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ABSTRACT

This synopsis is about higher-order sliding mode observer-based fault
diagnosis in polymer electrolyte membrane (PEM) fuel cell system. The PEM fuel
cell systems have a potentia to reduce pollutant emissions and dependence on fossil
fuels as they consume hydrogen gas as a fuel and their major byproduct is portable
water. They are promising candidate for automotive propulsion source due to their
specia characteristics of fast start-ups, light weight, low operating temperature and
high power densities. In the last decade, control community has made great deal of
efforts to enhance performance, effective monitoring and increase in durability of the
system.

A robust controller can enhance performance even in the presence of model
incompetence, external disturbances and uncertainties. Immeasurable or difficult to
measure model parameter can be estimated using model based observers. The
observation can made health monitoring of the system possible. Fault diagnosis in the
system preventing the system from entering faulty modes, can ensure the reliability
and durability of the system.

The higher order dliding mode technique is robust, fast convergent and
chattering free technique. The robustness property of this technique can enable to
detect faults on the basis of parameter estimation even in the presence of disturbances
and uncertainties. Higher-order sliding mode observer, having property of unknown
input, exhibited accurate parameter estimation that made this technique effective in
low current densities and even in the no load conditions. There is no technique
effective in such scenarios so far. Therefore the proposed technique would be a
worthy contribution to the research.

The critical parameters are estimated using higher order sliding mode
observers that include oxidizer mass flow rate and water content across the membrane
of PEM fuel cell system. The results were verified by comparing with international
bench model of PEM fud cell system. The designed higher order sliding mode
observers will be used for fault diagnosis in PEM fuel cell system. The fuel cell
system is prone to faults i.e. water flooding and dehydration of membrane. The
manifold leakage of hydrogen and oxygen result in fuel and oxygen starvation in the
stack ultimately. The hydrogen leak is potentially dangerous fault also. Therefore the
synopsis converges to do fault diagnosis in PEM fuel cell system using higher order
sliding mode observers.
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Chapter 1

INTRODUCTION

The last two centuries were ruled by steam and internal combustion engines respectively
but the 21% century is regarded to be dominated by fuel cell enginein the field of power
generation for a variety of applications. The fuel cell technology has passed the
demonstration stage and entered the commercialization phase through recent
developments. Fuel cell technology has a wide variety of power applications ranges from
portable computer to transportation and large scale buildings. The Polymer Electrolyte
Membrane (PEM) fuel cell technology is most promising for automotive applications due
to efficient source of power along with its special characteristics as fast start-ups, light
weight, low operating temperature and high power densities. Despite these impressive
advantages, the PEM fuel cell systems are prone to faults generally as other engineering
systems but also due to its multidisciplinary and complex nature, it is highly prone to

faulty modes. The fault diagnosis can prevent the system to enter the faulty modes.
1.1 Overview

Fault diagnosis, preventing the system from entering faulty modes, can ensure the
performance, reliability and durability of the system. The durability of the PEM fuel cell
system is hot issue and different researchers are working in it. Mgor type of degradation
of the PEM fuel cell system is caused by faulty operation modes of the system. The
starvation of reactant gases, dehydration of membrane and flooding of electrodes. The
health monitoring can be done via observation of mass flow rates of reactant gases and
water dynamics of the system.

The smooth operation of system hinders by different faults. The faults include sensor,
actuator, and system faults. The temperature, pressure, humidity and mass flow rate
sensors are incorporated in the fuel cell system. The pump, blower and compressor are

actuators. The system faults include starvation of reactant gases, flooding and dryness



scenarios etc. The prevention from entering faulty modes, the performance, reliability and
durability of the system can be enhanced. If system fault occurs due to complexity of
physical processes and functional limitation of components then the fault tolerant strategy

can prevent the system from failure and can reinstate the system to smooth operation.
1.2 Problem Statement

Mathematical models whatsoever their purpose for development, play a vital role in the
understanding of system behaviors under different operating conditions. There is a dire
need of mathematical model to understand the insight of the processes. The
comprehensive model can support fault diagnostics and control to prevent from
continuous degradation. The dynamic mathematical model is multipurpose achievement
that leads to model based parameter estimation, state observation and fault diagnosis. The

model based fault tolerant control can be designed eventually.

The monitoring of fuel cell operation needs understanding and knowledge of different
parameters. The parameters of interest are required to be observed for monitoring and

then to ensure the smooth operation of fuel cell system.

The estimated parameter can provide source for fault diagnosis of PEM fuel cell system.
The mass flow rate of air and hydrogen may be helpful in the diagnosis of starvation and
leakage of reactant gases. Especially in the case of hydrogen, leakage is a dangerous
fault. The estimation of water content parameter is helpful to detect flooding and drying
scenarios of PEM fuel cell system. The drying mode drastically damages the membrane

whereas flooding mode degrades the performance substantialy.
1.3 Applications of the Research

The proposed scheme of fault diagnosis will be robust and fast convergent. The higher
order dliding mode observer based technique will work despite uncertainties and
disturbances. This technique, having property of unknown input, will be effective in low
current densities and even in the no load conditions. There is no technique effective in
such scenarios so far. Therefore the proposed technique would be a worthy contribution
to the research.



1.4 Synopsis Organization

The synopsis consists of six chapters. In the first chapter, introduction of proposal and
sdient feature are discussed. Second chapter describes PEM fuel cell system in detail.
The explanation encompasses component to system including cell, stack and system. The
dynamics of system are also discussed. Three systems are explained including small,
medium and automotive level. Third chapter presents comprehensive and detailed
literature review for control oriented dynamical model of fuel cell system. The literature
review contains model based observers as well. The fault diagnosis in PEM fuel cell
system is discussed. A glimpse of faults is included in the section. The fourth and fifth
chapters contains application of higher order sliding mode technique for estimation of
mass flow rate and water content across the membrane of fuel cell system. In the last

chapter, future work and itstime lineis given.
1.5 Summary

In this chapter, brief overview on fault diagnosis, problem statement, and research
motivation along with research objectives is discussed. Synopsis organization is also
briefly discussed. It would be better to proceed further after a good understanding of
insights of PEM fuel cell system.



Chapter 2

FUEL CELL SYSTEM

The fud cel technology has passed the demonstration stage and entered the
commercialization phase through recent developments. Fuel cell technology has a wide
variety of power applications ranges from portable computer to transportation and large
scale buildings. Despite this impressive scenario, there are still many problems and
challenges for this technology to be a commercia automotive propulsion source. The
challenges include high cost, rival technology, water management, cooling, and hydrogen
supply. In this chapter, fuel cell system is discussed in detail. The chapter describes and
focuses the most suitable fuel cell system for automotive applications. The advantages

and issues are also discussed. A glimpseis presented on control oriented solutions.
2.1. Working Principle of Fuel Cdll

Fuel cdl is an eectrochemical device that converts chemical energy of fuel into
electricity. It has layered structure having electrolyte sandwiched by electrically
electrodes. Two chemical processes namely oxidation of fuel at anode and reduction of
oxidant at cathode cause a potential difference. This potentia difference is exploited
using an external circuit for electric current. The fuel cells work on the principle
irrespective of their type.

2.2. Fud Cdll Types

Fuel cell types are basically originated due to fundamental problems of slow chemical
reaction rate and non-availability of ready hydrogen fuel athough fuel cell was evolved
from reverse eectrolysis with an input of hydrogen as shown in Figure 2.1. The
classification of fuel cells is appeared in the literature on different criteria. The criteria
include: nature of electrolyte, temperature range, method of fueling, type of fuel and

application area. The electrolytes include polymer membrane, phosphoric acid, molten



carbonate, alkaline and solid oxide. The agueous, molten and solid electrolytes are used
in low, intermediate and high temperature fuel cells respectively. The upper limits of
temperature ranges are 100°C, 500°C, 1000°C and beyond of 1000°C as low, medium
high and very high temperature respectively. The fueling methods include direct, indirect
and regenerative schemes. In the direct method, the products of cell reaction are
discarded whereas in the indirect method, fuel is reformed. In the regenerative method,
the products are subjected to regenerate the spent products through thermal or e ectrical
technique. The types of fuel are hydrogen ethanol, and methanol etc. The application area
ranges from portable devices to automobiles and buildings having power generation of
single watt to multiple of mega watts. The major types of fuel cells are alkaline fuel cell
(AFC), polymer electrolyte membrane (PEM) fuel cell, phosphoric acid fuel cell (PAFC),
solid oxide fuel cell (SOFC), and molten carbonate fuel cell (MCFC).

Figure 2.1.Comparison of Electrolysis and Fuel Cell Principle
(Larminie and Dicks, 2003)

In fuel cell reaction, electrode and electrolyte are not consumed but fuel and oxidant are
consumed. Some other cells are reported in the literature as fuel cell but they do not
comply with basic definition of fuel cell i.e. an electrochemical device. They may
consume electrolyte or electrode in their process. The cells include biological cell,
metal/air cell and redox flow cell or regenerative fuel cell. The chemical reactions in
different fuel cells are shown in Table 2.1 (Larminie and Dicks, 2003).



Table 2.1 Typica Electrochemica Reaction in Fuel Cells

Mobile

Type Electrolyte lon Anode Reaction Cathode Reaction

PEM Nafion / Dow H* H, - 2H*+2¢ 1/20,+2H*+2e -H-,0
Concentrated + . Al

PAFC phosphoric acid H H,—> 2H" +2¢€ 120,+2H"+2e ->H,0

AFC 35-50% KOH OH H,+2(OH) -2 H.0+2e-  1/20,+ H.O+2e—2(0OH)

Na2COs /
MCFC Li20033 C0%~ H#+COZ>H,0+COx+2e°  1/20,+#COx+2e—~2C05>
SOFC ZrO, 1 Y,0s o* H,+0%> H,0 +2e- 1/20,+2e— O%

The fuel cells are hydrogen fueled. The moving ions are different in different fuel cells.
The details of electrolyte are also given in the Table 2.1.

In the above discussion, the major fuel cells are explained in detail. In the current job,
PEM fuel cell will be focused due to its specific characteristics suitable for automotive
application. In automotive industry, batteries and combustion engines are used separately
or in hybrid fashion. Therefore as a black box, the comparison among these systems is

presented as shown in Figure 2.2.

Electricity

Heat

—— Fuel—»> Internal ——» Mechanical power
Combustion +———» Exhaust gases

—Oxygen —» Engine Heat

Electricity
Water
Heat

——Fuel

Oxygen

Figure2. 2 Comparisons among Battery, Combustion Engine and Fuel Cell Engine



The fudl cells are different from batteries on the basis of continuous feeding of reactants
and are different from internal combustion (IC) engines on the basis of outputs. The fuel
cell converts chemical energy directly to electricity. The combustion engines convert
chemical energy into thermal then mechanical and finally electricity. The batteries are
basically energy storage devices. They do not generate energy themselves but from
another sources energy is stored in the batteries and later the sorted energy is utilized.
The later part of the report will focus PEM fuel cell and its structure and stack. Finally
PEM fuel cell system of different sizes will be discussed form portable to automotive

applications.
2.3. PEM Fud Cdl Structure

The PEM fuel cell has layered structure as shown in Figure 2.3. The fuel cell is a unit
block of fuel cell stack is and it consists of Membrane Electrode Assembly (MEA)
sandwiched with cathode and anode. The anode and cathode can be identified by the
direction of flow of electrons. If the flow direction of the eectrons is towards an
electrode then it is called cathode and in the case of anode it is vice versa. This
identification holds true for fuel cells as well as other devices e.g. diodes etc. The MEA

contains a membrane and el ectrode on its both sides.

— )
N

MEA —
Electrode

Anode Cathode

PEM

Catalyst layer
Gas Diffusion layer
Current Collector

Figure 2.3. Schematic of PEM Fuel Cell



The membrane separates the reduction and oxidation half reactions. It allows the protons
to pass through to complete the overall reaction while forcing the electrons to an external
circuit. The electrode consists of Gas Diffusion Layer (GDL) and Catalyst Layer (CL) in
MEA. At the both ends there are end plates which act as current collector in asingle fuel

cell asshown in Figure 2.3.

