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Abstract

Nowadays, the Proton Exchange Membrane Fuel Cell (PEMFC) are considered as one of the most efficient
solutions for energy production to face both serious environmental pollution and energy crisis around the
world. PEMFC are electrochemical devices that produce electricity, water, and heat from hydrogen and
oxygen. Moreover, the PEMFC, also called Solid Polymer Fuel Cell (SPFC), are used in a wide range
of applications, with advantages such as high efficiency, low weight, low pollution and low operation
temperature, features that allow fast starting times in the PEMFC systems. However, for applications
that require the tracking of rapid load changes, such as transport applications, the PEMFC must be able
to follow rapid load changes and also able to be adapted to varying operating conditions. As a result,
advanced control strategies must be integrated to ensure that the flows entering the PEMFC stack are
sufficient and well-conditioned.

The first contribution of thesis is interested in the control of the PEMFC air supply system. The
control objective is to regulate fast and efficiently the oxygen depleted in the cathode channel in order
to avoid both oxygen starvation and saturation phenomena. This problem has been addressed using
two controllers. The first control strategy, known as hybrid fuzzy PID control, is separated into three
parts: fuzzy control, fuzzy-based self-tuned PID control, and fuzzy selector. The second control strategy,
known as Second-Order Sliding-Mode (SOSM) twisting control, used an off-line tuning procedure to tune
the controller parameters. Their performances are validated through extensive computer simulations.
However, this is a challenging task because both two control strategies require knowing the exact value of
Oxygen Excess Ratio (OER), which depends on internal variables such as the air pressure in the supply
manifold and the partial pressures of both oxygen and nitrogen in the cathode. This means they should
be used further sensors for measurements that increase both the overall system complexity and the cost
while decreasing the efficiency of the fuel-cell system. Therefore, observers using only the measurements
of available states become a cheaper and attractive solution.

The second contribution of thesis presented an algebraic-observer-based output-feedback controller,
which is based on both algebraic differentiation and sliding-mode control approaches. At first, an algebraic
estimation approach is used to reconstruct the OER based on a robust differentiation method. Then, the
SOSM twisting controller presented in the first part of the thesis was adopted. The performance of the
proposed algebraic-observer-based output-feedback controller is analyzed through simulations. Results
show that the proposed approach properly estimates and regulates the OER in finite time.

Keywords:

PEM Fuel-Cell systems, Oxygen Excess Ratio (OER), Fuzzy-Logic control, Second-Order Sliding-Mode,

twisting algorithm, algebraic observer, numerical differentiation.
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Résumé

Aujourd'hui, les piles à combustible du type PEM (Membrane Échangeuse de Protons) sont présentées
comme l'une des solutions les plus efficaces pour la production d'énergie propre, ceci serait une solution à
moyen et long terme pour le problème de la pollution environnementale et à la crise énergétique mondiale.
La pile à combustible est un dispositif électrochimique qui produit de l'électricité, de l'eau et de la chaleur
à partir d'une simple combinaison entre l’hydrogène et l'oxygène. De plus, les piles à combustible du
type PEM, également appelées piles à combustible à polymère solide, sont utilisées dans de nombreuses
applications, avec des avantages tels qu'un rendement élevé, forte densité d’energie et de puissance, une
faible pollution et une faible température de fonctionnement, qui permettent des démarrages rapides dans
les systèmes piles à combustible. Cependant, pour les applications qui nécessitant le suivi de changements
de charge rapides, tels que les applications de transport, la pile à combustible doit pouvoir suivre les
changements de charge rapides et aussi être capable de s'adapter aux conditions de fonctionnement
variables. En conséquence, des stratégies de contrôle avancées doivent être intégrées, via des systèmes
auxiliaires, pour s'assurer que les flux entrant dans la pile sont suffisants et bien conditionnés.

La première contribution de la thèse s'intéresse au contrôle du système d'alimentation en air dans la
pile à combustible. L'objectif du contrôle est de réguler rapidement et efficacement l'oxygène consommé
dans le canal cathodique afin d'éviter à la fois les phénomènes de manque et de saturation d'oxygène. Ce
problème a été résolu en utilisant deux stratégies de contrôle. La première stratégie de contrôle, appelée
contrôle hybride PID-flou, est séparée en trois parties: contrôle flou, contrôle PID auto-ajusté basé sur
la logique floue et un sélecteur flou. La deuxième stratégie de contrôle, connue sous le nom de SOSM
twisting contrôle, utilise une procédure d'ajustement hors ligne pour régler les paramètres du contrôleur.
Leurs performances sont validées par de nombreuses simulations. Néanmoins, ceci est une tâche difficile
car les deux stratégies de contrôle nécessitent de connâıtre la valeur exacte du rapport d'excès d'oxygène
(OER), qui dépend de variables internes. Cela signifie qu'ils devraient utiliser d'autres capteurs pour les
mesures qui augmentent à la fois la complexité globale du système et le coût, tout en diminuant l'efficacité
du système pile à combustible. Par conséquent, les observateurs utilisant uniquement les mesures des
états disponibles deviennent une solution moins chère et attrayante.

La deuxième contribution de la thèse propose un observateur algébrique et un contrôleur par retour de
sortie, basé sur des approches de différenciation algébrique et de mode glissant. Dans un premier temps,
une approche d'estimation algébrique est utilisée pour reconstruire l'OER sur la base d'une méthode de
différenciation robuste. L'observateur proposé est connu par sa convergence en temps fini et son faible
temps de calcul par rapport aux autres observateurs présentés dans la littérature. Ensuite, le SOSM
twisting contrôle présenté dans la première partie de la thèse a été adopté. Les performances de cette
commande, basé sur l'observateur algébrique, sont analysées par des simulations. Les résultats montrent
que l'approche proposée estime et régule correctement l’OER en temps fini.

Mots-clés:

Système pile à combustible, rapport d'excés d'oxygène, commande par logique floue, commande par mode

glissant d'ordre deux, algorithme de twisting, observateur algébrique, differentiation numérique.
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General Introduction

The development of new clean energies is a major challenge of the 21st century, on one

hand, to face environmental issues and, on the other hand, to have alternatives to fossil

fuels. Among these, hydrogen is considered as one of the best alternative to fossil fuels

due to potential for zero local pollution and its high net energy density1. Fuel cells

using hydrogen can be deployed in many areas such as transport, portable and stationary

applications because of high efficiency, compactness, and reliability [Fergus et al., 2016,

Bagotsky, 2012]. Fuel cells are electrochemical devices that convert the chemical energy

of the fuel directly into electricity, heat and water [Ehsani et al., 2017].

Fuel cells can be used for many transportation applications including automobiles,

buses, scooters and bicycles. Compared to Internal Combustion Engine (ICE) technology,

the fuel cells offer a more pleasant driving behaviour and provide a higher efficiency. At

a nominal driving speed (48.28 km/h), the efficiency of a fuel-cell system using direct

hydrogen from natural gas is more efficient than that of a conventional ICE [Suh, 2006].

The fuel type most often used is compressed hydrogen. The most common type of fuel cell

used for transport applications are the Proton Exchange Membrane Fuel Cells (PEMFC).

This is due to their low temperature of operation (typically 333.15-353.15 K), which allows

fast startup. Moreover, these fuel cells have high power density, small volume, solid

electrolyte, long life, as well as low corrosion [Barbir, 2012]. In addition, the fuel cells can

produce power continuously and this makes it more efficient also than a battery [O’hayre

et al., 2016]. However, there are still many problems to be solved before considering

their development and commercialization on large scale so far. The topic of this thesis

deals with the control problem within the fuel-cell system vehicles in order to improve its

lifetime and increase its efficiency.

In fact, fuel-cell systems are complex devices, they are including five main intercon-

nected sub-processes: air supply sub-process to the cathode, hydrogen supply sub-process

1Net energy density (including average engine/motor efficiency) for diesel is 3.2 kWh/kg, for gasoline

2.8 kWh/kg and hydrogen 2.0 kWh/kg [Suh, 2006].
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to the anode, heat and temperature sub-process, water management sub-process, and

power management sub-process. For applications that require the tracking of rapid load

changes, such as transport applications, the PEMFC must be able to follow rapid load

changes and also able to adapt with varying operating conditions. Thus, perfect con-

trollers must be integrated, via a series of actuators auxiliary systems, to ensure that

the flows entering the PEMFC stack are sufficient and well-conditioned, without overlook

maintaining the desired operating temperature.

Whereas this thesis focuses on the PEMFC air supply system control, which has a great

influence on the whole system efficiency. Indeed, one of the most important challenges

in PEMFC system control is to ensure sufficient amount of oxygen in the cathode, (i.e.

avoid oxygen starvation and saturation phenomena), when current is suddenly drawn

from the fuel-cell stack. The PEMFC air supply system is generally composed of a

motor and compressor, which supplies air to the cathode. Furthermore, the compressor

consumes the most power which can reach 20 % of the power provided by the fuel-cell

system [Pukrushpan et al., 2004c]. Given these facts, the control of the compressor-motor

is needed. The first aim of this thesis is to develop a control system on one hand to

optimize the net power provided by the fuel-cell system by forcing the Oxygen Excess

Ratio (OER) to its optimum value, and on the other hand, to protect the fuel-cell system.

Nevertheless, the control of the compressor-motor requires the knowledge of the precise

value of OER. Unfortunately, it depends on internal variables such as the partial pressures

of oxygen and nitrogen in the cathode channel and the air pressure in the supply manifold.

This means they should be measured by using extra sensors that increase both the cost

and the overall system complexity while decrease the accuracy of the PEMFC system.

For these reasons, the second aim of this thesis is to design a sensorless control in order

to estimate and regulate the OER within the PEMFC system.

Next, the main developed results in control and observation design for the PEMFC

air supply system will be presented.

Developed results

This thesis is interested in the energy optimization and the protection of the PEMFC

system.

The main scientific contributions of this thesis include:

• A Hybrid Fuzzy-PID (HFPID) controller is designed to regulate the OER during fast

current transitions. The proposed strategy is separated into three parts: fuzzy-logic
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control, fuzzy-based self-tuned PID control and fuzzy supervisor. The fuzzy super-

visor is used to switch the control model between fuzzy-based self-tuned PID and

fuzzy logic controllers. This control system has good response time and robustness.

• An algebraic observer-based output feedback controller has been designed for reg-

ulating the OER of a PEMFC air supply system at an optimal setpoint value.

The algebraic observer design provides a finite-time converging OER reconstruction

based on a robust differentiation method. The proposed controller, which uses the

estimated OER, is based on one of the Second-Order Sliding-Mode (SOSM) vari-

ety algorithms. In this thesis, a twisting algorithm is adopted, which is depending

only on few parameters. These parameters were calculated during an off-line tuning

procedure.

These contributions can be adapted and extended for other hybrid power systems,

which consist of a renewable energy source, a fast-dynamic energy storage system

and a long-term energy storage system.

Thesis Overview

The thesis is divided into four chapters:

- Chapter 1 presents an overview of the basic principles of fuel cells and fuel-cell systems

in order to clarify the structural notions of thesis main topic study. First, it shows a

brief history of the discovery and evolution of fuel cells, as well as different types of

fuel-cell systems. Second, the chapter provides a detailed description of the fuel-cell

system in order to understand its operation. Finally, a literature review of the principal

control challenges within the PEMFC systems, such as air supply control, hydrogen supply

control, water and temperature management, and membrane degradation is discussed to

make our contribution as clear as possible.

- Chapter 2 presents a summary review on fuel-cell system modelling. Then, a

presentation of a PEMFC steady-state model is given. This model is useful for calculating

the PEMFC stack voltage. Then, a presentation of a reduced dynamic model is done.

Finally, both steady-state and dynamic analysis of the PEMFC system is performed in

order to define the optimal value of the air flow setpoint, termed OER, that results in the

maximum net power. It is important to note that the dynamic model presented in this

chapter is used as a base model in the other chapters of this thesis.

- Chapter 3 gives a brief survey of existing control methods for PEMFC air supply

system. Next, this chapter presents two controllers in order to regulate the OER during
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fast current transitions and uncertainties in the system parameters. The first proposed

control strategy, known as hybrid fuzzy PID control, separated into three parts: fuzzy

control, fuzzy-based self-tuned PID control and fuzzy supervisor. The second proposed

control strategy, known as SOSM twisting control, used an off-line tuning procedure to

tune the twisting controller parameters. Then, the designed control strategies are applied

to the model of the PEMFC air supply system and the simulation results for stack-current

changes, model uncertainties, and comparative study are presented. At the end of this

chapter, a comparative study of both two controllers performances is presented.

- Chapter 4 provides a brief review on PEMFC air supply system observation. Fol-

lowing, this chapter presents an algebraic observer-based output feedback controller for

regulating the OER of a PEMFC air supply system at an optimal setpoint value. At

first, an algebraic estimation approach is used to reconstruct the OER through estima-

tion of their relevant states in real time, from the measurement of the supply manifold air

pressure, based on a robust differentiation method. Then, the SOSM twisting controller

presented in Chapter 3 is adopted to control the estimated OER. The performance of the

proposed algebraic-observer based output-feedback controller is analyzed through sim-

ulations for different stack-current variations, for parameter uncertainties, and for noise

rejection. Results are shown that the proposed approach properly estimates and regulates

in finite time the OER.

