real axis, the difference between the high and
 low frequency crossing of the real axis and the maximum phase. The authors
 reported a fault detection accuracy of 99.6 % for the former feature extraction
 method and 94.3 % accuracy for the latter feature extraction method. In the
 work by Zheng et al. [130][131], extracted features based on internal relations
 of the impedance spectrum were used as input to a fuzzy clustering classifi-
 cation algorithm for detecting three different degrees of drying, air starvation
 and normal operation. The paper reported the combination of fuzzy clustering
 and fuel cell impedance data is well suited for FDI of LTPEM fuel cells, but
 must be extended to include more fault states.


To summarize non-model based methods use different signal processing and
 statistical methods for feature extraction of measured signals, and fault signa-
 ture matrix based on rules or machine learning classifiers for fault isolation.


The main disadvantage for the FDI methods described in the literature is the
need for a large database of healthy and non-healthy operational data. Fur-
thermore, most of the methods lack the ability for adapting new unseen faults
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