Gas diffusion layer is a part of electrode and has multiple functions due to its materials
and structure. It forms an electrical connection between the carbon-supported catalyst and
the bipolar plate. It provides channels for flow of reactant gases. It provides a protective
layer over the very thin layer of catalyst. It carries the product water away from the
electrolyte surface. The catayst layer stimulates each half reaction. The details of MEA
materials and its manufacturing alternatives can be seen in the literature (Mehta and
Cooper, 2003). The different electrode designs can be studied in the review (Litster,
2004). The schematic of MEA is shown in Figure 2.4.

GDL Catalyst PEM Catalyst GDL
layer layer

Figure 2.4. Schematic of Membrane Electrode Assembly (MEA)

The reactants flow through pores present in GDL and reach to catalyst layer. The
generated electrons travel through eectrically conductive fibers present in GDL and
collects at conducting electrode of anode. Due to difference of electric potential, these
electrons flow through external circuit to cathode. Hydrogen ions go across the

membrane from anode catalyst to cathode catalyst. The membrane is ion conductor



whereas in the catalyst, they travel through proton conducting media. The hydrogen ions,
electrons and oxygen react mutually at cathode. The water is generated. The some part of
water diffuses through membrane to anode due to water gradient from cathode to anode

while hydrogen ions carry water droplets form anode to cathode under Osmo-electric
drag.

2.4. Fue€ Cdl Stack

Fuel cell stack has many fuel cells because single fuel cell has output voltage up to single
volt which is not sufficient for any application. For automotive applications there is a
need of power in kilowatts therefore fuel cells are connected in series together for desired
voltage. There is a bipolar plate in-between each pair of MEAs i.e. the plate is
sandwiched by MEAs. It means that it has contacts with cathode and anode
simultaneously. Bipolar plate separates the individual cellsin the stack. Its basic function
isto carry current away from the cell. It distributes the reactant gases and facilitates water
management within the cell. In the absence of dedicated cooling plates, it also helpsin
heat management.

The MEA looks similar, works in the same way and needs similar care in use irrespective
of manufacturer and its method of manufacturing i.e. rolling, printing, sputtering and

spraying but fuel cell stacking varies very much.

The reactant gases are supplied to the fuel cell stack for electrochemical reactions
through two types of manifolds namely open-end and dead-end manifolds. The former
type of manifolds is employed for cathode as well as anode but latter type can be
incorporated only for anode in order to avoid hydrogen waste. The open-end manifold for
anode is related to recirculation of hydrogen supply. In this process hydrogen at exhaust
of anode is sent back to the inlet of the anode through an appropriate device. Hydrogen
may be in pure form or reformed shape containing other gases as well. Recirculation
method is adapted in the case of pure hydrogen otherwise it decreases the hydrogen
concentration at anode due to presence of other gases. Good anode recirculation can
humidify the fresh hydrogen with the anode outlet mixture and obtain good water

management by running the hydrogen mixture. The recirculation process can be done



with an active or passive device. The active devices are pump and compressors whereas
gjector is called passive device. The screw compressor is an active device and has awide
operations zone of high efficiency and is insensitive to the presence of liquid water. This

kind of air system iswidely used in the current application.
2.5. Fud Cdl System

The fuel cell system consists of fuel cell stack and auxiliary systems. The core part of the
system is the fuel cell stack. Its components are membranes, catalysts, gas diffusion
layers, bipolar and end plates. The auxiliary systems are air supply system, fuel supply
system, humidification system, cooling system and power conditioning system. Three
systems of small, medium and automotive level are discussed in the following lines.
Their schematics are shown as in Figure 2.5, Figure 2.6 and Figure 2.7 respectively. In
the schematics, it is assumed that pure hydrogen is available for supply. Therefore
reforming system for hydrogen supply is not shown in the diagrams.

(inverer )
TN

( converter )

Inlet
manifold

Regulator

Q Inlet Outlet
== w Manifold Manifold

motor

Biﬁass
—
—
L]

Figure 2.5: Schematic Diagram of Automotive Fuel Cell System

Automotive fuel cell system schematic is shown in Figure 2.5. The air supply system
comprises of electric motor, air compressor and manifolds whereas fuel supply system
has fuel storage cylinder and regulating valves etc. The humidification system consists of

10



pump and valves etc. The coolant system contains radiator, pump, manifold, valves and

reservoir. The power conditioning System contains converter and inverter.

Medium size fuel cell system is Nexa power module. The module can be integrated with
light vehicles for example golf cart etc. A schematic of Nexa power module is shown in
Figure 2.6. The diagram shows interfaces air supply, through humidity exchanger,
hydrogen supply, cooling system with fuel cell stack. The green lines show the air supply
system whereas red line shows the hydrogen supply loop. In the system there is a
controller for monitoring of performance and ensures safety of the fuel cell stack via
generating alarm and then shut down the system during unsafe operating condition. It
regulates hydrogen supply too. The air supply is aso regulated as per demand of load
current. At high load current, more air is supplied through compressor. The system is air
cooled through a fan. The operating temperature of fuel cell stack is controlled via
modulating the fan speed. The measured variables for controller feedback are also shown
in schematic diagram.
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Figure 2.6: Schematic Diagram of Nexa Fuel Cell System

The many researchers worked on Nexa fuel cell system. Shevock (2008) developed a
system level model and validated on the Nexa fuel cell system. Choi (2004) developed an
equivalent electrical circuit of the system. Ottesen (2004) worked on dynamic
performance of the module.
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Figure 2.7: Schematic Diagram of H-100 Fuel Cell System

A portable fud cell system was purchased by Mohammad Ali Jinnah University,
Islamabad. The system diagram is shown in Figure 2.7. The fuel cell stack (1), hydrogen
supply vave (2), purge vave (3), short circuit unit (4), on/off switch (5), blower (6),
controller connecter (7), controller (8) and load connectors (10) are shown in system
diagram. The controller prevents damage of fuel cell stack only.

Table 2.2 Parameters of PEM fuel cell systems

Parameter Type of System
Portable Medium Automotive
Number of cells 24 43 381
Power 100 W 1200 W 75kW
Stack Temperature 65C 65C 80C
Humidification Self-humidified Humidity exchanger Humidifier
Cooling Fan (air cooled) Fan (air cooled) De-ionized water
Oxidant supply Open cathode compressor Compressor
Weight 950 grams 12250 grams 250kg
Dimensions 15x10.9x9.4 cm 56x25x33 cm 145x87x49 cm
Controller yes yes yes

A comparison of three systems, discussed above is shown in Table 2.2. All systems
required pressurized hydrogen supply and then regulator is required to maintain the
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pressure of hydrogen as per system requirement. The oxygen is supplied through air. For
small scale system, a fan is sufficient for air supply but medium and automotive scale
system, the compressed air is necessary for power generation. The system parameters are
taken from user manuals (Horizon fuel cell technologies, 2008, Heliocentris Nexa Power
Module, 2009) and research paper by Pukrushpan et al. (2004).

2.6. Applications

Fuel cell applications have a variety of large range because fuel cell system can give
power from single watt to many megawatts. But basically the application is dependent to
type of afuel cell. Each type has its own distinguishing characteristics. On smaller scale,
fuel cells can be used in cell phones, playing toys, personal computers and other personal
electronic devices. In the medium range, it can be used in automotive industry and indoor
applications. On the larger scale, the fuel cell can be used for residentia buildings and
distributed power grids. Therefore major classification applications include portable fuel
cell, transportation and stationary applications.

Table 2.3 Mgjor type of fuel cells

(Kordesch and Simader, 1996, Larminie and Dicks, 2003)

Fuel cel Operating . Power range . .
type temperature Efficiency (cdl) Watts Typical Applications
PEM 30-100°C  50-60% 1-100k Vehicles and mobile
applications
PAFC 160-220°C 55% 10K-1M 200 kW CHP
AFC 60-90°C 50-60% 1k-10K Space vehicles eg. Apollo,
Shuttle
0 Power generation
MCFC ~650°C 60-65% IM-10M
MW CHP
0 Power generation
SOFC 500-1000° C  55-65% 1k-10M

2kW to MW CHF

The details of different applications of fuel cell e.g. unmanned under water vehicle,
submarines, locomotives, surface ships, buses and automobiles can be seen in the
literature (Amphlett et al., 1995). One can find the details of the Polymer Electrolyte
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Membrane (PEM) fuel cell applications in detail in the review (Wee et al., 2007). Many
companies working on fuel cell technology (Ballard, UTC, Nuvera, GE-FCS, Plug
Power, Intelligent Energy, NovArs, Smart fuel cell, Toshiba, Sanyo and Hydorgenics
etc.) and automobile (Daimler-Chrysler, Ford, Renault, Toyota, Nissan, GM, BMW and

Hyundai etc.) have announced various applications.
2.7. Advantages and | ssues

Fuel cell technology offers many advantages on other energy converters. The advantages
include high efficiency and strong reliability, environment friendliness, unique operating
characteristics, planning flexibility and future development potential (Kordesch and
Simader, 1996).

Efficiency of fuel cell is generaly greater than conventional energy converters e.g.
combustion engines whether piston based or turbine. The efficiency depends upon type of
fuel cell. Different fuel cells present different efficiencies in the range of 55 to 65%
whereas in the lab experiments up to 90% efficiency is reported. The reliability of fuel
cell is obvious significantly due to its simplicity as there is no moving part in the stack
core part of the system and fewer moving parts in overall system. Moreover the gradual
degradation ensures reliability because there is no catastrophic failure as can occur in

combustion engines.

Environment friendliness is unparallel characteristic of fuel cell technology due to low
emission of pollutants. The conventional power generators produce sulfur oxides and
nitrogen oxides which harm the environment. The hydrogen fuel cells produce portable
water as a byproduct of main chemical reaction. Moreover the fuel cell operation is silent
due to its electrochemical nature therefore the noise is absent in the case of fue cells.
Other al combustion based power generator pollute the environment with noise and

harmful byproducts.

The fuel cell offer beneficia operating characteristics. These characteristics save cost in
meeting system operating conditions. The operating benefits include load following,
power factor correction, quick response to power generating unit outages, control of

distribution line voltage and quality control.

14



The performance does not depend upon the size of fuel cell plant. As per requirement the
system can be incremented by adding small units. Therefore the fuel cell technology
provides flexible planning.

Fuel cell has a great future potential for development. Other technologies are ailmost at
matured stage of development therefore a small incremental improvement can be done
whereas fuel cell technology isin a devel oping phase.

Despite these impressive advantages, there are still many problems and challenges for
this technology to be commercially automotive propulsion source. The challengesinclude
high cogt, rival technology, water management, cooling, and hydrogen supply (Larminie
and Lowry, 2003). The fuel cells are quite difficult system to manufacture due to large
complex parts and then their very careful assembly those result in expensive systems. The
combustion engines are also subject to hydrogen fueling and mitigating pollutants and
enhancing efficiency. The fuel cell does not work under flooding and drying scenario.
Therefore water management is required. The water management is not easy job. It is a
complex job and has coupled problem. The self hydrated polymer membrane is
manufactured but it makes the membrane more complex and costly. In the flooded
cathode, the compressed air is blown over the cathode but it increases parasitic load.
Moreover in the case of compression, the temperature of air rises and introduces other
difficulties. In the case of drying scenario, humidification is required. The humidification
equipment increases the system size, complexity and cost. The cooling of fuel cells are
difficult than IC engines. The PEM fuel cell has low temperature characteristics,
therefore heat dissipation in the environment is not sufficient as comparing to IC engines.
The hydrogen is not ready available in the environment. The hydrogen is produced from
other chemical compounds.

2.8. Control Oriented Solutions

The PEM fuel cell system poses many control problems. The problems include output
voltage stabilization, prevention from oxygen and fuel starvation, maintenance of equal
partial pressure in anode and cathode, water and thermal management. The solution of

these technical issues maximizes the performance and life of the system simultaneously.
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In the accomplishment of control task, there are some obstacles. Many variables of fuel
cell system are not measureable or difficult to measure for example partial pressures of
oxygen and hydrogen in cathode and anode. Prior to devise control strategy, the effective
monitoring of the system is essential. The monitoring of fuel cell operation needs
understanding and knowledge of different parameters. The parameters of interest are
required to be observed for monitoring and then to ensure the smooth operation of fuel
cell system.