The concluding remarks and the perspectives of this work are finally presented.
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Chapter 1

Fuel-Cell Systems: An Overview

“ The greatest truth is honesty, and the greatest falsehood is dishonesty.

”
Abu Bakr

1.1 Introduction

The purpose of this chapter is to present an overview on the basic principles of fuel cells

and fuel-cell systems in order to clarify the structural notions of thesis main topic study.

First, it presents a concise history of the discovery and evolution of fuel cells, as well as

different types of fuel-cell systems. Second, the chapter provides a detailed description of

the fuel-cell system in order to understand its operation. Finally, a literature review of the

principal control challenges within the PEMFC system, including water and temperature

management, energy optimization, and system degradation is discussed to make thesis

contribution as clear as possible.

1.2 Fuel-cell history: 1839 to today

As early as 1839, Sir William Grove (often referred to as the ”Father of the Fuel Cell”) was

discovered the fuel-cell principle. He conducted a series of experiments which ultimately

proved that electric current could be produced from an electrochemical reaction between

hydrogen and oxygen using pairs of platinum electrodes (Figure 1.1(b)) half immersed in

sulfuric acid and half enclosed in oxygen and hydrogen [Larminie et al., 2003]. The actual

term fuel cell was first used in 1889 by Ludwig Mond and Charles Langer, who attempted

to make a working fuel cell using air and coal gas [Vielstich et al., 2009].

7
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(a) Sir William Grove (1811-1896)

Water

Sulfuric Acid Solution

(b) Fuel-cell principle

Figure 1.1: William Robert Grove and his gas voltaic battery diagram [Fuel Cell Norway

ANS., 2006].

In 1932, engineer Francis T. Bacon modified Mond's and Langer's equipment to de-

velop the first hydrogen-oxygen cell using non-corrosive alkaline electrolytes and inexpen-

sive nickel electrodes to the catalysts. But, it was not until 1959 that Bacon demonstrated

a five-kilowatt alkaline fuel cell (Figure 1.2) that could power a welding machine [Fuel-

CellToday., 2017a].

Figure 1.2: Francis T. Bacon and his fuel-cell prototype [Spiegel, 2017].
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During the early 1960s NASA, in collaboration with General Electric, developed Bacon

fuel-cell prototype for use on space missions. The researcher Willard Thomas Grubb at

General Electric had credited with the invention of the first PEMFC. Grubb's PEMFC

using platinum as a catalyst on the membranes. This fuel cell (Figure 1.3) was further

developed in cooperation with NASA, and was used in the Gemini space programme of

the mid-1960s [FuelCellToday., 2017a].

International Fuel-Cells (IFC) developed a 1.5 kW Alkaline Fuel Cell (AFC), as shown

in (Figure 1.4), for use in the Apollo space missions in 1968. The fuel cell provided elec-

trical power as well as drinking water for the crew. IFC subsequently developed a 12 kW

AFC, used to give onboard power on all space shuttle flights [UniversityofCambridge.,

2018].

Figure 1.3: PEMFCs being installed in a Gemini 7 spacecraft [FuelCellToday., 2017a].

Figure 1.4: The alkaline fuel-cell system as used on the space shuttles [FuelCellToday.,

2017a].
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In 1970s, the oil crisis and air pollution prompt governments, businesses and consumers

to develop alternative energy including fuel cells. These problems accelerated searches in

the united states than in Europe and Japan. The researches carried out during this period

will be essentially basic and will aim to develop and improve the various components of the

fuel cell. In 1970, Du Pont developed the Nafion membrane, which serves the electrolyte

of the PEMFCs.

In 1980s, the US Navy used fuel-cell technology for some submarines. Where highly

efficient, zero-emission, near-silent running offered considerable operational advantages.

In spite of some successes, fuel cells are still considered costly, of short life with a volume

and a weight too large to be inserted in a vehicle. In 1983 the Canadian company Ballard

started working on the development of PEMFCs, and was poised to become a major

player in the manufacture of stacks and systems for stationary and transport applications

in later years. In 1986, the company developed the first Ballard fuel-cell stack operating

on pressurized air.

BALLARD Fuel-Cell Bus DAIMLER-BENZ, Necar1

HONDA, FCX TOYOTA, Mirai

Figure 1.5: Fuel-cell vehicles.
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From the 1990s to the early 2000s, attention turned particularly to PEMFC and Solid

Oxid Fuel Cell (SOFC) technology. In 1993, First fuel-cell bus presented by Ballard in

Vancouver, Canada. In 1994, Daimler-Benz designed the first vehicle (NeCar 1) in Europe

featuring fuel cell. Fuel-cell stack used was from Ballard Power Systems company, had

power of 50 kW. Honda has manufactured its FCX Concept vehicle utilizing a 100 kW

hydrogen fuel cell, which started road testing in Japan in 2002. Similarly, both Toyota

and Nissan have been developing vehicles with hybrid fuel-cell power system, some of

which have been evaluated on north american roads (Figure 1.5) [FuelCellToday., 2017b].

These are only a few examples of the many fuel-cell vehicles under development and/or

evaluation in recent years. As prices continue to drop on fuel cell technology and hydrogen

becomes more available, expect to see fuel-cell energy replace traditional power sources

in coming years from micro fuel cells to be used in cell phones to high-powered fuel cells

for transport and stationary applications.

1.3 Advantages and disadvantages of fuel-cell sys-

tems

The main advantages of fuel-cell systems are as follows [Rabbani, 2013]:

• High energy efficiency compared with other energy conversion devices. The fuel-cell

efficiency varies between 40 % and 70 % without taking into account the system aux-

iliaries (pumps, heat exchanger, compressor, humidifier and converter) that reduce

these values.

• Various operating temperatures. fuel cells have a wide operating temperature range

depending on their types. This makes it possible to cover several areas of appli-

cations. For example, low-temperature fuel cells are used for portable applications

that do not need the heat produced. On the other hand, high temperature fuel cells

are more suitable for stationary applications where the heat generated is used to

hot the water.

• No pollutants produced. Fuel cells working on pure hydrogen produce nothing,

while those using methanol or ethanol produce small amounts of CO2, CH4 and

CO.

• Fuel cells are silent during operation. Only certain components such as compressors,

pumps and the ventilation system produce a slight noise.
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• Fuel cells are low maintenance because they have no moving parts.

• Fuel cells do not need to be recharged, and they provide power instantly when

supplied with fuel.

Some disadvantages of fuel-cell systems include the following:

• Fuel cells are currently costly due to the need for materials with specific properties.

There is an issue with finding low-cost replacements. This includes the need for

platinum and Nafion material.

• Short life of the fuel-cell components, especially the membrane. At present, the

life of the PEMFC for transport applications is generally limited to a few thousand

hours (between 3000 h and 5000 h for cars) [Haddad, 2009].

• Fuel reformation technology can be costly, heavy and needs power in order to run.

• If another fuel besides hydrogen is fed into the fuel cell, the performance gradually

decreases over time due to catalyst degradation and electrolyte poisoning.

1.4 Types of fuel cells

There are many fuel-cell types, classified mainly by the type of materials used for the

electrolyte. The principal ones include the Alkaline Fuel Cell (AFC), Proton Exchange

Membrane (PEM) Fuel Cell, Direct Methanol Fuel Cell (DMFC), Phosphoric Acid Fuel

Cell (PAFC), Molten Carbonate Fuel Cell (MCFC), and Solid Oxide Fuel Cell (SOFC).

All these fuel-cell types are described in Table 1.1.

A fuel-cells operating characteristics help define its application, such as operating

temperature, cell material and type of fuel used. It is known that lower temperature

PEMFCs and DMFCs are very suitable to power passenger vehicles, while higher tem-

perature MCFCs and PAFCs are suitable to be used in stationary applications.

1.5 Fuel-cell applications

Fuel cells have been researched and developed for use in any application, from houses

to cars to mobile phones [Sheila, 2012], because of their flexibility in sizes (Figure 1.6).

The use of fuel cells can be categorized into three broad power applications: Transport,

stationary, and portable power applications. More detail on each application is given in

this section.
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Table 1.1: Summary of fuel-cell types [Spiegel, 2011]

Fuel-Cell Type Fuel
Mobile

Ion
Electrolyte

Operating

Temperature
Main Applications

Alkaline

(AFC)
Pure H2 OH− KOH 323.15-473.15 K

Space program

(historical)

Proton

Exchange

Membrane

(PEMFC)

Pure H2

(tolerates CO2)
H+

Solid

polymer

(e.g.,

Nafion)

303.15-373.15 K
Vehicles and

mobile power

Direct

Methanol

(DMFC),

formic acid

(DFAFC),

and other

liquid fuels

Methanol,

formic acid,

other alcohols

H+

Solid

polymer

(e.g.,

Nafion)

293.15-363.15 K
Portable

electronics

Phosphoric

Acid

(PAFC)

Pure H2

(tolerates

CO2,∼ 1 %

CO)

H+
Phosphoric

acid
493.15 K

∼ 200 kW CHP

systems

Molten

Carbonate

(MCFC)

H2, CH4,

other

hydrocarbons

(tolerates

CO2)

CO2
3

Lithium

and

potassium

carbonate

923.15 K

Medium-to

large-scale

stationary

combined heat

and power

(MW capacity)

Solid Oxid

(SOFC)

H2, CH4,

other

hydrocarbons

(tolerates

CO2)

O2−

Solid oxide

(e.g., yttria-

stabilized

zirconia)

773.15-1273.15 K

All-size

stationary

combined heat

and power

systems (2-kW to

multi-MW

capacity)
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Transport Application Portable Application

Stationary Application Transport Application

Figure 1.6: Fuel-cell different applications.

1.5.1 Transportation applications

The transport market is at the origin of the development of the fuel-cell technology to

solve the problems of increasing oil prices and climatic degradation. Fuel-cell vehicles

have an advantage over diesel vehicles because they have zero emissions. Compared to

the ICE technology, the fuel cells offer a more pleasant driving behaviour and provide a

higher efficiency. Fuel cells can be used for many transportation applications including

automobiles, buses, scooters and bicycles. The fuel type most often used is compressed

hydrogen. The most common type of fuel cell used is the PEMFC. In recent years, car

manufacturers have developed many prototypes of cars operating with fuel cells. The

most advanced of them are: DaimlerChrysler with NECAR and F-Cell, Honda with

FCX, Toyota with FCHV, General Motors with Hydrogen, BMW with CleanEnergy, Ford

with Focus FCV and P2000, Nissan with Xterra, Renault with FEVER, PSA with H2O,

Volkswagen with Touran HyMotion, and finally Audi with A2H2. Fuel-cell buses have

been running in British Columbia, California, Amsterdam, Barcelona, Hamburg, London,

Luxembourg, Madrid, Porto, Stockholm, and Stuttgart [Spiegel, 2017].
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1.5.2 Stationary applications

Fuel cells for stationary applications have been used commercially for over twenty years. In

stationary applications, the fuel cell is often used to power houses that are not connected

to the grid or to provide power when the grid is down. These fuel cells are also used for

Combined Heat and Power (CHP). CHP units or fuel-cell cogeneration system are sized

between 0.5 kW and 10 kW, use either PEMFC or SOFC technology. CHP units enable

decentralized electricity generation and heat at the consumers home. So, by making use

of this heat energy, for example to produce hot water, the overall efficiency of the system

increases. As in Japan and South Korea, Residential CHP units have been deployed

extensively with more than 10,000 cumulative units by the end of 2010 providing home

power and heating. The manufacturing of these units is predominately located in the

USA and Japan [FuelCellToday., 2017b].

1.5.3 Portable applications

Portable fuel cells are lightweight, long-lasting, portable power sources that are built into

devices that are designed to be moved. Some of these devices include military applica-

tions, mp3 players, cameras, laptops, battery chargers, radios, toys etc. Portable fuel cells

are being developed in a wide range of sizes ranging from less than 5 W up to 500 kW. In

addition, portable fuel cells typically replace or augment battery technology and exploit

either PEMFC or DMFC technology. These two fuel cells are characterized by their low

operating temperature (between 333.15 and 353.15 K), which reduces thermal manage-

ment problems. Fuel cells will power a device as long as there is fuel supplied to it [Spiegel,

2017].

1.6 Proton exchange membrane fuel cells

Among the several different types of fuel cells, hydrogen PEMFCs are, without doubt,

the most extensively used for transport applications. This is due to their low temperature

of operation (typically 333.15-353.15 K), which enables fast startup. Moreover, these fuel

cells have high power density, small volume, solid electrolyte, long life, as well as low

corrosion [O’hayre et al., 2016,Larminie et al., 2003].

Fuel cells are electrochemical devices that convert chemical of fuel energy directly into

electricity. Water and heat are also produced if hydrogen is used as fuel. A PEMFC

consists of a negatively charged electrode (anode), a positively charged electrode (cath-

ode), and an electrolyte membrane made of persulfonic acid groups with a Teflon-like
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chains. The electrolyte membrane has a property that allows positive ions (protons) to

pass through while blocking electrons. Both the anode and cathode contain a platinum

catalyst to speed up the electrochemical process. Hydrogen fuel passes over the anode,

and with the help of catalyst, separates into electrons and protons. Protons flow from

the anode to the cathode through the electrolyte membrane while the electrons flow to

the cathode over an external circuit network, thus creating electricity. In the cathodes

surface the oxygen reacts with hydrogen protons and electrons to form water and produce

heat, as shown in Figure 1.7.

The basic chemical reactions of PEMFC are the following:

Anode:

2H2 → 4H+ + 4e− (1.1)

Cathode:

O2 + 4H+ + 4e− → 2H2O (1.2)

Overall:

2H2 +O2 → 2H2O + Electricity +Heat (1.3)An Introduction to Fuel Cells 3

e- e-

FIGURE 1-1. A single PEM fuel cell confi guration.

Some advantages of fuel cell systems are as follows:

• Fuel cells have the potential for a high operating effi ciency.
• There are many types of fuel sources, and methods of supplying fuel 

to a fuel cell.
• Fuel cells have a highly scalable design.
• Fuel cells produce no pollutants.
• Fuel cells are low maintenance because they have no moving parts.
• Fuel cells do not need to be recharged, and they provide power 

instantly when supplied with fuel.

Some limitations common to all fuel cell systems include the 
following:

• Fuel cells are currently costly due to the need for materials with 
specifi c properties. There is an issue with fi nding low-cost replace-
ments. This includes the need for platinum and Nafi on material.

Figure 1.7: Illustration of PEMFC principle [Spiegel, 2011].
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Reactants, hydrogen and oxygen, are transported by diffusion and/or convection to

catalyst site on electrodes where the electrochemical reactions take place. Products, water

and waste heat, must be continuously evacuated and may present critical problems for

PEMFCs.

Fuel cells continue producing electricity as long as reactants are supplied. The voltage

produced from single fuel cell is between 0 volt to 1 volt [Haddad, 2009] depending on

the type of fuel cell, the fuel used, the cell size, the temperature and pressures at which

operates, etc. The voltage is proportional to the number of cells connected together. To

get higher voltage, multiple cells are stacked in series. The total stack voltage is the

number of cells multiplied by the average cell voltage. Typical characteristics of fuel cells

are normally given in the form of a polarization curve, shown in Figure 1.8, which is a

plot of fuel-cell voltage versus cell current density (current per unit cell active area). The

difference between actual voltage and the ideal voltage of the fuel-cell represents the loss

in the cell. As shown in Figure 1.8, as more current is drawn from the fuel cell, the voltage

decreases, due to fuel-cell electrical resistance, inefficient reactant gas transport and low

reaction rate.
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Figure 1.8: Fuel-cell polarization curve for 353.15 K.
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1.7 PEMFC systems for automobile

PEMFCs have given the greatest potential for automotive applications. The compact de-

sign of the PEMFC system can achieve a high energy, i.e., an effective ratio between energy

and weight. The low operating temperature (typically 333.15-353.15 K) and the quick

startup make the PEMFC system well-appropriate for transport applications. Moreover,

the PEMFC system efficiency falls above 50 % in comparison to ICE, which is around

30 % (gasoline) - 40 % (Diesel) efficient [Meyers and Darling, 2006]. Also, the fuel-cell

technology has low noise and vibration operation, even during rapid accelerations and in

some cases, is found to be 50 % lower than the corresponding ICEs [Bessarabov, 2011].

In respect, fuel cells also contribute to the environmental protection because the direct

hydrogen fuel-cell vehicles release only water vapour.

1.8 PEM fuel-cell structure

To form PEMFC stack, multiple of individual cells, are stacked in series between flow

field plates and only one set of end plates (Figure 1.9). Each cell within the stack consists

of membrane electrolyte assembly (MEA), backing and catalyst layers, flow fields and

current collectors, and sometimes gaskets for sealing/preventing leakage of gases between

anode and cathode.

1.1 Fuel Cell 3

oxygen at high temperature. The thermal energy is then used to generate mechanical energy. Since
thermal energy is involved, the efficiency of the conversion process is limited by the Carnot Cycle [106].
Unlike ICE, fuel cells directly convert fuel energy to electrical energy and its maximum efficiency is
not subjected to Carnot Cycle limitations. Higher energy conversion efficiency can potentially be
achieved by fuel cells. If hydrogen is used as fuel, the outcome of the fuel cell reaction is water and
heat. Therefore, fuel cells are considered to be a zero emission power generator. They do not create
pollutants such as hydrocarbon or oxide of nitrogen. A battery is also an electrochemical device that
converts chemical energy directly to electricity. However, the battery reactants are stored internally
and when used up, the battery must be recharged or replaced. The reactants of fuel cell are stored
externally. Oxygen is typically taken from atmospheric air and hydrogen is stored in high-pressure
or cryogenic tanks which can be refueled. Refueling fuel tanks requires significantly less time than
recharging batteries [106].

There are different types of fuel cells, distinguished mainly by the type of electrolyte used. The
differences in cell characteristics, such as cell material, operating temperature, and fuel diversity,
make each type of fuel cell suitable for different applications. It is known that Polymer Electrolyte
Membrane Fuel Cells (PEMFC) are suitable for automobile applications. PEM fuel cells have high
power density, a solid electrolyte, long life, as well as low corrosion. PEM fuel cells operate in the
temperature range of 50 - 100◦C which allows safer operation and eliminates the need of thermal
insulation. The polymer electrolyte membrane is an electronic insulator but an excellent conductor of
hydrogen ions. The typical membrane material consists of a fluorocarbon backbone to which sulfonic
acid groups (SO−

3 H
+) are attached [106]. When the membrane becomes hydrated, the hydrogen ions

(H+) in the sulfonic group are mobile. Depending on membrane manufacturers and the versions of
the membrane, properties of the membranes differ. The thickness of the membrane varies from 50 to
175 microns, which is approximately 2 to 7 papers thick [106]. The membrane is sandwiched between
two electrodes (anode and cathode) made from a highly conducting material such as porous graphite.
A small amount of platinum is applied to the surface of the anode and cathode to help increase the
rate of reaction. The three components (anode, electrolyte, and cathode) are sealed together to form
a single membrane electrolyte assembly (MEA), shown in Figure 1.2, which is typically less than a
millimeter thick.
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Figure 1.2: Fuel cell structure

The MEA is sandwiched by two backing layers made from porous carbon. The porous nature of

Figure 1.9: Fuel-cell structure [Pukrushpan et al., 2002b],
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The MEA, which is typically less than a millimeter thick, consists of a PEM sandwiched

between two electrodes (anode and cathode). Electrodes, where the electrochemical re-

actions take place, made from a highly conducting material such as porous graphite. A

platinum catalyst layer is applied to the surface of both electrodes in order to help in-

crease the rate of reaction. The MEA is deposited between two porous substrate carbon

called backing layers, which is typically a carbon fiber paper. The main purpose of the

backing layers is ensuring effective diffusion of reactant gases from flow field plates to the

catalyst site on the MEA. The outer surface of the backing layers is pressed against the

flow field plates, also called collectors or separators, which have many functions such as,

ensuring electrical connection between individual cells of the stack, and separating gases

among adjacent cells [Gold, 2017].

Table 1.2 explains and summarizes the composition of each component and what its

role in the PEMFC.

Table 1.2: Summary of PEMFC components [Spiegel, 2011,Gold, 2017]

Component Description Common Types

Proton exchange

membrane

Enables hydrogen protons to

travel from the anode to

the cathode.

Persulfonic acid membrane

(Nafion 112, 115, 117)

Catalyst layer

Breaks the fuel into protons and

electrons. The protons combine

with the oxidant to form water

at the fuel-cell cathode. The

electrons travel to the load.

Platinum/carbon catalyst

Backing layers

Allow fuel/oxidant to travel

through the porous layer, while

collecting electrons.

Carbon cloth or Toray

paper

Flow fiels plates
Distribute the fuel and oxidant

to the backing layer.
Graphite, stainless steel

Gaskets
Prevent fuel leakage, and helps to

distribute pressure evenly.
Silicon, Teflon

End plates Holds stack layers in place.
Stainless steel, graphite,

polyethylene, PVC
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1.2 Fuel Cell Propulsion System for Automobiles 5
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Figure 1.4: Fuel cell polarization for different operating pressures
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Figure 1.5: Automotive fuel cell propulsion system

Figure 1.10: Fuel-cell system architecture including the different sub-processes [Pukrush-

pan et al., 2004c],

1.9 Fuel-cell system

In order to operate the stack and function as system, it is necessary to integrate it with

other various auxiliary sub-processes, also referred to as balance-of-plant, to form a fuel-

cell system [Pukrushpan et al., 2002b]. Figure 1.10 presents the main sub-processes

and interconnections required for a pressurized fuel-cell stack. The precise configuration

will depend to a large extent on the type of fuel-cell technology used, but in general,

the PEMFC system includes several main sub-processes: air supply sub-process to the

cathode part, hydrogen supply sub-process to the anode part, heat and temperature sub-

process, water management sub-process, power management sub-process, and control

sub-process [Pukrushpan et al., 2002b].

1.9.1 Air supply

The air supply sub-process consists of air flow loop in the cathode part. The air can be

supplied by means of a compressor, a fan or a compressed air source, although the latter

is mostly used in submarines applications and laboratory settings. Fans are generally

used in low-pressure systems that are supplying directly by atmospheric air, with oxygen

accounting for 21 % of the air. Whereas an air compressor may be used for pressurized

systems. Moreover, air compressors give autonomy and flexibility to the system, allowing

precise control of working pressures. Several types of compressors can be used, such as:

centrifugal compressor, twin screw compressor, lobe compressor, etc. In any case, both

Page 20



Chapter 1. Fuel-Cell Systems: An Overview

compressors and fans require electrical power and thus becoming part of losses or parasitic

loads, which reduce the amount of energy available to external loads [Laghrouche et al.,

2013].

1.9.2 Hydrogen supply

The hydrogen supply sub-process is generally composed of a pressurized tank with pure

H2 connected to the anode through a pressure-reduction valve and a pressure-controlled

valve. hydrogen flow loop in the anode part. Although hydrogen is the most abundant

element on earth, it is not often present in its molecular form, but is always associated

with other chemical elements, such as water and hydrocarbons [Basualdo et al., 2012].

In current applications of fuel-cell systems, two types of hydrogen sources are used: (i)

pure hydrogen may be produced from other fuels and then stored, as part of the , in a

high-pressure reservoir (300 to 700 bar) [Matraji, 2013], or (ii) by integrating hydrogen

generation as a sub-process of fuel-cell system [Basualdo et al., 2012]. There are several

processes for generating hydrogen from hydrocarbon fuels, such as steam reforming, par-

tial oxidation, and autothermal reforming, which is a combination of steam reforming and

partial oxidation [Basualdo et al., 2012].

1.9.3 Heat and temperature

The heat and temperature sub-process includes the fuel-cell stack cooling system and the

reactant heating system. The thermal management of the fuel cell is critical since the

performance depends strongly on the temperature. As chemical reaction between oxygen

and hydrogen occurred, heat is generated in the fuel cell. In addition, the compressed air

gas leaving the compressor also has a high temperature. These two reasons contribute to

increase the stack temperature. The PEMFC is designed to operate at the temperature

around 353.15 K [Matraji, 2013]. Therefore, a cooling system, using a fan or a water

refrigeration subsystem, is required to control the temperature inside the fuel-cell system

[Kunusch et al., 2012].

1.9.4 Water management

Water content is as important as temperature, and both magnitudes are closely related.

The objective of the water management sub-process is to maintain an effective hydration

of the polymer membrane and an adequate amount of liquid water. This objective can

be achieved by controlling the relative humidity of the reacting gases, as well as their

individual pressures and temperatures.
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Both air and hydrogen must be humidified before entering the fuel-cell stack with hu-

midifiers. For proper operation, a minimum threshold of membrane humidity is essential

in order to ensure a good chemical reaction and fluent ionic conductivity through the

membrane [Pukrushpan et al., 2002a]. Particularly, the membrane must neither dry nor

flooded, as otherwise it causes high polarization losses and reduces the fuel-cell life. A

20-40 % drop in voltage can occur if there is no proper humidification control [Pukrushpan

et al., 2004b].

1.9.5 Power management

The power management sub-process controls the electricity produced by the fuel-cell stack

in order to satisfy the load requirements in terms of voltage, power quantity and tran-

sients. If no energy storage devices are used, the full load can be viewed as a disturbance

to the fuel-cell system and no power management sub-process is necessary. However, hy-

bridization of fuel-cell system with another energy storage device, like batteries or super-

capacitors, allowing apply the power management sub-process within the fuel-cell system.

For this purpose, DC/DC converters should be connected between all power sources and

external load to conditioned the power (voltage) required by the load. Finally, character-

istics of the power management sub-process depend on the load requirements, which vary

with application [Sheila, 2012].

1.9.6 Control

This sub-process implements a strategy to control the system operating parameters, e.g.,

flow rates, temperature, pressure, etc. It also communicates with the load and other elec-

trical components of a system. It is typically composed of sensors, actuators, controllers,

processors, etc.

1.10 Control challenges

To achieve high efficiency and a long life cycle of the fuel-cell system, the reactant gas

supply and water and heat sub-processes need to be properly controlled both during

steady-state and transient operations. [Matraji, 2013] described the main challenges re-

lated with fuel-cell control as follows:

1.10.1 Air supply control

One of the most important problems in fuel-cell systems control is to guarantee sufficient

oxygen supply during abrupt changes in the load demand. If the oxygen flow is too
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low, undesirable hot spots appear in the membrane, and output power decreases because

of the lack of reactants, a situation called cathode starvation. On the other hand, if

oxygen flow is too high, an excessive amount of water is pushed to the cathode outlet,

which in turn results in membrane drying, which affects its ionic resistance. Besides, an

increase of the air flow results in higher power demand to the compressor that supplies

it, reducing the overall system performance. Thus, an efficient control system must be

capable of regulating air flow properly, avoiding irreversible damages to the membrane

and delivering enough oxygen to meet the electric power demand in a reliable and efficient

way. According to [Pukrushpan et al., 2004a], the optimum net power is reached for an

Oxygen Excess Ratio (OER) between 2 and 2.5. The goal is therefore to maintain an

optimal OER.