The smooth operation of system hinders by different faults. The faults include sensor,
actuator, and system faults. The temperature, pressure, humidity and mass flow rate
sensors are incorporated in the fuel cell system. The pump, blower and compressor are
actuators. The system faults include starvation of reactant gases, flooding and dryness
scenarios etc. The prevention from entering faulty modes, the performance, reliability and
durability of the system can be enhanced. If system fault occurs due to complexity of
physical processes and functional limitation of components then the fault tolerant strategy

can prevent the system from failure and can reinstate the system to smooth operation.

The estimated parameter can provide source for fault diagnosis of PEM fuel cell system.
The mass flow rate of air and hydrogen may be helpful in the diagnosis of starvation and
leakage of reactant gases. Especially in the case of hydrogen, leakage is a dangerous
fault. The estimation of water content parameter is helpful to detect flooding and drying
scenarios of PEM fuel cell system. The drying mode drastically damages the membrane

whereas flooding mode degrades the performance substantialy.
2.9. Summary

The Polymer Electrolyte Membrane (PEM) fuel cell technology is most promising for
automotive applications due to efficient source of power aong with its specia
characteristics as fast start-ups, low weight, low operating temperature and high power
densities. There are till many challenges for this technology to be commercia
automobile. The water management and thermal management are key issues in its way to
be redlity as automotive system at commercia level. To overcome the problems, there is
a dire need of mathematica model to understand the insight of the processes. The
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comprehensive model can support fault diagnostics and control to prevent from
continuous degradation. The dynamic mathematical model is multipurpose achievement
that leads to model based parameter estimation, state observation and fault diagnosis. The
model based fault tolerant control can be designed eventually.
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Chapter 3

LITERATURE SURVERY

This chapter presents a detailed literature survey for suitable control oriented dynamical
mathematical model for automotive application. The discussion encompasses empirical
models to first principal based models. Secondly, model based techniques are discussed
for observation and control purposes. Fault diagnosis in PEM fuel cell system is
discussed with a glimpse of system faults. Actually polymer electrolyte membrane fuel
cell system is highly nonlinear and uncertain system therefore the robust nonlinear

technique merits for parameter observation and control of the system.
3.1. Mathematical Models of Fuel Cells

Mathematical models whatsoever their purpose for development, play a vital role in
understanding the system behaviors under different operating conditions. The models
generally can be categorized as theoretical or semi-empirical on the basis of approaches
employed for their development. The state of model can differentiate its nature either
steady state or transient. The boundary of the model describes the level of modél i.e. fuel
cell or fuel cell stack or system. Zero to three dimensional models comes from spatial
dimensions. One-dimensional models are more suitable for the system level optimization.
The models can come from a single discipline or multidiscipline. Consequently the model
has its own level of complexity and details. For instance fuel cell models can be only

electrochemical, thermodynamic or fluid dynamical or it can have al characteristics.

It is noteworthy that up to first half decade of this century there was available no transient
system level model of fuel cell system except a stack level transient model (Amphlett et
al., 1996). Many researchers have adapted theoretical approach for modeling the fuel cell
(Springer et al. 1991), (Fuller et al. 1993), (Yi et al., 1998), (Dannenberg et al., 1999)
and (Boettner et al., 2002) and some have adapted semi-empirical approach for instance
(Kim et al. 1995), (Mann et al., 2000). These models were steady state and fuel cell level
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only. Boettner and colleagues presented steady state system level model which included
system components performance and control strategies. Amphlett and coworkers
presented the transient fuel cell stack level in which heat management was discussed in
detail.

Amphlett and others have obtained empirica models for the activation overvoltage and
the internal resistance of the fuel cell. Activation over voltage was modeled as a function
of temperature, current and oxygen concentration. The internal resistance was function of
temperature and current. The hydrogen concentration was ignored in the modeling of
activation overvoltage. The overall model of cell performance ionic and other |osses were
ignored. In their study single fuel cell was employed but latter on they have used fuel cdll
stack and results show that the parameters are different as empirical models have
characteristics of specific system validity (Amphlett et al., 1995).

Baschuk and Li have presented one-dimensional, steady state, isotherma model
assuming fully hydrated membrane. This model covers fundamental physical and
electrochemical processes occurring in the membrane, catalyst layer and flow channels.
Their modeling study focused on the water flooding in the cell. They investigated the
effects of temperature and pressure of the cell on the flooding in the case of air and pure
oxygen as reactant gases. They observed that air feed to the cathode is more effective
than oxygen feed in decreasing the flooding with higher pressure and temperature but it is
noteworthy that pressure and temperature effect the flooding at low and high current
densities respectively (Baschuk & Li, 2000).

Rowi and Li have developed a PEM fuel cell mathematical model applying conservation
laws for species and energy along with the Stefan-Maxwell, Butler-Volmer, Nernst-Plank
equations and Fourier’s law. The fud cell divided into five regions of electrodes, catalyst
layers and membrane for modeling purpose. They investigated cell performance and
thermal response under different temperature and water distributions in the cell. They
concluded that the temperature profile is influenced by moisture in the electrodes at lower
cell operating temperature or for unsaturated reactant streams. The cell performance is

decreased due to reduced membrane hydration which is difficult to maintain at anode side
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in the presence of low water vapor diffusion coefficient despite of humidified reactant
gas (Rowi and Li, 2001).

Baschuk and Li have developed a mathematical model of fuel cell with a sufficient detall
covering main processes e.g. electrochemical reactions, proton migration and mass
transport of reactant gases and liquid water. The all processes were explained in detall
with clarity which develops good understanding of the different phenomena within cell.
The multiphase model covers al regions of the cell and therefore becomes a complex
model requiring CFD techniques for solution. This model does not look an ideal model

for control purposes due to its complexity level (Baschuk and Li, 2004).

Amiringad and colleagues have investigated the effects of pressure, temperature and
humidity of reactant gases on performance of a single PEM fuel cell. They found that
higher pressure and elevated temperature and humidified reactant gases can improve the
cell performance (Amiringjad et al., 2006).

Bao and colleagues used static model for pressure regulator and injection pump and
further they neglected the accumulator dynamics by reducing the model i.e. they removed

models of two components the regulator and the accumulator (Bao et al., 2006).

Bao and coworkers focused on the topology and operating conditions of the air supply
system. In the fuel cell modeling they have calculated the molar fraction of each species
at the outlet of flow channel instead of the inlet molar fraction which leads to notable
discrepancy as compared. This comparison is only among empirica and analytical
models but it is misleading to conclude that outlet molar fraction is better that inlet molar
fraction. They have claimed that up to 3% fuel cell stack efficiency can be improved but
it is noted that parasitic loads are increasing and overall efficiency will be decreasing
(Bao et al. 2006)

Bao and coworkers presented a mathematical model and ssimulated in Simulink/ Matlab
environment so its block diagrams have been shown in detail. This model can be treated
as dynamics / transient due to compressor dynamics, anode and cathode manifold filling
dynamics. Static models were used for humidification of reactant gases and recirculation

of hydrogen processes. In the membrane modeling water transport in MEA modeled by
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using Stefan-Maxwell equation considering electro-osmotic drag, back diffusion and
convection as well. The authors mention the cathode flooding but they have given no
detail. The simulation results of the modd show that the authors failed to establish strong

link among controls inputs and performance variables (Bao et al. 2006)

Grasser and Rufer introduced a model based approach to determine and optimize overall
fuel cell system efficiency. System efficiency defined as ratio of net power of fuel cell
system and power of fuel using higher heating value of hydrogen. System efficiency was
optimized by choosing appropriate set points with equality constraint of net power
function. Simulation results show agreement with general rule that overall efficiency

becomes lower at higher current densities (Grasser and Rufer, 2006).

Bocaletti and colleagues presented a model to simulate the behavior of 75 KW fuel cell
systems. They neglected thermodynamics of the system by considering the stack
temperature as a parameter. The simulation results show that the model captured the
reactant gases partial pressure dynamics. The transient behavior of the model was not
validated nor compared but the results look logical and understandable. Moreover two
different low and high temperature fuel cell models were compared through simulations
and analyzed in detail (Bocaletti et al., 2006).

Arsie and coworkers have described the dynamical behavior of hybrid vehicle. The
vehicle contains fuel cell system, electric machine and batteries. The fuel cell system
consists of fuel cell stack, compressor, humidification system and heat exchangers. The
electric machine comprises of electric motor, converter and inverter. In the fuel cell
modeling a constant voltage drop has been introduced from elsewhere (Rodataz et al.,
2003). This voltage drop caters for minor losses e.g. contact resistance, internal current,
and leaks. They have modeled it as a function of operating pressure in the cathode. The
parameters used in the models of activation, and concentration overvoltages have been

correlated to operating pressure through empirical relationships (Arsie et al. 2007).

Grasser and Rufer have presented a model combination of steady state fuel cell stack
submodel and dynamical submodel of auxiliary systems. In the polarization modeling

four voltage losses i.e. activation, concentration, Ohmic and ionic were considered and
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detail description was given. Reactant gases transport phenomena has been modeled.
Pressure driven and concentration difference driven transport were considered. Average
oxygen fraction in the cathode gas channel and its concentration at the reaction site were
calculated. Water transport influence the species concentration was calculated. Water
transport phenomena in the membrane explained in detail. It relates to three different
phenomena i.e. electro osmotic drag, diffusion and convection. This model takes into
account Bernardi, Springer and Rowe models. The dynamic behavior of auxiliary
components was considered. Air and hydrogen supply subsystem models and thermal
management submodels have been presented with a state space models. The model was
validated with Buchi and Rage data. Simulation results show that the error reaches to
twenty percent at lower flow rates of reactant gases. Recirculation of hydrogen was
mentioned only in their work but it was neglected for modeling (Grasser and Rufer,
2007).

Thanapalan and colleagues have presented a mathematical model and then validated on
fuel cell station containing single fuel cell MEA. The model includes cathode and anode
flows, the membrane hydration and voltage output. For validation purposes, the
parameters of the voltage output expression were optimized by using direct search
optimization methods. The model responses were compared with experimental data. The

comparison showed a general agreement among them (Thanapalan et al., 2008).

Caux and his colleagues have worked on air supply module of PEM fuel cell system.
Their research was focused to electric train application having 400 KW power with 375V
nomina voltage. Their mgor work was traction of Tramway power profile. For this
purpose steady voltage output, they used an energy storage system with two DC /DC
converters. First chopper boost the voltage whereas second chopper perform buck / boost
bi-directional actions. For this scheme battery is essential which results in hybridization
approach. They have totaly neglected the influence of flow rate of reactant gases to
regul ate the output power despite they used constant pressures of reactant gases (Caux et
al., 2005 & 2005a). The model needs to be validated on a real system athough it looks
similar to the model already in the literature (Amphlett et al., 1996).
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3.2. Modeling & Control of PEM Fuel Cell System

Bao and colleagues introduced model-based controller for pressure tracking. At first stage
they used static feed forward linear controller and then they switched over to adaptive
nonlinear controller design. The former controller design assured good performance with
[imits due to inaccuracy of model and its linearization. Therefore latter design improved
the control robustness and contained fuzzy neural network techniques. In their study
humidification was totally neglected whereas recirculation at anode was adapted due to
humidification advantages (Bao et al., 2006).

Zenith and Skogestad have simulated a control system based on simplified model of high
temperature PEM fuel cell with a DC / DC converter. The simulation could not be run
over longer time spans with poor computational performance due to standard driving
cycles. They also developed a mathematical tool to find conditions which guarantee the
perfect control of fuel cells (Zenith et al., 2007).

Ahn and Choe have described a mathematical model comprising of fuel cell stack, air
supply and thermal submodels from Springer (1991), Ceraolo (2003), Gurski (2002) and
Kroger (1984). Their study focused on the coolant system containing a bypass valve, a
radiator with a fan, a reservoir and a pump. They have used classical controllers to
control the stack temperature. During investigation they found that stack temperature has
inverse relationship with oxygen excess ratio. They have worked a step forward to those
works in which stack temperature assumed to be constant. Their control strategy assured
reduction of paratactic load aswell (Ahn et al., 2008).

Wang and colleagues have devised a robust controller to keep the cell voltage output
steady by regulating the input reactant gas flow rates using identified two input single
output PEM fuel cell model. They have applied multivariable linear quadratic Gaussian
control strategy. They claimed that the controller was effective in maintenance of steady
output and reduced the fuel consumption as well (Wang et al., 2008).

Puig and coworkers have proposed a model predictive control structure which uses not
only compressor voltage as control variable but aso cathode outlet valve area was

utilized as control variable too. In this case the control performance was found better than
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when the controller with only first control variable was in action. The proposed controller

introduced fault tolerance against compressor faults (Puig et al., 2008).

3.3. Modd Based Observers

Model-based observers, Salim et al., (2009), Kandepu et al., (2007), Kim et al., (2007),
Butt and Bhati, (2008), Qaiser et al., (2008), Igba et al., (2009a), Igba et al., (2009b),
Kazmi et al., (2010), and Arcak et al., (2004), are being used at large scae for the
estimation of model parameters in industrial processes. These observers are aso being
used for control, diagnostics and communication (Forra et al., 2005, Pukrushpan et al.,
2002), (Gorgun et al., 2005, Pukrushpan et al., 2003), (Mays et al., 2001, Boutayeb et al.,
2002) respectively. Different model-based techniques have been employed for the
estimation of state and parameter e.g. Kalman (Salim et al., 2009), Luenberger (Kandepu
et al., 2007), adaptive, and sliding modes (Kim et al., 2007). Kalman observers need
linearized models whereas Luenberger and adaptive observers require models of high
accuracy and are sensitive to uncertainties and modeling errors. Sliding mode technique
do not need linear model and is robust to modeling errors and uncertainties as well.
Sliding mode observers (SMOs) are aso simple in structure therefore the technique can
be implemented easily that is why this technique is highly valued among the research
community. It has been applied in variety of industrial applications in recent years but so
far no SMO has been used for water content estimation. Kim and his coworkers designed
nonlinear observer for the estimation of PEM fuel cell system wherein different pressures
were estimated via SMO Kim et al., (2007). Butt and Bhatti employed the same
technique for the parameter estimation of an automotive spark ignition engine Butt and
Bhati, (2008). The parameters were discharge coefficient, indicated torque and load
torque. Qaiser et al. developed the observer using same technique for the estimation of
precursor concentration of a research reactor Qaiser et al., (2008). Igbal and his
colleagues observed the parameter utilizing the sliding mode technique and then they
employed higher order sliding modes for the fault diagnosis of uncertain nonlinear
system Igbal et al., (2009a), Igbal et al., (2009b).
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Arcak and colleagues have designed an adaptive observer for estimation of hydrogen
partial pressure using measurements of voltage, current and total pressure. They found
the speed of response and accuracy of the observer comparable with hydrogen sensors.
The smulation results of their designed observer showed a good agreement with a
commercial simulation model but at its low and higher power the results are not with
agreement and showed a constant steady state error. They observed that the model of fuel
flow through orifices is not correct and updation of coefficients of discharge resulted in
good agreement (Arcak et al., 2004).

Kim and coworkers have designed sliding mode observer for estimation of pressures in
anode and cathode of PEM fuel cell system (Kim et al., 2007). Its stability was proved by
Lyapunov’s stability analysis method. Their study was based upon their previous work
published in a Japanese journal (Kim et al., 2006).

It is obvious that there are different model based observers but in this work, sliding mode
observer will be focused for parameter estimation and then for fault diagnostics of PEM

fuel cell system dueto its robustness and fast convergence.
3.4. Sliding Mode Observer

A dliding mode observer (SMO) is an observer which exploits sliding mode control
theory for devise of an arrangement to minimize its error. The Sliding mode technique
does not need linear model for observer design because of its inherent nonlinear
characteristics and it holds for nonlinear systems. The technique is robust to modeling
errors and uncertainties as well. The SMO is aso simple in structure therefore it can
easily be implemented. It is designed through two steps: in first step, a sliding surface is
designed whose zero value confirms accomplishment of the task of observer. In the
second step, a discontinuous nonlinear term is injected which ensures the sliding modes
(Utkin, 1992). That is why this technique is highly valued among research community. It
has been applied in variety of industria applications in recent years by Kim et al.,
(2007), Butt and Bhati, (2008), Qaiser et al., (2008), Igbal et al., (2009a), Igbal et al.,
(2009Db), and Kazmi et al., (2010).
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The standard SMO is utilized due to its characteristics of robustness and accuracy but the
observed state exhibits the chattering effect. Asthe observer dynamics are concerned, this
chattering effect does not matter. However if the observed state or parameter is to be used
for controller implementation then the chattering effect may matter because such
observer is noise sensitive and generate input vibrations. Therefore keeping an eye on

future usage, the removal of chattering effect is addressed.

In the literature, there are a number of techniques which are used for mitigation of
chattering phenomenon. The techniques include saturation approximation (Slotine and Li,
1991), averaging control effort (Utkin, 1992), dliding sector method (Furuta and Pan,
2000), terminal (Man et al., 1994), dynamical (Sira-Ramirez, 1993), arbitrary (Levant,
2003 and Levant, 2005), and second order sliding modes (Emel’ yanov, 1986, and Levant,
1993). However, the techniques experience tradeoff between removal of chattering and
performance criteria i.e. robustness and accuracy. Some techniques need exact
knowledge of system dynamics. Some techniques are not subject to Lyapunov stability
anaysis. Whereas the second order dliding mode (Emel’ yanov, 1986, and Levant, 1993)
mitigates the chattering effects preserving robustness and accuracy of standard dliding
mode techniques. In addition, there is no need to have exact knowledge of system
dynamics. A reasonable mathematical model is sufficient for its implementation. Its
stability can be proved with the help of Lyapunov stability theory. Thereforeit is a better

choice to avoid the chattering preserving robustness and accuracy.
3.5. Fault Diagnosisin PEM Fuel Cell System

Fault diagnosis, preventing the system from entering faulty modes, can ensure the
performance, reliability and durability of the system. The durability of the PEM fuel cell
system is hot issue and different researchers are working in it. Mgor type of degradation
of the PEM fuel cell system is caused by faulty operation modes of the system. The
starvation of reactant gases, dehydration of membrane and flooding of electrodes. The
health monitoring can be done via observation of mass flow rates of reactant gases and

water dynamics of the system.
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Riascos et al. (2008) have introduced a supervisor system that detects the PEM fud cells
faults on line. Their fault diagnostic scheme utilizes the measurement of voltage, current
and temperature. In this scheme, the fault is detected and isolated by cause-effect
relationship. They considered four faults namely fault in the air blower, fault in the
refrigeration system, growth of fuel crossover & internal loss current and fault in
hydrogen pressure. They employed Bayesian networks for fault diagnosis first time. The
scheme requires a database of fault records. The voltage and current are fast variable but
temperature variation is comparatively slow. Hence fault diagnosis in refrigeration

system takes more time.

Tsushimaand Hirai (2011) reviewed state of the art visualization techniques for diagnosis
of water dynamics in PEM fuel cell systems. The swelling of membrane by water,
accumulation of water inside the cells, and discharge of water were focused in their work.
The techniques include neutron radiography, X-ray imaging, magnetic resonance imaging
and optical visuaization technique. The techniques provide in situ observations which
give experimental support to understanding and then modeling the process. But they do
not contribute to fault diagnosisin system on line.

Niroumand et al. (2011) introduced a diagnostic methodology for isolation of cathode
flooding, cathode starvation and anode starvation using cell voltage oscillations. They
concluded that fixed stoichiometry in the case of anode is reliable but not true in the case
of cathode. Therefore they proposed a second order polynomia of current density for
cathode stoichiometry. Their work did not cover the drying fault of cathode.

Chen and Zhou (2008) did experimental studies for diagnosis of PEM fud cell stack
dynamic behaviors. They correlated the stack voltage change with frequency of pressure
drop across the cathode/anode. The technique needs guarantee that the finding of

dominant frequency of pressure drop is accurate in the presence of noise.

Escobet et a. (2009) presented a model-based fault diagnosis methodology for PEM fuel
cell systems using relative residual fault sensitivity analysis. The scheme did not require
the knowledge of the fault magnitude. They discussed two fault scenarios only out of six
fault scenarios in this work.
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Hinge et a. (2009) did experiments for online humidification diagnosis of a PEM fuel
cell using a boost converter. The state of membrane humidification diagnosed using
internal resistance of membrane that calculated from the voltage and current ripples.
They highlighted additional use of converter as a diagnosis device for drying and
flooding of fuel cell membrane.

3.6. Summary

The salient features of the above discussion can be concluded in the following points.

a. The model of cell performance was developed by many authors considering the
different voltage losses in the fuel cell which includes activation losses, fuel
crossover and interna currents, Ohmic losses, concentration losses and constant
voltage drop. This model plays a key role in ssimulation of the fuel cell system.
Some authors have modeled it with only one loss. Others have modeled with two
losses (Barbir et al., 2007) and with three losses (Boccaletti et al., 2006) so on. But
maximum losses have been catered for only four losses at atime. The mode can be
improved catering for five losses which would result in accurate cell performance.

b. In the air supply subsystem, compressors are used. The lookup table and neural
network techniques were employed. There is a need of mathematical model of
compressor for fuel cell system application that should be smooth function of its
independent variables.

c. Different parameters which cannot be measured. The parameters include reactant
concentration, reaction rates and partial pressures. Therefore there is a need of
observer. So far hydrogen partial pressure has been observed via a nonlinear
adaptive observer (Arcak et al., 2004).

d. Humidification system is used as a static model. There is need of dynamic
humidifying model.

e. The model can be made comprehensive catering for humidification, coolant and
power conditioning sub models.

f. The controller for steady output voltage is employed controlling the entering the
flow of reactant gases whereas others have controlled the output voltage through
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power conditioning. In the first case there are mgjor draw backs where as power
conditioning requires energy storage system.

g. During literature survey it is found that sliding mode techniques have not been
employed for observation of parameters. So there is a provision for employment of
the diding mode designs. Recently, nonlinear controller designed using dliding
mode strategy whose results are very good.

h. In the fuel cell system inherently there are many parametric and dynamic
uncertainties. Therefore robustness of the system must be achieved by using robust

controllers. In the literature H_ controller was employed using loop shaping design

for generic uncertainty representation.

The literature survey may further conclude that the existing models for observation and
control are not perfectly suitable. It means that there is a provision and scope for
development of comprehensive mathematic model. Secondly there are many challenges
for optimal operation of the system. They include voltage stabilization, oxygen and fuel
starvation, water and thermal management. A number of states and parameters are not
measureable or difficult to measure. Therefore there is a need of observers. The fault
diagnostics is very critical and important issue for proper operation of the system. The
sliding mode technique looks very suitable technique for the system due to robustness
and fast convergence. The technique is easily implementable and has impressive

characteristics of robustness, fast and finite time convergence.
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Chapter 4

MASSFLOW RATE ESTIMATION

This chapter presents the synthesis of a model-based robust observer with an unknown
input that observes a state (manifold pressure) of Fuel Cell System (FCS) in the presence
of uncertainties. Using this observer the proportionality constant of the inlet manifold
orifice is estimated. Then this estimated parameter is used to calculate the time varying
air mass flow. Asthe mass flow rates of reactant gases play a pivotd role in the reliable
and efficient operation of FCS. Their precise and exact value is necessary and important
for the control and diagnostics of FCS. In the particular sense of inlet manifold of fuel
cell system, appropriate air mass flow is very critical for the proper maintenance of
chemical reactions taking place in the cathode and anode chambers. The sliding mode
observer (SMO) with super twisting algorithm is utilized for the estimation of the mass
flow rate of air despite the unknown input (load current). The estimates come out to be
quite close to the nominal values. The simulation results show robustness to the
uncertainties and fast convergence of estimates to nominal values of the parameter. The
chattering phenomenon is attenuated significantly by employing higher order sliding
mode. The standard SMO results are also presented for the sake of comparison. The

proposed strategy is useful for sensor reduction, fault diagnostics and control.
4.1. MassFlow Rate

Mass flow rate measurement is very important in the condition monitoring of fuel cells.
In the conventional measurement method, the mass flow rates are derived from
volumetric flow rates which are prone to ambient temperature and pressure effects.
Therefore their measurement accuracy is not always satisfactory. However the direct
measurement of mass flow rate is also under study and a few measuring devices have
been developed such as coriolis and thermal flow meters on working principle of

differential pressure instead of volumetric flow measurement. Unfortunately the direct
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methods have still some limitations and restrictions in practical applications. Therefore

new direct methods are still under research (Hongjian et. al., 2006).