1.10.2 Hydrogen supply control

The hydrogen supply control aim is to feed the fuel-cell system with hydrogen at the

same pressure as air independently of the hydrogen consumed, which is proportional to

the current load [Andrew, 1996]. It is important to reduce the pressure difference across

the membrane in order to avoid damaging it. When pressurized hydrogen is used, the

hydrogen flow in the anode are adjusted by a servo valve. Since the valve is fast, it is

supposed that the hydrogen flow is regulated by a simple proportional controller based on

the feedback difference pressure between anode and cathode [Pukrushpan et al., 2004c].

Usually, a purge valve is installed at the output of the anode to evacuate the excess

water. The purge valve can also be employed to reduce the anode pressure quickly in

case of necessity. It is important to note that the hydrogen supply control problem is

important when the hydrogen production is made using an Internal fuel processor system

with a relatively slow transitory response [Pukrushpan et al., 2005].

1.10.3 Water and heat management

The problem of water management is to maintain a constant hydration coefficient of the

membrane. The latter is sensitive to drying and drowning [Basualdo et al., 2012]. These

two constraints slow down the rate of passage of gases and degrade the membrane. It is

experienced experimentally that an excess of water degrades the electrical output power

of the fuel-cell system [Gold, 2017,Spiegel, 2011], and a lack of hydration reduces its life.

It should be noted that poor water management can create a voltage drop of 20 % to

40 % [Bagotsky, 2012].

PEMFCs are temperature sensitive during operation. High temperature accelerates
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the chemical reaction and thus improves the performance of the system [O’hayre et al.,

2016]. But as soon as this air is injected into the fuel-cell system, it will also cause

the drying of the membrane, so we have to find the ideal operating temperature. The

hydration problems of the system are dependent on water management and temperature

management, as treated in [Gold, 2017,Spiegel, 2011].

1.10.4 Membrane degradation

Another issue which deserves special attention is membrane degradation. In some appli-

cations, fuel cells are fed with pure hydrogen, which is stored in a high-pressure tank. The

oxygen, when supplied, is supplied with compressed air [Larminie et al., 2003]. During

operation, it is essential to keep the difference between the pressure of the anode and that

of the cathode less than 0.5 bar. This difference can deform the membrane and reduce

the lifespan of fuel cells. For this, the pressures in the cathode and in the anode, are set

at a given pressure. By keeping the pressure high, the battery will not run out of oxygen

in the cathode when the charge is changed [Sheila, 2012]. This also increases the power

provided by the fuel cell. For this reason, a control system must be put in place to control

the pressures at the entrance to the anode and the cathode.

This thesis is interested in the optimization of energy and the protection of the fuel-

cell system. The goal is to develop a control system on the one hand, to optimize the

net power provided by the fuel-cell system by forcing the OER to its optimum value, and

on the other hand to protect the fuel-cell system, the membrane and the compressor. In

addition, this control system will have to answer two imperatives: the response time and

the robustness.

1.11 Summary

Fuel cells are electrochemical devices that allow production of electrical energy from hy-

drogen or other fuels with high efficiency and low emission. The fuel-cell technology is

promising in the area of stationary, transportation and portable applications. This chap-

ter covered the fundamental principles of fuel cells and fuel-cell systems, their operation

and applications. A good understanding of these concepts is essential in appropriate de-

signing fuel-cell systems model, which is the focus of the following chapter. The next

chapter will present the static and dynamic modelling of PEMFC air supply system.
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PEMFC Air Supply System Model

“ No amount of guilt can change the past, and no amount of worrying can

change the future.

”
Umar ibn al-Khattab

2.1 Introduction

As it was introduced in Chapter 1, The objectives of PEMFC system control are to reduce

the fuel consumption while preventing performance deterioration, oxygen starvation and,

eventually, irreversible damage in the polymeric membranes. However, the PEMFC sys-

tem has several variables to be regulated in a specific way such as the amount of hydrogen

at the anode, the amount of air injected by the compressor into the cathode, the quantity

of water produced, the temperature generated by the chemical reaction and the energy

provided by the fuel-cell system. These sub-processes are strongly interconnected, this

makes the whole system highly nonlinear and difficult to control. In this context, fuel-cell

system models suitable for nonlinear control strategies design are required.

2.2 Review on fuel-cell system modelling

The models developed in the literature can be organized into three main categories,

namely, fuel-cell performance models, steady-state fuel-cell system models, and dynamic

fuel-cell system models. The main purposes of the first two categories of models are to de-

sign the fuel-cell components and to determine the fuel-cell operating points [Baroud and

Benalia, 2014]. While these models are not proper for control purposes; they obtain the
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polarization characteristics of the fuel-cell system, which are defined by a relationship be-

tweeen voltage and current of the fuel-cell system for fixed fuel-cell parameters [Pukrush-

pan et al., 2004c]. In most models, the current of the fuel-cell system is considered as an

input to the system, and the electrical voltage of the fuel-cell system is considered as an

output [Töpler and Lehmann, 2015].

The last two decades has recognized the development of many dynamic fuel-cell system

models, only a few are suitable for use in nonlinear control design. A suitable model should

be capable to predict both steady and transient behaviour of the fuel-cell system in a wide

range of operating conditions. It should be noted that only the most relevant models that

are proper for control study are cited.

Jurado [Jurado, 2004] has established a linear dynamic model of the SOFC stack that

considers only the electrical output power. The model is reduced to transfer functions

using identification algorithms in order to simplify it and thus facilitate its control. The

linear nature of the model makes the results obtained more critical.

Lachaize et al. [Lachaize, 2004] bring together electrochemical and thermal phenom-

ena. However, they study each part of the cell separately (anode, cathode, and membrane)

without taking into account the coupling and the interference between the different phe-

nomena. In addition, the linearization of the model in order to simplify the control makes

the results obtained even less precise.

A typical PEM single cell is modelled in detail in Phatapathi et al. [Pathapati et al.,

2005]. The model describes the transient behaviour of thermal and fluidic phenomena as

well as the effect of the double layer capacitance. The model is then linearized to simplify

the study. However, Yerramalla et al. [Yerramalla et al., 2003] have simulated the model

in nonlinear and linear form. The results of work [Yerramalla et al., 2003] have shown a

major difference between the nonlinear model and its linearized.

Another approach for fuel-cell modelling is the use of equivalent circuits using elec-

trical elements, such as resistances, capacitances or inductances to represent the system

behaviour. Qi et al. [Qi et al., 2005] have presented a complete equivalent electrical cir-

cuit of a SOFC single cell despite some simplifications taken into account. Their model

is completed and improved by a second work integrating the phenomena of heat transfer

through the different components of the cell. The problem with this model is not taking

into account the influence of the membrane humidification on the ohmic losses.

In Maldonado’s model [Maldonado, 2012], problems of membrane drying and water

flooding of gas distribution channels are discussed. This model calculates gas consumption

by treating water transport through the membrane. It assumes that the active area is
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reduced to an interface of zero thickness between the electrode and membrane areas. This

hypothesis seems valid only for small cells, which limits the interest of the model.

Kang [Kang, 2015] have developed a model for PEMFC system, this model integrates

the dynamic evolution of heat transfer and water transport phenomena. It is based on a

simplified approach of a three-dimensional geometric representation of the cell. However,

the model does not consider the dynamic evolution of electrical quantities such as the

electrochemical potential.

However, many of these models have not been experimentally validated, and there is

still a lack of rigorous studies on parameters identification and their association with per-

formance variables. To this end, the model developed by J. Pukrushpan et al. [Pukrushpan

et al., 2004c] has been chosen, since it is one of the most complete and accurate mod-

els available in the open literature. Pukrushpan et al model incorporates the transient

behaviours that are important for analysis and control design. Models of the various

auxiliary components, namely a compressor, manifolds, an air cooler, and a humidifier,

are associated with the fuel-cell stack model, which is composed of four interacting sub-

models, namely stack voltage, cathode flow, anode flow, and membrane hydration models.

Flow equations, mass continuity, mass and energy balances, electrochemistry relations,

water and nitrogen crossovers in membrane and fuel-cell thermodynamics and other physi-

cal phenomena are incorporated to create this model. The polarization curve in this model

is a function of the stack current, stack temperature, water vapour, hydrogen, and oxygen

partial pressures and membrane humidity.

In the remainder of this chapter, a presentation of a PEMFC steady-state model is

given. This model is useful for calculating the PEMFC stack voltage. Then, a presentation

of reduced dynamic model based on the work of [Gruber et al., 2008] and [Suh, 2006] is

done. Finally, a steady-state analysis of the PEMFC system is performed in order to

define the optimal value of the air flow setpoint, termed Oxygen Excess Ratio (OER),

that results in the maximum net power.

2.3 PEMFC steady-state model

The steady-state model can be used to predict the fuel-cell output voltage vfc according

to the current density of the fuel-cell system, cell temperature, reactant and product

gas pressures, and membrane humidity [Pukrushpan et al., 2004c]. The fuel-cell voltage

expression is calculated on the basis of the Nernst open circuit voltage with activation,

ohmic and concentration losses [Pukrushpan et al., 2004c]. The Nernst open circuit

Page 27



Chapter 2. PEMFC Air Supply System Model

voltage and the three main types of losses in the fuel-cell system are further disscused in

the following subsections.

2.3.1 Nernst open circuit voltage

Fuel cells convert directly chemical potential energy into electrical energy through an

electrochemical reaction. The electrical energy released from the fuel cell can be calculated

from the Gibbs free energy change (∆G), that is, the difference between the Gibbs free

energy of products and the Gibbs free energy of reactants. The change in Gibbs free

energy (∆G), also known as free enthalpy, depends on both temperature and pressure.

For the hydrogen/oxygen fuel-cell chemical reaction

H2 +
1

2
O2 → H2O, (2.1)

the change in the Gibbs free energy ∆G is expressed by [Pukrushpan et al., 2004c]

∆G = ∆G0 −RTfc ln

pH2p
1
2
O2

pH2O

 , (2.2)

where ∆G0 is change in the Gibbs free energy at standard pressure (1 bar) which in turn

varies with the fuel-cell temperature, Tfc, in Kelvin. R is the universal constant for ideal

gases, pH2 is the hydrogen partial pressure, pO2 is the oxygen partial pressure, and pH2O

is the water vapour partial pressure. Values of changes on the Gibbs free energy, ∆G0, of

the reaction in (2.1) for standard pressure at various reaction temperatures are given in

Table (2.1). The value of ∆G0 is negative which means that the energy is released from

the reaction.

If the electrochemical process in the cell were reversible, all of the Gibbs free energy,

at a constant temperature and pressure, could be converted to electrical energy and thus,

define a standard potential [Pukrushpan et al., 2004c]

E0 =
−∆G0

n̄F
, (2.3)

where E0 is the ideal cell potential, which is the maximum potential theoretically achiev-

able. n̄ is the number of electrons and F is the Faradays constant. The number of

electrons for an H2−O2 cell reaction is 2, hence (2.3) for ideal fuel-cell potential becomes

E0 =
−∆G0

2F
(2.4)

This potential, E0, is correct for standard temperature and pressure. However, PEM-

FCs usually operate at higher temperatures and because Gibbs free energy is a function
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Table 2.1: Change in Gibbs free energy of hydrogen fuel-cell at various temperatures

[Larminie et al., 2003]

Form of water product Temperature K ∆G0 (kJ/mole)

Liquid 298.15 -237.2

Liquid 353.15 -228.2

Gas 353.15 -226.1

Gas 373.15 -225.2

Gas 473.15 -220.4

Gas 673.15 -210.3

Gas 873.15 -199.6

Gas 1073.15 -188.6

Gas 1273.15 -177.4

of temperature, it decreases the cell potential to a certain degree. Therefore, using (2.2),

the actual theoretical potential of a PEMFC can be written as

E =
−∆G

2F
=
−∆G0

2F
+
RTfc
2F

ln

pH2p
1
2
O2

pH2O

 . (2.5)

Potential E in (2.5) is so called the Nernst open circuit voltage of a PEMFC. In

practice, the fuel-cell process is not reversible, some of the chemical energy is converted

to heat energy, and the Nernst voltage, is smaller than that what (2.5) predicts. In fact,

the term −∆G0/2F varies from its reference potential at standard conditions (E0 = 1.229

volts) in accordance with the temperature [Basualdo et al., 2012]

−∆G0

2F
= 1.229 + (Tfc − T0)

(
∆S0

2F

)
, (2.6)

where T0 is the standard temperature (298.15 ◦K), and ∆S0 is the entropy change. Thus,

(2.6) can be rewritten as

−∆G0

2F
= 1.229− 298.15×∆S0

2F
+

(
∆S0

2F

)
Tfc. (2.7)

Using the standard thermodynamic values regarding entropy changes, (2.7) is further

expanded and yields [Basualdo et al., 2012]

E = 1.229− 0.85× 10−3(Tfc − 298.15) + 4.3085× 10−5Tfc

[
ln(pH2) +

1

2
ln(pO2)

]
. (2.8)
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When the fuel cell operates, the fuel-cell actual voltage vfc drops from the Nernst open

circuit voltage, E, and this drop in voltage is a result of losses, which are proportional

to the current drawn by the electric circuit (Figure 2.1(d)). This phenomenon is known

as polarization and allows us to identify the PEMFC system operating point. There are

three main types of losses: activation loss vact, ohmic loss vohm and concentration loss

vconc. These aspects are more disscused next.