In the calculation of mass flow rate, difference of fluid pressures at up/down streams is
reduced by a factor. This factor can be named as proportionality parameter. If the
pressures are known at the points then mass flow rate can be calculated in the conduit
simply by multiplying pressure difference with proportionality parameter. In this work
the proportionality parameter has been estimated via an observer, a dynamical system
using input-output measurements. Model-based observers Salim et al., (2009), Kandepu
et al., (2007), Kim et al., (2007), Butt and Bhati, (2008), Qaiser et al., (2008), Igbd et al.,
(2009a), Igbal et al., (2009b), Kazmi et al., (2010), and Arcak et al., (2004), are being
used at large scale for estimation of model parameters.

4.2. Estimation of Mass Flow Rate via FOSM O

In this section, first order sliding mode observer has been designed. The observer

estimates the parameter with fast convergence to its nominal value.

Load
Current Inlet manifold

Compressor motor pressure
voltage P Ia nt

+

Error Estimated Inlet -
manifold

l_ >—| pressure
Observer Air mass flow

rate

Figure 4.1: Plant and Observer Configuration

The observer istested with simulations in configuration as shown in Figure 4.1. The load
current input is unknown to the observer. The error is generated via comparing the
measured and observed state i.e. inlet manifold pressure. The dliding mode observer
estimates the parameter i.e. proportionality constant. Then this estimated parameter is
used to calculate the mass flow rate of air that shows fast convergence to its nominal

value with a negligible chattering phenomenon.
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The fuel cell model consists of thirteen states including compressor speed and
acceleration, mass flow rates of oxygen, nitrogen and vapors at inlet as well as at outlet
manifolds, change in temperature, pressure of oxygen, nitrogen and vapors, hydrogen
pressure, hydrogen mass flow rate, and water injected at cathode side (Carnes and Djilali,
2005). In the electrochemical model of stack the models are taken form (Ahluwalia and
Wang, 2008). Since the work involves air dynamics of the FCS therefore only air
breathing subsystem is considered of six states which are compressor speed, air pressures
at inlet and outlet manifolds, mass flow rate of air, oxygen and nitrogen at inlet manifold
(Kaytakoglu and Akyalcin, 2007). Mass flow rate of vapor has been taken having
constant value. The air breathing schematic diagram is shown in Figure 4.2.

Orffice ~~ Fuel Cell Stack

\

Motor  Compressor p valve

/
—— Inlet Outlet
Van *@—’/—’ Manifold vanifold ——>>P
Air f

Figure 4.2: Air Breathing Subsystem Model

The air breathing submode! is formulated taking following assumptions.

e Thegasobeystheidea gaslaw.

e The spatial variationsin inlet and outlet channels are ignored.

e The air dynamics in the channels and cathode are assumed as
isothermal.

e The contribution of vaporsin air is assumed constant.

Theinlet manifold dynamics can be identified by filling and emptying model. The change
in mass in the manifold is equal to the net mass flow rate between mass flow entering the
inlet manifold and mass flow leaving the manifold as follows:

mi_m = min - mout (qul)
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The time derivative of inlet manifold pressure can be modeled as follows:

. Rgir . .
Pim = ];l_m (mcp Tcp —Mim Ti_m) (Eq.3.2)

Where mass flow rate leaving the inlet manifold can be calculated using linearized nozzle
flow equation (Pukrushpan et. a., 2002):

mi_m = i_m(p im™— pca) (Eq33)

where K; ., is the proportionality parameter. It scales down the pressure difference and
gives mass flow rate out of the inlet manifold provided that the pressure difference is

small. Putting equation 3.3 into equation 3.2, the following equation is obtained which

contains three terms.
YRair . YRgi YRyi
Pim = V_W Mep Tep — V+mTi_m KimPim+ V,w Ti m Ki m Pea (Eq.3.4)
m m im

The model shows that the rate of change in air pressure in the inlet manifold depends on
the compressor flow into the inlet manifold, the flow out of the inlet manifold into the

cathode and their temperatures.

In order to design the observer, the inlet manifold model can be simplified as follows:

Dip, =@ — b Ki n Pim + b Ki_m Pea (Eq.3.5)

For simplicity a and b are defined as follows:

Rair .
a= VV— Mep Tep (Eq.3.6)
p = Ylar T (Eq.3.7)
- Vi im q .

m

The equation 3.5 is perturbed by a small variation and takes the following form.
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pim =a—b (Ki_m + AKi_‘m) Pimt+ b (Kim + AKi_m) Pca (Eq.3.8)

The observer is designed on the perturbed moded of inlet manifold model given by

equation 3.8. The observer containing switching function with its B gain is as follows.

f)i_m =a—>b Ki_m T)i_m + b Ki_m Pca + ﬁlP (Eq39)

where switching function is defined as follows:

_ 1 Dim — ﬁi_m >0
Y= R Eqg.3.10
{ -1 pi_m - pi_m <0 ( q )

The observer error is defined as the difference between inlet pressure and estimated

inlet pressure as follows:

€ =Pim — Dim (Eq.3.11)

The observer has atask to steer its error to zero. The observer error dynamics equation is
obtained by subtracting equation 3.9 from equation 3.8 as follows:

¢ = —bK; me — bAK; 1 (Pi ;m — Dea) — BY (Eq.3.12)

If the observer steers its error to zero then the following relationship can be obtained

from equation 3.12fore = 0 and é = 0.



_ﬁl}l

AK; py = —————
- b(pi_m - pca)

(Eq.3.13)

The stability analysis of observer is investigated by taking the proposed Lyapunov

candidate function of quadratic form as follows:

V==e? (Eq.3.14)

According to Lyapunov conditions for globally asymptotically stability (Slotine and Li,
1991), it is to be ensured that the candidate function and its derivative are positive and
negative definite respectively. Moreover the function is divergent at infinity. It is obvious
that the function is positive definite due to its quadratic characteristics. Secondly its
derivative must be negative definite which will ensure its asymptotic decay and

convergence. Taking its derivates as follows:

V = —bK; me? — ebAK; 1n(Di m — Pea) — eBY (Eq.3.15)

The first term at right hand side of above equation is negative definite. Other two terms
can be investigated for negative definiteness. The above equation can be rearranged as

follows:

V = —bK; me? + e{bAK; 1n(Pca — Dim) — BY} (Eq.3.16)
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The negative definiteness of derivative of candidate function demands the existence of
following constraint. The constraint gives the lower bound of switching gain of the

observer.

ﬁ < |bAKi_m(pi_m - pca)l

The switching gain is governed by two variables i.e. inlet manifold temperature and
pressure. The inlet manifold temperature will define the magnitude of the gain whereas
the pressure will describe the region of the gain as well. The value of switching gain

within the bounds will guarantee the stability.

4.3. FOSMO Simulation Results

The performance analysis of the observer design is conducted using simulations. The
parameters for simulation are based on fuel cell prototype vehicle (Pukrushpan et. al.,
2004). The simulations are run with constant load i.e. 100 amperes current and
compressor input voltage is varied from 100 to 250 volts in shape of stair as shown in
Figure 4.3.

L I
o 50 100 1s0 200 250 300
Time (seconds)

Figure 4.3: Compressor Input Voltage

The manifold pressure is observed. The results are very encouraging. The error remains
in acceptable band that comes to less than one percent. The results are shown in Figure
4.4.
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Figure 4.4: Manifold Pressure via FOSM Observer

The mass flow rate of air leaving the inlet manifold is estimated via sliding mode
technique. The simulation result is shown in Figure 4.5. The figure shows that the
estimator tracks the inlet manifold mass flow rate with an acceptable delay. The estimator
shows an error in startup time but after approximately 25 seconds it tracks and estimates

the mass flow rate very well.

Estimated Mass flow
Mass flow
Error

Time (seconds)

Figure 4.5: Mass Flow Rates via FOSM Observer

The results confirms that a nonlinear observer has been designed for estimation of

oxidizer mass flow rate of fuel cell system (FCS) using estimated value of outlet orifice
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constant of inlet manifold. The observer design is based on first order sliding mode
technique. The observer structure is smple hence it is easy for implementation. The
robustness of observer has been seen in the results. The estimates are quite similar to
nominal vaues but showing inherent chattering phenomenon. A higher order sliding
mode observer is recommended for mitigation of chattering thus improvement of
performance and accuracy. However the observer can replace the mass flow sensor which

requires expensive and hard instrumentation for measurement of mass flow rate.
4.4. Esimation of Mass Flow Ratevia HOSM Observer

In the previous work of authors, sliding mode observers were utilized due to their
characteristics of robustness and accuracy. The estimated mass flow rate exhibited the
chattering effect in Kazmi et al., (2008). As the observer dynamics are concerned, this
chattering effect does not matter. However if the observed mass flow rate is to be used
for controller implementation then the chattering effect may matter because such
observer is noise sensitive and generate input vibrations. Therefore keeping an eye on

future usage, the removal of chattering effect is addressed in this work.

In the literature, there are a number of techniques which are used for mitigation of
chattering phenomenon. The techniques include saturation approximation (Slotine and Li,
1991), averaging control effort (Utkin, 1992), dliding sector method (Furuta and Pan,
2000), terminal (Man et al., 1994), dynamical (Sira-Ramirez, 1993), arbitrary (Levant,
2003 and Levant, 2005), and second order sliding modes (Emel’ yanov, 1986, and Levant,
1993). However, the techniques experience tradeoff between removal of chattering and
performance criteria i.e. robustness and accuracy. Some techniques need exact
knowledge of system dynamics. Some techniques are not subject to Lyapunov stability
anaysis. Whereas the second order sliding mode (Emel’ yanov, 1986, and Levant, 1993)
mitigates the chattering effects preserving robustness and accuracy of standard sliding
mode techniques. In addition, there is no need to have exact knowledge of system
dynamics. A reasonable mathematical model is sufficient for its implementation. Its
stability can be proved with the help of Lyapunov stability theory. Therefore it is a better

choice to avoid the chattering preserving robustness and accuracy.
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In the second order sliding mode, a hyper-plane is designed as a constraint function. In
the case at hand, the error of actual manifold pressure and the observed manifold pressure
is defined as the constraint function. The function and its derivative both are to be steered

to zero. A theoretical problem formulation is discussed in detail next.

Consider an uncertain system having following structure taken from standard literature
(Slotineand Li, 1991):

x=f(t,x)+ gt x)u+cg(t), (Eq.3.17)

where x € X ¢ R" is a state vector; u € U c R is a bounded input, ¢(t) € W € R™ is
the unknown input (disturbance) and t is the independent time variable. The disturbance

¢(t) isalebesgue-measureable function and is bounded i.e.

ls(OIl < ¢*. (Eq.3.18)

The diding surface s(t,x) is designed such that its zero value confirms the
accomplishment of the design objective. The system dynamics can thus be written as
(Levant, 1993)

s =¢(t,x)+y(t, x)u. (Eq.3.19)

The dynamics in above equation are assumed to satisfy the following boundary
conditions (Levant, 1993):

0<Ty <y(tx) <Ty, (Eq.3.20)
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lp(t, x)| < @, (Eq.3.21)
and

s < so, (Eq.3.22)

where 'y, I'm, So and @ are some positive constants. Sliding mode observer is based on
keeping exactly properly chosen constraints (sliding manifold) by means of high
frequency control switching establishing a sliding motion. The main idea of higher order
dliding modes is to act on higher order derivatives of sliding manifold variable as
compared to the first order derivative in the standard sliding mode technique. There are a
number of algorithms available in the literature e.g. real twisting and super twisting
algorithms etc. In this work super twisting algorithm is selected because of its fast
convergence and computational simplicity that arise from the absence of sliding manifold

derivatives.