2.3.2 Activation loss

The activation loss or activation overvoltage, shown in Figure 2.1(a), is the voltage re-

quired to form and break the chemical bounds, both in the anode and cathode [Liu, 2014].

Also, some amount of voltage is used in electrons transfer, also referred as exchange cur-

rent density, to and from electrodes. It is worth noting that the reactions at the anode

are very quick in comparison to the ones at the cathode, hence anode overvoltage is some-

times ignored [Liu et al., 2006]. Reduction in activation losses can be accomplished by

increasing the active surface of the catalysts, raising the temperature and increasing the

concentration of reactants. The relation between activation loss and current density can

be determined from the Tafel equation [Liu, 2014]

vact =
RTfc
2ᾱF

ln

(
i

i0

)
, (2.9)

where the constant ᾱ is the change transfer coefficient and i0 is the exchange current

density. i is the current density, which is defined as stack current Ist (A), per cell active

area, Afc (cm2).

i =
Ist
Afc

. (2.10)

It should be noted that this equation is only exact correct i > i0, which can cause

simulation problems. Accordingly, a similar function that is correct for the whole range

of i is preferred

vact = v0 + va
(
1− e−b1i

)
, (2.11)

where v0 is the voltage drop at zero current density, and va and b1 are constants that

depend on the temperature and the oxygen partial pressure [Amphlett et al., 1995,Steele

and Heinzel, 2011]. The expressions of v0 and va are defined in Appendix A.

2.3.3 Ohmic loss

The ohmic loss, shown in Figure 2.1(b), is due to the resistance of the membrane to the

proton transfer, and the resistance of electrodes to the electrons transfer. Ohmic losses can
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be overcome by using electrodes with high electronic conductivity and weak membrane

thickness which has high proton transference propriety. The formulation of this type of

losses is presented below

vohm = iRohm, (2.12)

where Rohm represents the internal electrical resistance of the cell and has a strong depen-

dency on temperature and membrane humidity [Santarelli and Torchio, 2007]. The ohmic

resistance of Nafion 117 membrane is a function of the membrane conductivity, σm, and

membrane thickness, tm according to the following expression [Mann et al., 2000]:

Rohm =
tm
σm

, (2.13)

The membrane conductivity, σm, is a function of membrane water content, λm, and is

defined by the following equation [Pukrushpan et al., 2004c]:

σm = (0.005139λm − 0.00326) e

(
350

(
1

303
− 1
Tfc

))
. (2.14)

2.3.4 Concentration loss

Concentration losses are important at high current densities and appear when a reduction

in the concentration of reactants at the electrode-membrane interface occurred. This drop

is even more important if the reactants are not pure and mixed gases are supplied to the

fuel cell e.g., air is used instead of oxygen [Larminie et al., 2003]. This loss can be

expressed by a semi-empirical expression as,

vconc = i

(
b2

i

imax

)b3
, (2.15)

where b2, b3 and imax are constants that depend on the temperature and the partial pres-

sures of reactants. imax is the current density that causes the sudden voltage drop. These

constants are settled empirically and is defined in Table A.1 in Appendix A. The concen-

tration loss is shown in Figure 2.1(c).

2.3.5 Fuel-cell terminal voltage

The fuel-cell terminal voltage is equal to the difference between the Nernst open circuit

voltage of the fuel-cell system and the different type of losses (activation, ohmic and

concentration). The fuel-cell terminal voltage is expressed by the following equation:

vfc = E − vact − vohm − vconc

= E − v0 − va
(
1− e−b1i

)
− iRohm − i

(
b2

i

imax

)b3
.

(2.16)
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Figure 2.1: Voltage drops due to different types of losses in fuel cell,

The resulting PEMFC polarization curve is depicted in Figure 2.1(d). It can be seen that

the voltage drop is significantly more at low and high current densities. At low current

densities, the activation loss is predominant and at high current densities, the concentra-

tion loss is a major cause of losses. The ohmic loss is nothing but cell resistance and hence

with increase in cell current the voltage drop increases proportionately (Figure 2.1(b)).

All numerical parameters vlues are found in Table A.1 in Appendix A. The stack voltage

Vst is calculated as the sum of the individual fuel-cell voltages

Vst = nvfc, (2.17)

where n is the number of cells. Thus, the fuel-cell power is calculated as

Pst = IstVst. (2.18)
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2.4 PEMFC air supply dynamic model

To concentrate the study on the air (oxygen) supply sub-process, which has a great influ-

ence on the whole PEMFC system efficiency, the ninth-order state-space model proposed

by Pukrushpan et al. [Pukrushpan et al., 2004c] has been simplified to fourth-order state-

space model by [Suh, 2006] under the following assumptions:

• All gases obey the ideal gas law;

• The fuel-cell system is fed by pressurized high-purity hydrogen and the hydrogen

supply control is perfect for tracking the anode pressure to the cathode pressure;

• The temperature of the fuel-cell stack, Tfc, is well controlled and is maintained

constant at 353.15 K;

• The temperature of the flow inside the cathode is equal to the stack temperature;

• The input reactant flows are humidified in a consistent and rapid way;

• The water inside the cathode is only in vapour phase and any extra water in liquid

phase is removed from the channels;

• The flooding of the gas diffusion layer is neglected;

• The spatial variations are neglected, it is assumed that the flow channel and the gas

diffusion layer are lumped into one volume;

• Humidity and temperature dynamics are neglected because they are slower than the

air flow dynamics.

Moreover, experimental validation was performed in [Liu, 2014] through a Hardware In

the Loop (HIL) test bench which consists of a physical PEMFC air supply system, based

on a commercial twin screw compressor and a real time PEMFC emulator.

2.4.1 Air compressor model

The air compressor consists of a 14 kW turbo-compressor and a direct current motor. It

is used to provide air to the cathode side through supply maniflod. The inputs to the

model include inlet air pressure pcp,in, its temperature Tcp,in, compressor motor voltage

vcm and supply manifold pressure psm. The inlet air is atmospheric and its pressure and

temperature are equal to patm = 101325 Pa and Tatm = 298.15 K, respectively.
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Figure 2.2: Fuel-cell system scheme.

The dynamic state in the model is the rotational speed of the motor shaft in the

compressor ωcp, which is presented by the following equation

dωcp
dt

=
1

Jcp
(τcm − τcp) , (2.19)

where Jcp denotes the compressor and motor inertia (kg×m2), τcm is the compressor motor

torque (N×m) and τcp is the torque needed to drive the compressor (N×m), which

τcm = ηcm
kt
Rcm

(vcm − kvωcp) ,

τcp =
CpTatm
ηcpωcp

[(
psm
patm

) γ
γ−1

− 1

]
Wcp,

(2.20)

where kt, Rcm and kv are motor constants, ηcm is the motor mechanical efficiency, Cp and

γ correspond to the specific heat capacities of the air, ηcp is the compressor efficiency and

Wcp is the compressor mass flow rate. This latter is determined by the rotational speed

of the motor compressor and the air pressure in the supply manifold, which has been

approximated by the following equation

Wcp =
Wmax
cp ωcp

ωmaxcp

1− exp

−r
(
s+

ω2
cp

q
− psm

)
s+

ω2
cp

q
− pminsm

 , (2.21)

Page 34



Chapter 2. PEMFC Air Supply System Model

with exp is the exponential function, r = 15, q = 462.25 rad2/(s2Pa), ωmaxcp = 11500

rad/s, pminsm = 50000 Pa, s = 100000 Pa and Wmax
cp = 0.0975 kg/s.

The compressor motor power Pcp is calculated using the compressor torque τcm and

its rotational speed ωcp

Pcp =
vcm
Rcm

(vcm − kvωcp) . (2.22)

This power can be satisfied directly from the fuel cell or from an auxiliary power

source, like batteries or supercapacitors.

2.4.2 Supply manifold model

The air supply manifold is associated with pipes and connections between the compressor

and the fuel-cell cathode (shown in Figure 2.2). By applying the mass conservation

principle, the air pressure dynamic in the supply manifold depends on the inlet flow

to the supply manifold Wcp, the outlet flow from the supply manifold Wsm,out and the

compressor flow temperature Tcp

dpsm
dt

=
γRTcp

Ma,atmVsm
(Wcp −Wca,in) , (2.23)

where Vsm is the supply manifold volume, Ma,atm is the molar mass of the atmospheric air

and Tcp is the temperature of the air leaving the compressor, which is calculated based

on [Pukrushpan et al., 2004b] with a map of the compressor efficiency ηcp, i.e.,

Tcp = Tatm +
Tatm
ηcp

[(
psm
patm

) γ
γ−1

− 1

]
. (2.24)

The relationship between the outlet flow of the supply manifold and the pressure drop

can be simplified as a linear nozzle equation due to the small pressure difference between

the cathode pca and the supply manifold psm

Wsm,out = ksm,out (psm − pca) , (2.25)

where ksm,out is the supply manifold outlet flow constant, the flow leaving the supply

manifold enters the fuel-cell cathode and so, the supply manifold outlet flow Wsm,out is

referred to being cathode inlet flow Wca,in.
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2.4.3 Cathode flow model

The cathode mass flow model describes the air flow behaviour inside the cathode. Air

is mixture of gases, consisting primarily of 78 % nitrogen, 21 % oxygen, and other gases

in less than 1 % like argon, carbon monoxide, carbon dioxide, neon, etc. It will only

consider the main gases for the cathode part modelling, that is, nitrogen and oxygen.

The model is generated using thermodynamic properties of air and mass conservation

principle [Pukrushpan et al., 2004c]. On account of the mass continuity of both oxygen

and nitrogen inside the cathode volume and ideal gas law, the partial pressure of both

oxygen and nitrogen inside the cathode are yielded as

dpO2

dt
=

RTfc
MO2Vca

(WO2,in −WO2,out −WO2,rct) ,

dpN2

dt
=

RTfc
MN2Vca

(WN2,in −WN2,out) ,

(2.26)

where WO2,in and WN2,in are, respectively the mass flow rate of oxygen and nitrogen

entering the cathode, WO2,out and WN2,out are, respectively the mass flow rate of oxygen

and nitrogen leaving the cathode, WO2,rct is the rate of oxygen reacted, Vca is the cathode

volume and MO2 , MN2 are, the molar mass of oxygen and nitrogen, respectively.

The inlet mass flow rate of oxygen WO2,in and nitrogen WN2,in are calculated from the

inlet cathode flow Wca,in as follows:

WO2,in =
xO2,atm

1 + ωatm
Wca,in,

WN2,in =
1− xO2,atm

1 + ωatm
Wca,in,

(2.27)

where xO2,atm is the oxygen mass fraction of the inlet air

xO2,atm =
yO2,atmMO2

Ma,atm

=
yO2,atmMO2

yO2,atmMO2 + (1− yO2,atm)MN2

, (2.28)

with the oxygen mole fraction yO2,atm = 0.21 for inlet air and the humidity ratio of inlet

air ωatm is expressed as

ωatm =
Mv

Ma,atm

φatmpsat (Tfc)

patm − φatmpsat (Tfc)
, (2.29)

where Mv is the molar mass of vapour, φatm is the relative humidify at ambient conditions

(its value is set to 0.5) and psat (Tfc) is the vapour saturation pressure. The saturation

pressure psat depends on the temperature and is determined from the equation given

in [Liu, 2005] as

log10 (psat) = −1.69×10−10T 4
fc+3.85×10−17T 3

fc−3.39×10−4T 2
fc+0.143Tfc−20.92, (2.30)
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where the saturation pressure psat is in kPa and the temperature Tfc is in Kelvin.

As mentionned above, the cathode inlet flow rate Wca,in is assumed to be similar to

the supply manifold outlet flow rate Wsm,out (2.25)

Wca,in = ksm,out (psm − pca) , (2.31)

where the cathode pressure pca is assumed to be spatially invariant, which is given by

pca = pO2 + pN2 + psat (Tfc) , (2.32)

where pO2 , pN2 and psat (Tfc) are respectively, oxygen, nitrogen and vapour partial pres-

sures.

The outlet mass flow rate of oxygen WO2,out and nitrogen WN2,out are calculated as a

function of the cathode outlet mass flow rate Wca,out as follows:

WO2,out =
xO2,ca

1 + ωca,out
Wca,out,

WN2,out =
1− xO2,ca

1 + ωca,out
Wca,out,

(2.33)

where xO2,ca, ωca,out are the oxygen mass fraction, the humidity ratio inside the cathode,

respectively, which are defined as

xO2,ca =
yO2,caMO2

yO2,caMO2 + (1− yO2,ca)MN2

,

ωca,out =
Mv

yO2,caMO2 + (1− yO2,ca)MN2

psat
pO2 − pN2

.

(2.34)

Unlike the inlet flow, the oxygen mole fraction of the cathode outlet flow yO2,ca is not

constant because oxygen is reacted, which is calculated as

yO2,ca =
pO2

pO2 + pN2

. (2.35)

Using (2.34) and (2.35), (2.33) can be rewritten as

WO2,out =
MO2pO2

MO2pO2 +MN2pN2 +Mvpsat
Wca,out, (2.36)

WN2,out =
MN2pN2

MO2pO2 +MN2pN2 +Mvpsat
Wca,out. (2.37)

The cathode outlet mass flow rate Wca,out is governed by nozzle equations [Pukrushpan

et al., 2002b] and is calculated as follows:
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Wca,out =
CDAT√
RTfc

√
2γ

γ − 1
(pca)

(
patm
pca

) 1
γ

√
1−

(
patm
pca

) γ−1
γ

, (2.38)

where CD is the discharge coefficient of the nozzle, AT is the opening area of the nozzle.

The amount of oxygen reacted WO2,rct is calculated using electrochemistry principles,

which is a function of the stack current Ist, and written as

WO2,rct = MO2

nIst
2F

. (2.39)

2.5 Dynamic model with four states

Equations (2.26), (2.19) and (2.23) can be represented by the following four-state dynamic

model

ẋ1 = c1 (x4 − χ− c2)−
c3x1α

c4x1 + c5x2 + c6
− c7w, (2.40a)

ẋ2 = c8 (x4 − χ− c2)−
c3x2α

c4x1 + c5x2 + c6
, (2.40b)

ẋ3 = −c9x3 −
c10
x3

[(
x4
c11

)c12
− 1

]
y3 + c13u, (2.40c)

ẋ4 = c14

[
1 + c15

[(
x4
c11

)c12
− 1

]]
× [y3 − c16 (x4 − χ− c2)] , (2.40d)

where

χ = pO2 + pN2 = x1 + x2,

α = Wca,in = c17 (χ− c2)
(

c11
χ− c2

)c18√
1−

(
c11

χ− c2

)c12
,

(2.41)

and coefficients ci, for {i = 1, . . . , 24}, are defined in Table A.2 in Appendix A. The vector

of states x ∈ R4 is associated to the oxygen and nitrogen partial pressures in the cathode

channel, the rotational speed of the motor shaft in the compressor and the air pressure

in the supply manifold, respectively [Gruber et al., 2008]. Then,

x =
[
pO2 pN2 ωcp psm

]T
. (2.42)

2.5.1 System inputs and outputs

The inputs of the fuel-cell system are (i) the compressor motor voltage u = vcm that

is considered as a control input, it allows the manipulation of the angular speed of the

compressor, and thus, the oxygen supply to the fuel-cell stack, and (ii) the stack current

w = Ist that is considered as a measurable disturbance of the system.
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The vector of the fuel-cell system outputs y ∈ R3 is given by

y =
[
y1 y2 y3

]T
=
[
psm Vst Wcp

]T
, (2.43)

where the supply manifold pressure psm, the stack voltage Vst and the compressor air flow

rate Wcp are given in (2.23), (2.17) and (2.21), respectively.

2.5.2 System performances

The performance variables z ∈ R2, with z1 as net power and z2 as OER, are given by

z =
[
z1 z2

]T
=
[
Pnet λO2

]T
. (2.44)

The fuel-cell net power z1 is the difference between the power produced by the stack

Pst and the power consumed by the compressor Pcm. Thus, the net power can be expressed

as

z1 = Pst − Pcm = y2w − c21u (u− c22x3) , (2.45)

where the stack power Pst and the compressor power Pcm are given in (2.18) and (2.22),

respectively.

The OER z2, which is defined by the amount of oxygen provided, denoted by WO2,in,

and the amount of oxygen reacted, denoted as WO2,rct, is expressed as

z2 =
WO2,in

WO2,rct

=
c23 (x4 − χ− c2)

c24w
. (2.46)

2.6 Steady-state analysis

The air supply system has a compressor motor voltage as the only control actuator.

Two variables considered for the control performance are the fuel-cell system net power,

z1, and the OER, z2. If the value of z2 is quite low, even though higher than 1, it is

likely to cause Oxygen starvation. This phenomenon can cause a short circuit and a hot

spot on the surface of the fuel-cell membrane. On the other hand, higher values of z2

will drive the compressor motor to consume more power and, therefore, towards lower

efficiency operating conditions. As a result, it is necessary to state the optimal value of

z2 that maximizes the net power z1. The relation between the OER and the net power

for different stack currents is called the performance curve (see Figure 2.3). This curve is

obtained from a complete off-line analysis of the open-loop PEMFC air supply system, in

light of stack-current changes and a wide range of OER values. The nonlinear model in

(2.40) corresponds to a 75 kW high-pressure FC stack fed by a 14 kW turbo compressoor
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Figure 2.3: z2 performance curve for different stack currents.

used in Ford P2000 FC electric vehicle. The nominal model parameters are listed in

Table A.3 in Appendix A. It can be seen from Figure 2.3 that the maximum net power

z1 is achieved at an OER z2 between 1.9 and 2.5 for stack-current variations between

100-300 A. However, in order to get the best trade-off between safety and efficiency, it is

necessary to regulates z2 around an optimal value z2,opt = 2.05 as discussed in [Kunusch

et al., 2012].

2.7 Dynamic simulation

A stack-current changes, depicted in Figure 2.5(a), is applied to the fuel-cell system as

a disturbance. The stack current rises up from 100 A to 150 A at t=5 s. Next, after 5 s,

it increases by 50 A. This increment stopped when the stack current reaches 250 A. After

20 s, the current falls to 220 A. Finally, at time t=25 s, it increases again from 220 A to

250 A (Figure 2.5(a)). A compressor motor input voltage, shown in Figure 2.5(b), is also

applied to the fuel-cell system as a control input. The control input is deduced from a

static feed-forward controller based on the measurement of the stack current, as shown in

Figure 2.4.
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𝑣𝑐𝑚 𝑡Feed-Forward Controller

𝑣𝑐𝑚 𝑡 = 0,67 × 𝑤 𝑡 + 33,55

PEMFC air supply system

𝑤(𝑡)

Figure 2.4: Static feedforward control for fuel-cell system.

During a positive current change, the OER drops, as shown in Figure 2.5(e), due

to the reduction of oxygen in the cathode channel. This, in turn, causes an important

decrease in the stack voltage, as shown in Figure 2.5(c). One can immediately remark from

Figure 2.5(b) that the compressor voltage responds instantaneously during the current

steps (at 5, 10, 15, 20, and 25 seconds), there is still a transient effect in the stack voltage,

and consequently in the stack power and the net power (Figure 2.5(d)), as a result of the

transient behaviour in oxygen partial pressure (Figure 2.5(f)).
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Figure 2.5: Dynamic simulation results of the fuel-cell system model for a series of input

stack-current changes.
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2.8 Summary

This chapter presents the main concepts about PEMFC systems, showing the expressions

corresponding to the fuel-cell voltage and efficiency. Also, different approaches for mod-

elling are presented. Accordingly, a review of PEMFC model has been done. Fuel-cell

models may be classified into one of three categories: fuel-cell performance models, steady-

state fuel-cell system models or dynamic fuel-cell system models. Among these models, a

model widely used in the literature for control purposes is described in detail. Using this

model, the influence of the auxiliary equipment in the system efficiency is analyzed and

the model is also used to study the optimal operation of a PEMFC system, finding an

optimal compressor voltage for each current load that maximizes the net output power.

Similarly, this dynamic model is used as a base model in the other chapters of this thesis.
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Chapter 3

Advanced Control Strategies for

PEMFC Air Supply Systems

“ Acquire wisdom from the story of those who have already passed.

”
Uthman ibn Affan

3.1 Introduction

As discussed in the previous chapter, the control objective is to adjust the Oxygen Excess

Ratio (OER) at a given setpoint in order to prevent oxygen starvation and damage of the

fuel-cell stack. Accordingly, this chapter presents two advanced control strategies based

on artificial intelligence and sliding mode control techniques. Firstly, a hybrid fuzzy PID

(HFPID) controller is developed which consists of three parts: a fuzzy-logic controller

(FLC), a fuzzy-based self-tuned PID (FSTPID) controller and a fuzzy supervisor. Sec-

ondly, a twisting controller based on sliding mode control is designed. Then, the designed

control strategies are applied to the model of the PEMFC air supply system and the

simulation results for stack-current changes, model uncertainties, and comparative study

are presented in detail in Section 3.5. This chapter has been the subject of several pa-

pers [Baroud et al., 2015,Baroud et al., 2017b]. At the end of this chapter, a comparative

study of both two controllers performances is presented.
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3.2 Control problem formulation

In this section, the control objective and the PEMFC air supply system model are re-

membered. The control objective is to define the compressor motor input voltage, vcm,

in order to maintain z2 = 2.05 and achieve the desired fuel-cell system net power un-

der variable load operation, (Ist), which is considered as an external disturbance to the

fuel-cell system. The resulting control problem is defined as follows (Figure 3.1):

ẋ1 = c1 (x4 − χ− c2)−
c3x1α

c4x1 + c5x2 + c6
− c7w,

ẋ2 = c8 (x4 − χ− c2)−
c3x2α

c4x1 + c5x2 + c6
,

ẋ3 = −c9x3 −
c10
x3

[(
x4
c11

)c12
− 1

]
y3 + c13u,

ẋ4 = c14

[
1 + c15

[(
x4
c11

)c12
− 1
]]
× [y3 − c16 (x4 − χ− c2)] ,

(3.1)

where 

x =
[
pO2 pN2 ωcp psm

]T
,

u = vcm,

w = Ist,

y =
[
y1 y2 y3

]T
=
[
psm Vst Wcp

]T
,

z =
[
z1 z2

]T
=
[
Pnet λO2

]T
(3.2)

𝑢 = 𝑣𝑐𝑚 𝑧 =
𝑃𝑛𝑒𝑡
𝜆𝑂2

𝑦 =

𝑝𝑠𝑚
𝑉𝑠𝑡
𝑊𝑐𝑝

𝑤 = 𝐼𝑠𝑡

PEMFC air supply system

Figure 3.1: Model setup scheme.
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Next, a brief survey of existing control methods for PEMFC air supply system will be

presented.

3.3 Review on PEMFC air supply system control

During recent years, many control strategies have been proposed for PEMFC air supply

system to maintain optimal OER, and thus maximization of system net power. It can be

cited, among others, linear control methods based on model linearization such as Linear

Quadratic Regulator (LQR), proportional integral (PI) plus dynamic feed-forward con-

troller are proposed in [Pukrushpan et al., 2004b] and [Niknezhadi et al., 2011]. These

controllers attain good transient regulation but loss robustness facing the variation of the

fuel-cell system parameters. Kunusch et al. [Kunusch et al., 2009] were the first use the

super-twisting algorithm, based on the second order sliding mode (SOSM) control, for

the PEMFC air supply system. Matraji et al. [Matraji et al., 2013] have proposed adap-

tive SOSM control strategy, which is based on two cascade adaptive SOSM controllers.

The use of adaptive controllers gives better results than fixed parameters super-twisting

control. Although the controllers based on SOSM control strategy has been validated

experimentally. Different topologies of fuzzy-logic control (FLC) are proposed. In [Ou

et al., 2015], feed-forward fuzzy PID is developed to adapt PID parameters to regulate

air flow rate using on-line fuzzy logic optimization loop. Beirami et al. [Beirami et al.,

2015] have proposed an optimal PID plus fuzzy controller. The controller parameters are

optimized using a self-adaptive differential algorithm. An efficient controller combines

conventional PID and fuzzy logic is addressed in [Baroud et al., 2016a].

Feroldi et al. [Basualdo et al., 2012] have reported a control architecture based on

Adaptive Predictive Control with Robust Filter (APCWRF). The APCWRF is designed

for controlling the compressor motor voltage. The objectives of this control strategy are

to regulate both the fuel-cell voltage and OER in the cathode. Works [Chang and Moura,

2009, Almeida and Simoes, 2005] have used optimal control technique to control the air

supply PEMFC-based systems. Gain scheduled Linear Parameter-Varying (LPV) control

and fault tolerant unfalsified control are presented in [Bianchi et al., 2014,Bianchi et al.,

2015], respectively. All these control strategies are applied for the regulation of the OER

in the PEMFC with different degrees of success.

However, these controllers impose certain limitations on the tracking performance and

none of them consider uncertainties of system parameters. These drawbacks are addressed

in this chapter. In the following two sections, two types of controllers for z2 regulation
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are developed. The first is considered as a novel combining method based on conventional

PID and fuzzy-logic controllers. This proposal bears two major advantages: the strengths

of both PID and fuzzy-logic controllers are benefited while the hybrid controller suitably

performs with uncertainties of nominal parameters of the PEMFC-based system. The

second is based on the SOSM control and use the twisting algorithm. This controller is

capable of avoiding chattering effects, converging to the reference in finite time under load

variations and parametric uncertainties.

3.4 Hybrid fuzzy PID controller design

The proposed control scheme is separated into three parts: a fuzzy logic controller, a fuzzy-

based self-tuned PID controller and a fuzzy supervisor. The fuzzy supervisor, based on

fuzzy rules, and depending on the error between the current value of OER and its setpoint

value, is used to determine signals that have the greatest effect over the control system.