The agorithm is the most popular one among the second order sliding mode algorithms.
The agorithm is robust to parametric uncertainties and disturbances subject to fulfillment
of its conditions or bounds. The agorithm has been developed and analyzed for systems
which can be written in the form equation 3.17 and satisfy the conditions given in
equations 3.20 to 3.22. The super twisting algorithm that is given below converges in
finite time (Levant, 1993).

u(t) = uy(t) + uy(t), (Eq.3.23)
. —u lul > 1
th = {—Wsign(s) lul <1, (Eq3.24)

B {—Alsolpsign(S) Is| > sg (Eq.3.25)

27 =Als|Psign(s)  |u| < s,.
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The injector comprises of two terms; first term is discontinuous time derivative and the
second term is function of sliding surface. The corresponding sufficient conditions for

finite time convergence are:

()]
W>—>0, (Eq.3.26)
'y
, _ 40Ty (W + @)
=3 : (Eq.3.27)
I;,(W—®)
and
0<p<0.5. (Eq.3.28)

When the p is unity, this algorithm converges to the origin exponentially.

The fuel cell model has matched and system uncertainties both. The matched uncertainty
is the function of compressor motor speed and compressed air temperature. For the
boundedness of the uncertainty, the compressor motor speed does not become zero at any
instant during operation of the system. The load current of the system is system
uncertainty that acts as a disturbance to the system.

In order to design the observer, the inlet manifold model can be simplified as follows:

Dim =a—bKi 1 Pim+ b KimPea (Eq.3.29)

where a and b are defined for simplicity as follows:

— YRair Mep Teps (Eq.3.30)

Vim

a

p="lar (Eq.3.31)

Vim
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The equation 3.29 is perturbed by a small variation and the equation takes the following

form.

pi_m =a-—b>b (Ki_m + AKi_m) Pim +b (Ki_m + AKi_m) Pca - (Eq332)

The observer is designed on the nominal model of inlet manifold given by equation 3.32.
The super twisting observer is as follows.

ﬁi_m =a—bKimPim+bKimbDea—v, (Eq.3.33)

where injector v contains two terms i.e. discontinuous time derivative and continuous

function of dliding surface. The modified switching function is defined as follows:

v(t) = vy(t) + v, (t) (Eq.3.34)
v, = —Wsign(s) (Eq.3.35)
v, = —A |s|P sign(s) (Eq.3.36)

The values of coefficients are W = 0.5, 1 = 10, p = 0.89. The variable s denotes the
diding surface i.e. error between measured and observed inlet manifold pressures. The

observer error can be expressed as follows:

S =Dim — Dim - (Eq.3.37)

The observer has atask to steer its error to zero. The observer error dynamics equation is

obtained by subtracting equation 3.33 from equation 3.32 as follows:
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§ = —bK; ;5 — bAKi_m(pi_m — pca) +v. (Eq.3.38)

If the observer steers its error to zero then the following relationship can be obtained

from equation 3.38 for s= 0 and s = 0.

v

Ak = /.
. b(pi_m - pca)

(Eq.3.39)

The stability and convergence analysis of observer are investigated in detail in (Levant,
1993), (Levant, 2007) and (Fridman and Levant, 2002).

45. HOSMO Simulation Results

The higher order sliding mode observer design is tested on smulations for tracking,
robustness and chattering phenomena. The parameters for simulation are taken from
Pukrushpan et al. (2004). The simulations are run with fixed step size of 0.01 seconds
using odel solver. To show the tracking ability of observer, load current is kept constant
and compressor motor voltage is varied from 100 to 250 volts as shown in Figure 4.6.
Thisinput is known to the observer but second input that is load current is not known to
the observer. Therefore, the observer can be considered as partial known input observer
(PKI10).

Secondly, to show the robustness of the observer, the load current which acts as a
disturbance is varied as shown in Figure 4.6. The matched uncertainty comes from
variable motor speed automatically and other time varying parameter is temperature of
compressed air. In this work, the objective is to mitigate the chattering phenomenon by
using higher order sliding mode (HOSM) technique therefore the results are presented in
the comparable format. It is noticeable that FOSM observer results are made readable via

alow passfilter.
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Figure 4.6 Profile of Load Current

4.5.1. Tracking Analysis

The inlet manifold pressure is observed and results are shown in Figure 4.7(a) and Figure

4.7(b) through HOSMO and FOSMO respectively. The results are very encouraging due

to narrow band of error.
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Figure 4.7(a): Manifold pressure via HOSM Observer
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Figure 4.7(b): Manifold pressure via FOSM Observer

The mass flow rate of air leaving the inlet manifold is observed through HOSMO and
FOSMO and results are shown in Figure 4.8(a) and Figure 4.8(b) respectively. The
Figures depict that the estimator tracks the inlet manifold mass flow rate with an
acceptable delay. The estimator shows an error in startup time but after approximately 25
seconds it tracks and estimates the mass flow rate very well. The results are similar but
without chattering in Figure 4.8(a).
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Figure 4.8(a): Mass flow rates viaHOSM Observer
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Figure 4.8(b): Mass flow rates via FOSM Observer

4.5.2. Robustness Analysis

The load current is considered as a disturbance in fuel cell system. The load dictates the

consumption of oxygen at cathode. The changes in the load generate the problem of a

control challenge of oxygen starvation. The results show that the observer is robust and

insensitive to load disturbances generally. The results of observer under disturbance are

shown in Figure 4.9 and Figure 4.10.
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Figure 4.9(a): Manifold pressure under disturbance viaHOSM Observer
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The simulation results via second order sliding mode are shown in Figure 4.9(a). The

robustness can be seen at the given time instants. The FOSM observer results are also

shown in Figure 9(b) for reference only.
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Figure 4.9(b): Manifold pressure under disturbance via FOSM Observer
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Figure 4.10(a): Mass flow rates under disturbance viaHOSM Observer
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Figure 4.10(b): Mass flow rates under disturbance via FOSM Observer

4.5.3. Chattering Analysis

The HOSM observer demonstrates the robustness and performance similar to FOSM

observer but without the chattering fatigue. The correction variable shows smoothness in

its nature as shown in Figure 4.11(a) contrary to FOSMO injector shown in Figure

4.11(b) therein switching is very obviousin wide band.
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Figure 4.11(a): Injector without chattering via HOSM observer
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Figure 4.11(b): Injector with chattering via FOSM Observer

The error plots are dso shown in Figure 4.12 that depicts the real attenuation of

chattering effect.
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Figure 4.12: Error Plots of Inlet Manifold Pressures

The high frequency oscillations are harmful to many classes of system especialy

mechanical system. The observer has attenuated the chattering phenomenon preserving

the performance characteristics of observer.
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46 Summary

The salient features of the above discussion can be concluded in the following lines. The
observers were designed for the estimation of oxidizer mass flow rate of fuel cell system
(FCS) using estimated value of outlet orifice constant of inlet manifold. The observer
designs were based on first and second order sliding mode techniques. The observer
structure is simple hence it is easy for implementation. The robustness of observer has
been seen in the results. The estimates are quite similar to nomina values without
chattering phenomenon. The observer can replace the mass flow sensor eliminating
expensive and hard instrumentation for measurement of mass flow rate. The second order
dliding mode observer appears in a smooth shape and can be used for controller design
without chattering phenomenon. The observer accomplished its task even in the absence

of aninput.
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Chapter 5

WATER CONTENT ESTIMATION

Water content is a critica parameter that affects proton conductivity of
perfluorosulfonate membrane in PEM fuel cells. The decreasing water content degrades
the proton conductivity. On the other hand, abundant water content blocks the flow of
reactant gases to catalyst. Therefore water management is one of the major issues in the
proper operation of the system. This issue is deat with different approaches that include
designing membrane electrode assembly, hardware & system design and controlling of
stack operating conditions. The former approach rests with manufacture’s part and may
include cell orientation at 45 degrees towards air outlet port and cell shaking during fuel
cell operation. Later methodology concerns with fuel cell system operation and may
include maintaining of operating temperature, pressure, stoichiometry and the
humidification levels of reactant gases. Water management consists of three stages i.e.
water treatment, humidification of reactant gases and water removal process. But all these
remedies are feasible at that time when water content level is known in the stack and can
be monitored efficiently. This chapter describes water content estimation employing
higher order diding mode observer. The design of observer is based on a dynamic
voltage model of PEM fuel cell stack. The development of the model is described in
detail. The results are verified by offline calculation of water content parameter. The
parameter estimation supports the fault diagnosis of flooding and drying scenarios of the
PEM fuel cell system.

5.1. Water Transport Dynamics

During operation of the system, the water is produced at the cathode. The presence of
water contents in the stack is sensitive to cold environment, reactant gases transportation,
proton conductivity and length of membrane life. In the cold environment, the water

content can change its phase in the stack due to subfreezing temperature. In this scenario,
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the water content can increase start-up time of the system. Insufficient and excessive
amount of water content in the stack affects negatively the performance of fuel cell
system. The inadequate amount of water can cause the membrane dryness and then would
create cracks in the membrane. The dry membrane has higher internal resistance which
increases the voltage losses. The cracks in the membrane degrade the performance and
shorten the stack life. On the other side, the excessive water content causes flooding in
the stack and fills the pores of the porous gas diffusion layer and prevents the distribution
of the reactants to the catalyst. The situation becomes severe at high current densities.
This state occurs not only at cathode side but the anode also gets affected. The produced
water at the cathode diffuses into the anode side due to the gradient of water
concentration. The anode having close end at outlet side is severe victim of the process
because water accumulates there and hinders the adequate distribution of fuel gas
distribution.

Electro-
osmotic drag

cathode

Figure 5.1: Schematic Diagram of water dynamics

Automotive system experiences numerous power transients. The water dynamics during
theses transients affects performance and durability of the system. Actually in the stack,

there are two processes of electro-osmotic drag and back diffusion of water across the
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membrane as shown in Figure 5.1. The water content parameter A is the average of both

parameters A. and A, a the cathode and anode respectively.
5.2. Water Content Parameter

Water content measurement is very important in the condition monitoring of fuel cells. In
the conventional measurement method, the humidity sensors are used which are
prohibitive for in-situ measurement due to their size and cost. Their accuracy is aso not
always satisfactory for high relative humidity levels. However the gas chromatography
technique is relatively accurate but it needs extractive sampling which makes it slow and
intrusive. Other techniques such as neutron radiography and real-time gas anayzer have
their own issues. The optical devices which access the water fronts and distribution in
transparent cell plates are used for direct visualization. The optical devices may include
digital camcorders, high-speed cameras, infrared cameras and Charge-Coupled Device
(CCD) cameras. Nuclear Magnetic Resonance (NMR) imaging or Magnetic Resonance
Imaging (MRI) is used for measuring water distribution of an operating fuel cell in situ.
Beam interrogation approaches include neutron imaging, electron microscopy, X-rays
techniques. Fluorescence microscopy provides the micro scale transport of liquid water
(Mengbo and Zidong, 2009). All these techniques can be employed for offline analysis
and diagnostics. In the controlling of operating parameters, online estimation is required
for control and diagnostics purposes. There are numerous works reported in the literature
therein water management has been given vital importance for good performance of the
system developing mathematical models, analyzing process and devising detection

techniques of water management.

Severa research efforts focused the development of theoretical models to capture the
water dynamics in the stack for water management over the last decade. Siegel and
Stefanopoulou (2009) developed a mathematical model to predict the slowly evolving
water front locations in both anode and cathode side gas diffusion layers during flooding
and drying as well as the dynamic changes in membrane water content. Ahmed and
Chmielewski (2009) developed a model and studied membrane hydration and its profile.
They identified manipulating parameters as anode bubbler temperature, cathode bubbler
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temperature and solid set point temperature. Through manipulation of the parameters,
average water content can be maintained. They also showed the relationship between
flow of water contents from cathode to anode and vice versa with change in power of the
system. At low power levels only water flows from cathode to anode whereas at high
power level water flows across the membrane in both ways. Pagquin and Frechette (2008)
analyzed the cathode flooding using mathematical model and experimentation. Their
analysis was based on two resistances; one is due to temperature and other relates to mass
flow of reactant gas. They studied the effect of both resistances on water balance.
Ultimately, they succeeded to develop a performance parameter of ratio between two
resistances. This application restricted only to air breathing systems and they neglected

the diffusion process of water content from cathode side.