To fully understand the design method of this controller, it is better to present mainly

the following sub-controllers:

• PID controller,

• Fuzzy logic controller,

• Fuzzy-based self-tuned PID controller.

3.4.1 PID controller

The PID control scheme, shown in Figure 3.2, is widely used in industrial process control

due to its simple structure and to its robust performance for both linear and nonlinear

systems. The mathematical expression of this controller is given by

uPID(t) = kpe(t) + ki

∫
e(t)dt+ kd

de(t)

dt
, (3.3)

where e (t) is the feedback error, that is defined in the case of this paper as the difference

between the current value of z2 (t) and its setpoint value, i.e.,

e(t) = z2(t)− z2,opt, (3.4)

and the parameters kp, ki and kd are known as proportional gain, integral gain and deriva-

tive gain, respectively.
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𝑢𝑃𝐼𝐷𝑒

𝑘𝑝 𝑘𝑖 𝑘𝑑
PEMFC air supply system

PID 

Controller

𝑧2

+
−

𝑧2,𝑜𝑝𝑡

𝑧2

Off-line Optimization 

Tool

Figure 3.2: Structure of PID controller.

The three PID gains design, kp, ki and kd, is not easy task due to the complexity of the

PEMFC system model. Therefore, to obtain the corresponding PID parameters an opti-

mization tool in Matlab is needed [O’Dwyer, 2009]. This command is called fminsearch,

which finds the minimum of the quadratic cost function specified by∫ Tf

0

(z2(t)− z2,opt)2. (3.5)

3.4.2 Fuzzy Logic controller

Fuzzy logic was firstly proposed by Lotfi A. Zadeh in 1965 to control plants that were

difficult to model [Zadeh, 1965]. The application of fuzzy logic in control problems was

firstly introduced by Mamdani in 1974 [Mamdani, 1974]. Fuzzy logic is one of the most

versatile control techniques due to its simplicity, efficiency and robustness against the

system dynamics variation. The fuzzy logic controller synthesize does not require the

precise information of system. It has been successfully used in the PEMFC systems

with better performance with respect to the PID controller counterpart [Sinthipsomboon

et al., 2012,Fereidouni et al., 2015]. There are three main parts in the fuzzy logic controller

(FLC) as shown in Figure 3.3:

• Fuzzification interface converts a crisp input to a fuzzy value by using fuzzy sets,

• Rule base and inference system generates a result for each suitable rule, then com-

bines the results of the rules,
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• Defuzzification interface converts the combined result back into a specific control

output value.

For the fuzzification and defuzzification interfaces, this controller considers five member-

ship functions, which are justified by the required precision of the closed-loop system.

Fuzzy Inference system 

Fuzzy Rules

If …..… Then ……… 

Fuzzy Inference System 

∆𝒖
𝒖𝒇𝒖𝒛𝒛𝒚∆𝑼𝒌𝟑

𝒌𝟏

𝒌𝟐

𝒆

∆𝑒

𝑬

∆𝑬
∆

Figure 3.3: Structure of fuzzy controller.

In Figure 3.3, variables e,∆e, E and ∆E indicate error, derivative of error, normalized

error and normalized derivative of error, respectively, while the parameters k1, k2 and

k3 are input and output scaling factors, which have an important effect on the system

dynamic behaviour. The scaling factors k1, k2 and k3 may be selected, based on control

experience and a lot of simulations, among other advanced meta-heuristics approaches

[Bouallègue et al., 2015]. In Table 3.1, the fuzzy linguistic variables are NB, N, Z, P and

PB, which represent negative big, negative, zero, positive and positive big, respectively.

The basic form of the fuzzy control rules is: “if the error E is Z and the error derivation

∆E is Z, then the fuzzy control output ∆u is Z”.

Table 3.1: Linear rule base for FLC.

∆u
E

NB N Z P PB

∆E

NB NB NB N N Z

N NB N N Z P

Z N N Z P P

P N Z P P PB

PB Z P P PB PB
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The membership functions of the FLC inputs and output are respectively shown in

Figures 3.4(a) and 3.4(b).
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Figure 3.4: Membership functions of the FLC.

3.4.3 Fuzzy-based Self-Tuned PID controller

The coefficients of the classical PID controller are not always tuned for the nonlinear plant

with unpredictable parameter variations. Hence, it is necessary to automatically tune the

PID parameters. The fuzzy-based self-tuned PID (FSTPID) controller is designed such

that the three-term control kp, ki and kd are tuned by using a fuzzy tuner [Baroud et al.,

2015,Zulfatman and Rahmat, 2009]. The OER control scheme that will be considered in

this subsection is shown in Figure 3.5. The output of the FSTPID controller is given by

uFSTPID(t) = kpe(t) + ki

∫
e(t)dt+ kd

de(t)

dt
. (3.6)

𝑒

∆𝑒

𝑢𝐹𝑆𝑇𝑃𝐼𝐷

PEMFC air supply system

PID 

Controller

𝑧2

+
−

𝑧2,𝑜𝑝𝑡

𝑧2

𝑘𝑝 𝑘𝑖 𝑘𝑑

Fuzzy Tuner

𝒆

Fuzzy-based self-

tuned PID controller

∆

Figure 3.5: Fuzzy self-tuning PID controller structure.
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Further details about the fuzzy tuner are shown in Figure 3.6. In that figure, there

are two inputs to the fuzzy inference: e and ∆e, and three outputs: kp, ki and kd. In

Figure 3.6, variables e,∆e, E and ∆E indicate error, derivative of error, normalized error

and normalized derivative of error, respectively, while the parameters k1, k2 and k3, k4

and k5 are input/output scaling factors.

Fuzzy Inference system 

Fuzzy Rules

If …… Then …… 

Fuzzy Inference system 

𝒌𝒑
′ 𝒌𝒑

𝒌𝟏

𝒌𝟐

𝒆

∆𝑒

𝑬

∆𝑬
𝒌𝒊
′

𝒌𝒅
′ 𝒌𝒅

𝒌𝒊

𝒌𝟑

𝒌𝟒

𝒌𝟓

∆

Figure 3.6: Structure of the fuzzy tuner.

In order to determine the domain of each PID parameter, several simulations of the

closed-loop system were carried out. Therefore, domains for those parameters were de-

fined as kp ∈ [0, 1000], ki ∈ [0, 400] and kd ∈ [0, 1]. Thus, they can be scaled over the

fuzzy interval [0, 1] as follows:

k′p =
kp − kmin

p

kmax
p − kmin

p

=
kp
k3
, (3.7a)

k′i =
ki − kmin

i

kmax
i − kmin

i

=
ki
k4
, (3.7b)

k′d =
kd − kmin

d

kmax
d − kmin

d

=
kd
k5
, (3.7c)

with k3 = 1000, k4 = 400 and k5 = 1, while the fuzzy interval for E and ∆E is [−1, 1].

The fuzzy subsets of inputs and outputs are negative, zero and positive. The mem-

bership functions of inputs and outputs are respectively depicted in Figures 3.7(a) and

3.7(b). As shown in Tables (3.2, 3.3 and 3.4), the columns represent the normalized feed-

back error E and the rows represent the normalized derivative of error ∆E. Each pair

(E,∆E) determines the output parameters corresponding to k′p, k
′
i and k′d.
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Figure 3.7: Membership functions of fuzzy tuner.

Table 3.2: Fuzzy rules for FSTPID -proportional action-

k′p
E

N Z P

∆E

N Z Z P

Z P Z Z

P P Z N

Table 3.3: Fuzzy rules for FSTPID -integral action-

k′i
E

N Z P

∆E

N N N N

Z Z Z N

P P P P

Table 3.4: Fuzzy rules for FSTPID -deravative action-

k′d
E

N Z P

∆E

N N N N

Z Z N N

P P N N
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The fuzzy tuner utilized in this controller considers product-sum as the inference

method, centre of gravity as the defuzzification method and triangular-shaped as the

membership functions for the inputs and outputs. In addition, the relation between the

inputs and the outputs of the fuzzy tuner is calculated by [Ou et al., 2015] as follows:

k′p =

m∑
k=1

µk′pk (Cp)Cpk

m∑
k=1

µk′pk (Cp)

, (3.8)

where Cpk is the central value of fuzzy set at the k − th rule and µk′pk is the output

membership value. The same result can be calculated for both k′i and k′d.

Once the sub-controllers are designed, the design of the HFPID can be completed,

without difficulty. This controller derives its strength from the advantages of both fuzzy

and PID controllers together. In addition, the gain adjustment of PID with a fuzzy tuner

is included to ameliorate the controller. The control scheme in Figure 3.8 consists of three

parts: a fuzzy-based self-tuned PID controller, a fuzzy controller, and a fuzzy supervisor.

Based on the fuzzy rules and depending on the error between the current value of OER

and its setpoint value, the fuzzy supervisor determines, in a suitable way, when and how

to switch the controller. If the output value of the system is far away from the setpoint,

the fuzzy controller has the largest effect on the control system. Similarly, when the

output value is near the setpoint value, the fuzzy-based self-tuned PID controller has, in

turn, the largest effect over the system rather than the fuzzy controller. Notice that the

fuzzy-based self-tuned PID controller has better accuracy near the setpoint.

+
−

𝑧2,𝑜𝑝𝑡

𝑧2

PEMFC air supply system

𝑧2𝒖

Fuzzy-based self-

tuned PID controller

Fuzzy logic 
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Fuzzy supervisor

×

×
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𝒖𝑭𝑺𝑻𝑷𝑰𝑫

𝒓𝒇𝒖𝒛𝒛𝒚

𝒓𝑷𝑰𝑫

Hybrid Fuzzy-PID controller

𝒆 ∆𝒆
∆

Figure 3.8: Proposed hybrid fuzzy PID controller structure.

As shown in Figure 3.8, the inputs of the fuzzy supervisor are e and ∆e, and the fuzzy

linguistic variables of input are N, Z and P. The output of the fuzzy supervisor is the
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fuzzy control coefficient rfuzzy, and the fuzzy linguistic variables related to the output are

P and PB. The fuzzy inference rules are shown in Table 3.5. The membership functions

of inputs and output are shown in Figures 3.9(a) and 3.9(b), respectively.

The output of the HFPID controller is given by the following expression:

u(t) = rPID × uFSTPID(t) + rfuzzy × ufuzzy(t). (3.9)

where rPID and rfuzzy are the adjustment coefficients of both PID and fuzzy control law.

Moreover, rPID + rfuzzy = 1.

Table 3.5: Linear rule base for fuzzy supervisor

rfuzzy
E

N Z P

∆E

N P P P

Z PB P PB

P P P P
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Figure 3.9: Membership functions of the fuzzy supervisor.

Based on the proposed control structure of Figure 3.8, the design procedure of the

hybrid fuzzy PID controller can be outlined as follows:

• Step 1: Design the fuzzy logic controller as in Subsection 3.4.2.

• Step 2: Design the fuzzy-based self-tuned PID controller as in Subsection 3.4.3.

• Step 3: Design the fuzzy supervisor using e and ∆e.

• Step 4: Calculate the global control u(t) from (3.13).
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Remark 1 Concerning the stability issue, it has been said in [Zimmermann, 2001] that

the stability analysis appears something unrelated for fuzzy controllers. They are implic-

itly supposed robust since they are based on the human experience. And when the PID

controller is placed within the loop, the stability feature should be related to the PID con-

trollers. This analysis is deeply discussed in [Ang et al., 2005].

3.5 HFPID controller simulation results

To verify the performance, the robustness and the efficiency of the proposed control strat-

egy, detailed simulations are performed and analysed. Simulations are divided into three

groups: performance results, sensibility analysis and comparative study. The numerical

parameters used in the simulation are given in Table A.3 in Appendix A. The main aim

of the design of these controllers is to regulate the OER at a setpoint value, which is

assumed equal to 2.05. With this setpoint, it can be assured that the PEMFC air supply

system works within the range of its maximum net power for each load variation while

the oxygen starvation is avoided.

The performance indices of the PEMFC air supply control system include the Integral

Squared Error (ISE)

ISE =

∫ tf

0

| e (t) |2 dt, (3.10)

the Integral Absolute Error (IAE)

IAE =

∫ tf

0

| e (t) | dt, (3.11)

and the Integral Time-weighted Absolute Error (ITAE)

ITAE =

∫ tf

0

t | e (t) | dt. (3.12)

3.5.1 Performance results

This subsection shows a comparison study between the control strategies presented pre-

viously, i.e., PID, fuzzy logic, fuzzy-based self-tuned PID and the hybrid fuzzy PID. The

dynamic behaviour of z2 under different stack-current variation (see Figure 3.10), using

PID, FLC, FSTPID and HFPID control strategies is shown in Figure 3.11. The stack

current rises up from 150 A to 200 A at t=5 s. Next, after 5 s, it increases by 50 A. This

increment stopped when the stack current reaches 300 A. After 20 s, the current falls to

270 A. Finally, at time t=25 s, it increases again from 270 A to 300 A (Figure 3.10). It can
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be seen from Figure 3.11 that all the applied control strategies adjust z2 at the setpoint

with a satisfactory tracking performance.
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Figure 3.10: Stack-current variation.

0 5 10 15 20 25 30
1.2

1.6

2

2.4

2.8

Time (s)

z 2

 

 
Setpoint

PID

FLC

FSTPID

HFPID

Figure 3.11: Response of OER for different control strategies.
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Figure 3.12: Stack-voltage variation for different control strategies.
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Figure 3.13: Zoomed plot of OER variations.