In order to validate and verify the model and to search the capable methods for water
management, many studies carried out on physical system. Weng et al. (2006) studied
cathode flooding and verified it via visuaization of water flooding by using transparent
fuel cells. The effect of cathode gas concentration was discussed. Liquid water can be
easily removed at high cathode gas flow rate but at parallel it can degrade the membrane.
It suggests that the monitoring of water content is necessary. Ahamd et al. (2009)
investigated the behavior of water production by constructing a transparent cathode PEM
fuel cell. They studied the effect of different operating conditions on the production of
water content. They established that water production is directly proportional to current
density & humidification whereas its stoichiometric ratio constant is inversely
proportional to water. Mughal and Li (2006) studied work on water management
focusing on water remova techniques experimentally. The techniques were cell
orientation, shaking of cell and hydraulic permesation. The water removal stage came after
the knowledge of water content level. They did not discuss about the monitoring or

measurement of water flooding.

Various schemes were devised to detect and predict the water content level in the stack in
recent years. Thawarnkuno and Panjapornpon (2008) proposed a technique to predict the
water content using state estimation. They estimated the water content via extended

Luenberger observer. This technique demonstrated results better comparably while open
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loop observer was used. Judith O’ Rourke et al. (2009) suggested a detection scheme of
anode flooding earlier than a fast voltage negative spike occurrence. This scheme is
applicable at low current densities because anode flooding occurs at low current
densities. This scheme requires voltage scan cards, median voltage calculation and a
circuit to spike current load. McKay and Stenfanopoulou (2004) developed and then
validated mathematical model for membrane humidity in the stack. They used open loop
observer to estimate the humidity. Gorgun et al. (2005, 2006) proposed an a gorithm for
the estimation of water content in PEM fuel cell exploiting its effects on cell resistance
voltage drop. The algorithm requires measurements of voltage, current, temperature and
total pressure values in the cathode and anode. Using these measurements they cal culated
the membrane resistance and then an estimate of water content is obtained anaytically.
The scheme cannot be applied for zero or small value of current whereas anode flooding
occurs at low current densities. Another problem with this scheme is that a number of
estimators are required for observation of partial pressures of hydrogen and oxygen etc.
They did not incorporate flooding conditions instead they monitored the pressure drop at

cathode side to distinguish between flooding and drying conditions only.
5.3. Development of Dynamic Voltage M odel

Fuel cell stack consists of many fuel cells connected in series to obtain a useful voltage
because a single fuel cell can generate single volt approximately that is not sufficient

voltage for any application. The stack voltage therefore can be calculated as

Vstack =1 X Vg, (Eq.5.2)

where V.4 isthe voltage of stack, n isthe number of fuel cells and V. is the voltage of

asingle fud cell. The stack current depends upon the active area of fuel cell and passes

through each fuel cell. Therefore the stack current can be calculated as
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Lstack = 1 X Age, (Eq. 5.2)

where I 1S the stack current, i is the current density (Amperes per unit fuel cell active

area) and Ay isthe area of fuel cell. The power of fuel cell can be calculated as

P = Vstack Istack: (Eqg. 5.3

where P is the power of fuel cell system. The net power of fuel cell system can be found
by deducting the parasitic loads from the total power. The open circuit voltage is an
electromotive force. It represents the maximum theoretically achievable voltage
depending upon the operating pressure and temperature of reactant gases. Almost all
models calculate the theoretical voltage using Nernst equation, for instance Larminie and
Dicks (2003), Bakin (2002), Brunetto et al. (2004), Correa et al. (2004), Cheng et al.
(2006), Arsie et al. (2007). Keonyup et al. (2007), Amphlett (1995),Boccal etti (2006) and
Busari et al. (2006). The Nernst model is given as

AG AS RT 1
Enernst = ZF + 7F (T - Tref) + 7F (ln (pHZ + Ep02)>; (Eq. 5.4)

where AG is the change in the free Gibbs energy (Jmoal); z is the number of eectrons
exchanged per molecule of hydrogen; F is the constant of Faraday (96,487 C); AS isthe
change in entropy (Jmoal), R isthe universal constant of the gases (8,314 JK mol); while
pu, ad po, arethe partial pressures of hydrogen and oxygen respectively (atm). Variable
T denotes the cell operating temperature (k) and T, is the reference temperature. Using
standard pressure and temperature (SPT) for AG, AS and T,.., We get open circuit voltage

asfollows:
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— _ 1
Voe = 1.229 = 0.85 X 1073(T = Typp) + 4.31 x 1073 (ln (P, + Epoz)). (Eq. 5.5)

The fuel cell voltage is aways less than the theoretical voltage implying that there are
voltage losses. Therefore the net fuel cell voltage is equal to open circuit voltage
deducting the voltage losses in the fuel cell. This can be expressed mathematically as

Vfc = Voc = Vioss (Eq. 5.6)

where V, is the open circuit voltage and V¢, is the voltage loss. A typical polarization
curve is shown in Figure 5.2. The fuel cell voltage is less than the theoretica voltage.
Mainly, three regions are shown in Figure 5.2 representing activation, Ohmic and

concentration losses. These losses are discussed in detail in the following lines.

5.3.1. Activation Losses

The activation loss is a measure of voltage drop associated with the electrodes only and is
estimated up to fifty percent of the total voltage loss. Therefore, it is major loss to the
total voltage. The slowness of the eectrochemical reactions on the electrode surfaces
causes these losses while the reactions are being driven from equilibrium for electricity
generation. These losses increase as the current drawn increases. Activation losses are
mostly relevant at low current densities and are highly nonlinear but theses |osses affect

the voltage at intermediate and high current densities aswell.

Activation losses are high at low temperature of the fuel cell and are not significant at
high temperature. Oxidation of hydrogen at anode side is hundred times faster than
reduction of oxygen at cathode. Therefore, the chemical reaction only at cathode limits
the overall phenomena significantly. Due to this, the activation losses at anode side are
neglected generally.
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Figure 5.2 Typical Fuel cell polarization curve

As shown in Figure 5.2, the steep initial decrease represents the activation losses at low
current densities. This segment is avertical line starting from theoretical value of the cell
voltage to some point on the vertical axis. At intermediate and high current densities, the
curve of the activation losses is a diagona line, collinear with the polarization curve
which starts from end of first segment. Numerous mathematical models of activation
losses are available in the open literature Siegel and Stefanopoulou, (2009), Ahmed and
Chmielewski (2009), Paquin and Frechette (2008), Weng et al. (2006), Mughal and Li
(2006), Thawornkuno and Panjapornpon (2008), O’ Rourki and Arcak (2009), Mckay and
Stefanopoulou (2004), Gorgun et al. (2005, 2006). The activation losses are usually
modeled by using either Tafel equation or Butler-Volmer equation. Amphlett and his
coworkers (1995, 2008) developed an empirical model which is a function of stack
temperature, oxygen concentration and current density. This model captures the
phenomena that activation losses decrease with the rise in the temperature and oxygen
concentration. At low current density, activation losses are increasing. Arsie and his
coworkers (2007) developed a model which is the function of temperature current density
using Tafel equation. They modeled the exchange current density as a second order
polynomia of the cathode pressure. In this model, the anodic contribution is neglected.
They considered the reactant concentration using the cathode pressure. Boccaletti and her
colleagues (2006) developed the model using the result that the activation losses are
proportional to natural logarithmic value of current density. Bao and his colleagues

(2006a, 2006b) used the model which depends upon temperature, current density and
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oxygen concentration. They employed Tafel equation using the electron transfer
coefficient as a constant for whole phenomena. Buasri and her colleagues (2006)
developed model for activation losses similar to Boccaletti et al. (2006) but argument of
natural logarithm is ratio of load current and a constant value of current of 0.074
amperes. Correa et al. (2004) presented an empirical model same as Amphlett (2008).
They developed an expression for calculation of oxygen concentration. This expression is
afunction of the oxygen partia pressure at cathode and the stack temperature. Mert and
his colleagues (2007) developed a model for both cathode and anode contribution to the
activation losses by finding respective electron transfer coefficients separately. The
model was function of temperature, current density and exchange current density. They
developed an empirical modd for the current exchange density which is a function of
temperature only. J.T. Pukrushpan et al. (2006) presented a model for calculation of the

activation losses using Tafel equation as

Vact = Vo + Va(l - e_Cli). (Eq.5.7)

where C; = 10,

Vo = 0.279 — 8.5 X 107*(T;, — 298.15) + 4.3085 X 1075T}, [Zn (—”f‘;;;’;‘;f) +

% In (0-1173(pca_psat))], (Eqg. 5.8)

1.01325

2
Vo = (—1.618 X 1075Ty, + 1.618 x 1072) (2% + pyo, ) + (1.8 X 10Ty, —

0.166) (2% + pyo, ) + (=5.8 X 10~*Ty,. + 0.5736) (Eq. 5.9)

0.1173

5.3.2. Ohmic Losses

The Ohmic losses are caused by the combined electrical resistance of various components
inside the cel, namely electrode material, electrolyte membrane and various

interconnections. This resistance is experienced by the hydrogen ions flowing through the
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membrane and by electrons moving on the electrode surface. The voltage drop is
proportional to the current. The resistance to the flow of protons in the membrane is
much more effective than the resistance of the electrodes and bipolar plates. Ohm'’slaw is
employed for calculation of the losses. The Ohmic losses are a linear function of the
current. The polarization curve depicts the Ohmic losses as a linear line at intermediate
current densities. These losses are less significant at low current densities. The losses are
modeled by using Ohm’s law in principle but different methods are introduced to
calculate the Ohmic resistance. Correa et al. (2004) developed the model for Ohmic

losses using ohm'’s law as

Vonm = iRm (Eg. 5.10)

where i is the current density and R,, is the Ohmic resistance. This resistance is

dependent of geometry of the membrane, too. The expression for resistivity is given by

l
Ry = p% (Eq.5.11)

where [ is the thickness of membrane and p,,, is the resistivity which can be modeled as
function of current density and temperature. Amphlett and his coworkers (1995)
developed an empirical model for calculation of the Ohmic losses which was the function
of temperature and current density. Arsie and his coworkers (2007) modeled Ohmic
losses using Ohm's law as well and Ohmic resistance was function of membrane
thickness and conductivity. The membrane conductivity is a function of temperature and

water activity and is given by

o, = exp (300 (- %)) (0.00512 — 0.00326) (Eq. 5.12)
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The range of value of A is from O to 14 corresponding to O to 100% humidity
(Pukrushpan et al., 2004).

5.3.3. Concentration Losses

The concentration losses result from the decrease of concentration of hydrogen and
oxygen gases at the electrode. The reduction in concentration is the result of afailure to
transport sufficient reactants to the electrode surface which is why these losses are also
called mass transport losses. The reactant concentrations are same in the manifold and
reaction surface of the electrode at no load. As, the current is drawn, the gases have to
diffuse into the catalyst layers. This diffusion causes the reduction of concentration at the
reaction sites. These losses are incurred a high current densities due to insufficient
guantities of the reactant gases. The water is produced a the cathode though
electrochemical reaction. This presence of water particularly at high currents causes
clogging of catalyst sites and therefore, restricts oxygen access to the reaction site. The
mass transport is significant in this regard. Arsie and his coworkers [39] developed the
model for concentration losses considering both anode and cathode chambers. They
developed polynomial for current densities as functions of pressures at cathode and anode
respectively. Boccaletti et al. (2006) used the model for concentration losses as
exponential  function of current density scaled with a constant extracted from
experiments. Buasri and her colleagues (2006) formulated the model for concentration
losses similar to Boccaletti et al. (2006) but the structure of coefficientsis different which
include load current aso. Pukrushpan et al. (2004) employed an empirical model for
calculation of the concentration losses. The model depends upon partial pressures of the
reactant gases, saturation pressure, temperature and current density. The model is given
by Pukrushpan et al. (2004) and Amphlett et al. (1995).

Veone =1 (€= )C3 (Eq. 5.13)

lmax

Cs =2, imax = 2.2
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CZ=

(7.16 x 10Ty, — 0.622) (0_’1‘33 + pmt) + (=145 x 1073T}, + 1.68) if 2=+ pyg, < 2 atm
(8.66 x 107°Tf, — 0.068) (0_’1?;3 + psat) + (-1.6 X 107*T;. + 0.54) else
(Eq. 5.14)

A. J. del Real and his colleagues (2007) developed an empirical model for calculation of
the fudl cell voltage containing al losses. The moddl is nonlinear algebraic expression
which was function of partial pressures of reactant gases, temperature and load current.
Arsie and his coworkers (2007) introduced an additional term as a constant voltage drop
that accounts for minor losses such as the contact resistance, internal current, and leaks.
In order to design the observer, the voltage model can be expressed considering equation
(5.14) asfollows:

Vfc = Voc = Vact = Vonm — Veonc (Eg. 5.15)

where V. is the fuel cell output voltage, E is the open circuit voltage, V. is the

activation voltage loss, V,,, is the ohmic voltage loss and V,,,. iS the concentration

voltage loss.

In order to design the observer, a dynamical voltage model is developed through rigorous
mathematical procedure. The model is as follows:

Vie = @itz + ity + g + Y = + b 5 G (Eq. 5.16)

m at

where 6,, = 1 o, and o, is the conductivity of membrane against hydrogen ions. The

coefficient functions ¢, ¢, y and ¢ are detailed asfollows:
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@ = dg—L (Eq.5.17)

6
Pca—Psat

T
fc
b =e; p_ + C1chpoz + C3chpsat — C5 — CgPsat — C7ch

0>
1
+—— %M 3 %2 (msTy — ms) (Eq.5.18)
lmax
T,
X =e;3 e (Eq.5.19)
PH,

1

Y = —c,Vexp(—cqi) —— ;% (c3 +1)i% (Eq. 5.20)

The conductivity parameter is to be estimated therefore a light uncertainty is introduced

as under. We get a perturbed voltage model as follows:

: 5 . 5 di di , . -
Vie = @3 + ¢ky + xks + P+t o (G + AG) (Eq. 5.21)

The ultimate task of this work is to calculate the water content parameter 4,,. As the
perturbation on conductivity is recovered then the conductivity is updated by correction

termAG,,. The 1,,, can be calculated by following model

The ultimate task of this work is to calculate the water content parameterd,,. As the
perturbation on conductivity is recovered then the conductivity is updated by correction
termAG,,. The 1,,, can be calculated by following model (Springer et al., 1991).

A = + 2 (Eq.5.22)

where Ag;, is correction term, b;; and b,, are from the Nafion membrane (Springer et
al., 1991) and b, isafitting parameter (Pukrsushpan et al., 2004).
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5.4. Higher Order Sliding Mode Observer Design

In this work, a HOSMO is designed on perturbed voltage model assuming that the
measurements of inlet manifold pressure, partial pressures of oxygen and hydrogen are
known. The observer of inlet manifold pressure is a previous work of the authors (Kazmi
and Bhatti, 2011). The partial pressures of reactant gases are assumed to be known. The
proposed structure of the observer for sliding mode observation of output voltage of PEM

fuel cell system is designed on perturbed model as follows:

5 . . . di di .
Vie = @ty + ¢y + kg + P+ Ly = Gy — (Eq. 5.23)

where injector v contains two terms i.e. discontinuous time derivative and continuous

function of dliding surface. The modified switching function is defined as follows:

v=v,(t) +v,(t) (Eq. 5.24)
v, = —Wsign(s) (Eq. 5.25)
_ (A Isol? sign(s) |s| > so
V2 = {—/1 Is|? sign(s) |v| < sg (Eq. 5.26)
The corresponding sufficient conditions for finite time convergence are:

w>=>0, (Eq.5.27)

40T (W + @
2 . u ), (Eq.5.28)

Fm(w - (I))

and



0<p<sLl

The values of constants W = 0.05, 4 = 0.05, and p = 0.89.. The variable s denotes the
sliding surface i.e. error between measured and estimated voltages. The surface can be

expressed as follows:

The observer has a task to steer its surface to zero. The equation for surface is obtained

by subtracting equation (5.23) from equation (5.21) as follows:

s = —Adyt +v (Eq.5.30)

™ dt

If the observer steers its error to zero then the following relationship can be obtained

from equation (5.30) for s = 0ands = 0

. v
A6, _—tm(di ) (Eq.5.31)

which is employed to recover the perturbation in the conductivity of fuel cells across the
membrane. The injector compensates the perturbations or uncertainties in V.. The
stability and convergence analysis of observer are investigated in detail in (Levant, 1993),
(Levant, 2007) and (Fridman and Levant, 2002).
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5.5. Simulation Results

In this section, the results of simulation are presented by using the figures. The
parameters for simulation are based on fuel cell prototype vehicle (Adams et al., 200,
Pulrushpan et al., 2004). The value of water content parameter is estimated online using
the proposed observer. The estimated value of parameter lies in the range of O to 14.
Moreover, the parameter is calculated offline from the model available in the literature
(Springer et al., 1991). The water content dynamics are analyzed with respect to load
current transients. In this way, it is tried to verify the results of estimation of parameter

through quantitative and qualitative analysis.

The observer design is tested on simulations for tracking and robustness. The simulations
are run with load current having transients at 100 and 200 seconds for 20 seconds each
with increasing and decreasing behaviors respectively as shown in Figure 5.3. The
automotive fuel cell system experiences numerous and varied power transients therefore
current profile is designed in such a way that it depicts real scenario. The compressor
motor voltage is kept held at 100 volts in first case whereas in second case it is varied

from 100 to 250 volts as shown in the Figure 5.5.
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Figure 5.3 Load Current Profile With Transients
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Figure 5.4 Output Voltages of System and Observer

The performance of the proposed observer is shown in the Figure 5.4. The observer

tracks the measured voltage under load current transients. The inherent chattering

phenomenon of standard sliding mode observer is not obvious in the results. In the

second scenario, the performance of observer is very clear from Figure 5.6. No doubt

there are over and under shoots but it converges quickly. The results show robustness and

fast convergence.
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Figure 5.5 Compressor Motor Voltage Profile
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Figure 5.6 Output Voltages of System and Observer under Disturbance

The water content parameter is shown in Figure 5.7. The value of parameter is
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Figure 5.7 Water contents across the membrane of fuel cell
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5.6. Validation of Results

The results are verified with test bench simulation modedl by Pukrushpan et al. (2004).
Moreover, the value of water content parameter is verified by offline calculation using a

model availablein the literature.
5.6.1. Quantitative Analysis

The verification of estimates is offline process whereas the parameter estimation via
proposed observer is online process. Using ideal gas law, the vapor pressure at cathode is
calculated as

RyTs¢

v My ca,max.
ca

Pvca =

(Eq.5.32)

where the value of maximum mass of vapors at cathode side was used as 0.0028 kg
(Kunusch et al., 2009). The water activity was found by using the vapor pressure and

saturated vapor pressure at stack temperature as follows:

pvca
g = ———— Eqg.5.33
« Dsat (Tst) (Eq )

Finally a third order polynomial (Springer et al., 1991) was used to calculate the value of
water content parameter. The model is quit reliable and consistently employed for

calculation of the parameter asit isreported in literature recently (Gao et al., 2010).

0.043 + 17.8a,, — 39.85a2, + 3643, 0< a., <1
Aeg = (Eq. 5.34)
14 + 1.4(az, — 1) 1<ag<3
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where water activity a.,was found less than unity therefore first part of equation (5.34)
was used to obtain the value of water content parameter. The difference is less than 5%
and therefore simulation results are quite reasonable and compatible. The comparison of

online and offline results is shown in the Table 5.1.

— Online estimated value of Offline calculated value of Difference
Description
water content parameter water content parameter
Vaue 12.0845 12.6501 0.5656

Table 5.1: Comparison of water content parameter
5.6.2. Qualitative Analysis

In the load current profile from 100 seconds to 120 seconds and from 180 seconds to 200
seconds, there are increasing slope and decreasing slop respectively as shown in Figure
5.3. The change in load current affects the water content parameter. As the load current
increases, there is dryness process across the membrane. When the load current decreases
the wetting process occurs. In practical the dryness process is slow and wetting process is
fast. These dynamics can be viewed in Figure 5.8 that contains zoom view of Figure 5.7

from 80 seconds to 220 seconds.
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Figure 5.8 Water Content Behaviors under Load Transients
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5.7. Summary

Higher order sliding mode observer-based online estimation of water contents across the
membrane of fuel cell system (FCYS) is presented. The work employs dynamic voltage
model developed by authors using basic nonlinear algebraic equations. The model
supports sliding mode observation of water content parameter. The standard sliding mode
observer (SMO) results inherit chattering phenomena that limits implementation of
algorithm therefore, higher order sliding modes enhanced the results of standard SMO
through mitigation of chattering effects preserving robustness and fast convergence of
SMO. The estimates are quite similar to nominal values. Offline calculation of the
parameter through a model available in the literature verifies the results. The observer can
replace the humidity sensors which results in rid of expensive and hard measuring
instrumentation despite cheaper measurement of output voltage of FCS. The parameter
estimation can provide a foundation for design of efficient fault diagnostic schemes and

fault tolerant control.
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Chapter 6

HIGHER-ORDER SLIDIGN M ODE OBSERVER-
BASED FAULT DIAGNOSISIN PEM FUEL CELL
SYSTEM

A discrepancy between the actual behavior and the model indicates faults. In the scenario
of model mismatch or measurement noises, false alarm can be occurred. Therefore fault
diagnostic technique should be capable to reject the false alarms. A robust technique can
overcome the false alarms in the presence of disturbances and uncertainties. Higher order
sliding mode technique is robust and capable to reject disturbances and uncertainties
successfully without losing accuracy and convergence. It was experienced in the mass

flow rate and water content estimation process, explained in the last two chapters.
6.1. FutureWork

The future work comprises of fault diagnosis in PEM fuel cell system based on higher
order dliding modes observers. The two parameters have been estimated using higher
order dliding modes observers. The fault diagnosis will be done on the basis of these

estimated parameters. The future work comprises:

i) Investigation in the following:

e Fault diagnostic fundamentals

e Fault diagnostic techniques

e Model based fault diagnostic techniques

e Observer based FDI

e Higher order sliding mode observer based FDI technique
i) Modeling of faultsin PEM fuel cell system

e Air leakage in the manifold

e Hydrogen leakage in the manifold
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e Compressor faults
e Sensor faults
e Oxygen starvation
e Fuel starvation
e Cathode/ anode flooding
e Cathode /anode drying
iii)  Application of fault diagnostic technique

iv) Computer simulation and analysis

6.2. Timeline

The six tasks of timeline are investigation in fault diagnostic technique, Application of
technique and simulation, Journal paper, Thesiswrit up, its evaluation and finally defense

of thesis. The timeline via Gantt chart is shown in Figure 6.1.
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Apr201t | May 2011 Jun 2011 Jul 2011 Aug 2011 Sep 2011 Qct 2011 Nov 2011 Dec 2011

ID Task Name Start Finish
14 244 15 85 155 225 295 56 126 196 266 37 107 117 47 37 T8 148 208 2B 49 118 189 259 10 910 16/10 2310 3040 611 131 20011 211 412 1142 1812 252

1| Investigation fault diagnostic technique] 411612011 5152011
) A.pplica.tionoftechniqueandComputed 5011 615011 I

simulation
3 | Joumal paper 61612011 TH5I2011 ]
4 | Thess wriup BigRott | 1itai0t ]
5 | Evaluation 1111612011 120152011 ]
6 | Defense 1211612011 1213112011

Figure 6.1. Timeline of PhD research work
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