Figures 3.13(a) and 3.13(b) present the zoomed plot of z2 when the stack current is

increased from 200 A to 270 A (at t=10 s) and when the stack current is decreased from

300 A to 250 A (at t=20 s), respectively. In the former case, the OER decreases, as shown

in Figure 3.13(a), due to the depletion of the oxygen at the cathode side. This fact caused

an important drop of the stack voltage, as shown in Figure 3.12. An inverse case is shown

in Figure 3.13(b) at t=20 s. According to the zoomed plot of z2 (Figures 3.13(a) and
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Table 3.6: Performance index comparison and time-domain specifications.

Controllers ISE IAE ITAE
Overshoot

(%)

Rise

Time (s)

Settling

Time (5%)

(s)

PID 0.0627 0.2903 2.2741 9.037 0.55 0.14

FLC 0.5045 1.1047 8.0201 13.95 0.6 0.43

FSTPID 0.036 0.1577 1.1548 13.65 0.17 0.07

HFPID 0.0249 0.1005 0.6781 15.1 0.06 0.04

3.13(b)), it is found that the HFPID controller exhibits a faster time response compared

to the other control strategies. As it can be seen in Figure 3.11 and Table 3.6, that

the HFPID controller reduces the rise time and the settling time of tuning z2 during the

transient step changes of w with respect to the FL and FSTPID controllers. The results

in Table 3.6 show also, in terms of several performance indices including: the Integral

Squared Error (ISE), the Integral Absolute Error (IAE) and the Integral Time-weighted

Absolute Error (ITAE), that the proposed control strategy performs much better than

the FL and FSTPID control strategies.

To further show the effectiveness of the proposed control strategy (HFPID) on the

PEMFC systems, changes of z2,opt are considered, rising up from 2.05 to 3 at t=12 s and

then, falling to 2.05 at t=22 s. Simulation results show in Figure 3.14 that z2 suitably

and accurately tracks z2,opt in the presence of w (t) variation.
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Figure 3.14: Regulation of OER with changing reference.

The behaviour of the compressor motor input voltage (u) is depicted in Figure 3.15(a).

Figures 3.15(b) and 3.15(c) exhibit the control action of the fuzzy logic controller ufuzzy

and the control action of the fuzzy-based self-tuned PID controller uFSTPID, respectively.
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Figure 3.16 shows the adjustment of the coefficients rfuzzy and rPID. This figure shows

that the rfuzzy increases when the current value of z2 is so far away from z2,opt, and

decreases when that value is near z2,opt. Similarly, the value of rPID in the steady-state

response, which is equal to 0.92, is greater than the value of rfuzzy, which is equal to 0.1.
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Figure 3.15: Control signal components.
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Figure 3.16: Output of the fuzzy supervisor.
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3.5.2 Sensibility analysis

In order to test the robustness of the HFPID controller in the presence of uncertainty, a

small variation can be applied to the combined inertia of the compressor and the motor

(Jcp), which is related to the capacity of the air to be supplied from the compressor. This

uncertainty appears at the time interval t = [10, 20] s, as shown in Figure 3.17(b). It can

be seen from Figure 3.17(a) that the HFPID controller exhibits a proper effect over this

uncertainty. The zoomed plot is shown in Figure 3.17(c), where the transient response of

z2 can be seen at t=15 s.
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Figure 3.17: Sensibility analysis.

3.5.3 Comparative study

In this subsection, it is compared the performance of the controller proposed in this study

with one of the new controllers published in the literature for the same control objective.

The work in [Ou et al., 2015] adopted an adaptive PID controller to regulate z2 around a
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reference value z2,r, which is taken equal to 2.4. The parameters of the PID controller are

tuned by using an on-line fuzzy logic optimization loop. Simulation are performed taking

into account the same stack-current profile adopted in [Ou et al., 2015], which is shown in

Figure 3.18(b). Figure 3.18(a) exhibits the dynamic behaviour of z2, which has a proper

transient response despite of the existence of large load variations. Figure 3.18(c) shows

the zoomed plot of z2 at t=15 s, where the proposed control strategy has improved greatly

the transient response of z2 compared to the control strategy presented in [Ou et al., 2015].

The rising time of z2 for the controller adopted in [Ou et al., 2015] is approximately 150 ms

reduced to 60 ms in the control scheme proposed in this chapter (see Figure 3.18(c)).
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Figure 3.18: Comparative study.

3.6 Twisting controller design

In this section, the PEMFC air supply system performance is evaluated under a SOSM

twisting controller [Utkin et al., 2017, Azar and Zhu, 2016, Asif et al., 2002], which is

known by its robustness against both parameter uncertainties and disturbances. The

twisting controller parameters are tuned through an off-line tuning procedure. A static
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Figure 3.19: SOSM twisting control system.

feed-forward controller, uff (t), was combined with the twisting controller to enhance

the dynamic and the steady-state performance of OER regulation. The structure of

the closed-loop OER control scheme that will be considered in this section is shown in

Figure 3.19.

The overall control is defined as

ui(t) = u(t) + uff (t), (3.13)

where u(t) corresponds to the SOSM twisting control action calculated below and uff (t)

corresponds to the static feed-forward control action, which is computed as a function of

stack current as follows,

uff (t) = −1.36× 10−3 × w2 (t) + 1.17× w (t) + 14.3 (3.14)

Define the corresponding regulation-error variable as

σ (t) = z2 (t)− z2,opt, (3.15)

which will be driven to zero in finite time and will be kept at zero thereafter by a suitable

twisting controller. Collecting (2.40) in a unique state-space representation, yields the

form

ẋ(t) = f(x(t)) + gu(t) + ϕw(t),

=


f1(x1, x2, x4)

f2(x1, x2, x4)

f3(x3, x4)

f4(x1, x2, x3, x4)

+


0

0

c13

0

u(t) +


−c7

0

0

0

w(t),
(3.16)
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where fi : R4 7→ R4, i = {1, . . . , 4}, are smooth state maps. Considering the regulation

error variable (3.15) as the sliding variable, the control problem for the PEMFC air supply

system can be mathematically formulated as follows:{
ẋ (t) = f(x(t)) + gu (t) + ϕw (t) ,

σ (t) ∈ R,
(3.17)

with a bounded control action u (t) ∈ R, the measurable disturbance w (t) ∈ R is a piece-

wise constant function and σ (t) is a smooth function.

Note that the sliding variable expressed in (3.15) can be rewritten as

σ (t) =
c23

c24w(t)
Λx(t)− c23

c24w(t)
c2 − z2,opt, (3.18)

being Λ = [−1 − 1 0 1]. Differentiating twice the sliding variable with respect to

time, the following expressions are obtained:

σ̇ (t) =
c23

c24w(t)
Λẋ (t)

=
c23

c24w(t)
Λ (f(x(t)) + gu (t) + ϕw (t))

=
c23

c24w(t)
Λ (f(x(t)) + ϕw (t)) (3.19)

σ̈ (t) =
∂σ̇ (t)

∂t
+
∂σ̇

∂x
ẋ(t)

=
c23

c24w(t)
Λ
[∂f (x(t))

∂x
(f(x(t)) + gu(t) + ϕw (t))

]
= Ψ (x(t), w (t)) + Φ(x(t))u(t), (3.20)

with

Ψ (x(t), w (t)) =
c23

c24w(t)
Λ
[∂f (x(t))

∂x
(f(x(t)) + ϕw (t))

]
Φ(x(t)) =

c23
c24w(t)

Λ
∂f (x(t))

∂x
g

=
c23

c24w(t)

∂f4
∂x3

. (3.21)

Functions Ψ (x(t), w (t)) and Φ(x(t)) can be bounded as follows:

|Ψ (x(t), w (t))| ≤ Θ, (3.22)

0 < Bm ≤ Φ(x(t)) ≤ BM . (3.23)
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The bounding values Θ, Bm and BM were computed by means of a numerical study of

functions Ψ (x(t), w (t)) and Φ(x(t)). After calcuation, the following bounding values can

be obtained:

Θ = 3× 105, Bm = 450, BM = 475. (3.24)

Once bounds in (3.24) have been determined, the stabilisation problem of system (3.17)

with sliding variable dynamics (3.20) can be solved through the stabilisation of the fol-

lowing equivalent differential inclusion by applying twisting algorithm:

σ̈(t) ∈ [−Θ, Θ] + [Bm, BM ]u(t). (3.25)

The algorithm structure and the chosen parameters for the PEMFC air supply system

controller are recalled below. The resultant control law related to the twisting algorithm

is defined by [Shtessel et al., 2014]

u(t) = −(r1sign(σ(t)) + r2sign(σ̇(t))), (3.26)

where r1 and r2 are design parameters that were derived from the corresponding sufficient

conditions for finite-time convergence of the algorithm [Kunusch et al., 2012].

Theorem 3.1 (Taken from [Shtessel et al., 2014]) Let r1 and r2 satisfy the conditions
r1 > r2 > 0,

(r1 + r2)Bm −Θ > (r1 − r2)BM + Θ,

(r1 − r2)Bm > Θ.

(3.27)

The controller in (3.26) guarantees the appearance of second-order sliding-mode σ(t) =

σ̇(t) = 0 attracting the trajectory of the sliding variable dynamics (3.19) in finite time.

Proof 3.1 The proof of convergence follows from [Shtessel et al., 2014].

Through the set of parameters that satisfy (3.27), the control parameters are chosen

as:

r1 = 750, r2 = 0.1. (3.28)

3.7 Twisting controller simulation results

To verify the performance and the efficiency of the twisting controller, simulations are

performed and analyzed. Simulations are divided into two tets: performance results and

comparative study with the aforementioned controller (Section 3.4). It is important to

remember that the main aim of the controller design is to regulate the OER at a setpoint

value, which is assumed equal to 2.05.
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3.7.1 Performance results

The dynamic behaviour of z2 under different stack-current variation (see Figure 3.20(a)),

using the twisting control strategy is shown in Figure 3.20(b). It can be seen from Fig-

ure 3.20(b) that the twisting control strategy adjust z2 at the setpoint with a satisfactory

tracking performance. At t=10 s, the stack current increases from 200 A to 250 A and

gives decrease in the OER, as shown in Figure 3.20(b). The decrease in the OER is also

due to the depletion of the oxygen in the cathode channel. Moreover, this decrease leads

to a significant drop in the stack voltage, as shown in Figure 3.20(c).
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Figure 3.20: Performance results: Twisting controller.
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3.7.2 Comparative study

Here, a comparative between the two controllers, twisting and HFPID, will be given for the

purpose of selecting the suitable controller for the sensorless control in the next chapter.

Figure 3.21 presents the dynamics of z2 when two types of controllers are used. Both

controllers achieve the control objective with a response time less than 50 ms without

overshoot. It can conclude from these results that the twisting controller maintain good

performance despite the stack-current changes. Moreover, the implementation of the

twisting controller is well validated experimentally [Kunusch et al., 2012].
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Figure 3.21: Response of OER for Twisting and HFDPID controllers.

3.8 Summary

In this chapter, two controllers are designed to regulate the OER during fast current tran-

sitions and uncertainties in the system parameters. The first proposed control strategy,

known as hybrid fuzzy PID control, separated into three parts: fuzzy control, fuzzy-based

self-tuned PID control and fuzzy supervisor. The second proposed control strategy, known

as SOSM twisting control, used an off-line tuning procedure to tune the controller pa-

rameters. Then, the proposed controllers have been verified through extensive computer

simulations, based on the four state-space model presented in Chapter 2. Subsequently,

highly satisfactory simulation results using HFPID and SOSM twisting controllers confirm

the simplicity, feasibility and robustness of the solutions.

In conclusion, the SOSM twisting controller is relatively simple to design compared

to the hybrid fuzzy PID controller. This represents a major advantage for the SOSM

twisting controller. In the next chapter, the applicability of the SOSM twisting controller

will be confirmed in a sensorless control scheme.
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Chapter 4

Observer-Based Output-Feedback

Control for PEMFC Air Supply

Systems

“ A hopeless man sees difficulties in every chance, but a hopeful person

sees chances in every difficulty.

”
Ali ibn Abi-Talib

4.1 Introduction

All control strategies proposed in Chapter 3 require the knowledge of the precise value of

Oxygen Excess Ratio (OER). Unfortunately, it depends on internal variables such as the

partial pressures of both oxygen and nitrogen in the cathode channel and the air pressure

in the supply manifold. This means they should be measured by using additional sensors

that increase both the cost and the overall system complexity, while decrease the accuracy

of the PEMFC system. For these reasons, the estimation of the observable states using

only the measurements of available states become a cheaper and attractive solution.

In this chapter, an algebraic observer-based output-feedback controller is proposed

for a PEMFC air supply systems, based on algebraic observer and sliding-mode control

approaches. At first, an algebraic estimation approach is used to reconstruct the OER

through estimation of their relevant states in real time, from the measurement of the

supply manifold air pressure, based on a robust differentiation method. Afterwards, the
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SOSM twisting controller presented in Chapter 3 is adopted to control the estimated OER.

The performance of the proposed algebraic-observer based output-feedback controller is

analyzed through simulations for different stack-current variations, for parameters uncer-

tainties, and for noise rejection. Results are shown that the proposed approach properly

estimates and regulates in finite time the OER.

4.2 Review on PEMFC system observation

Over the last decades, several studies have focused on the observer design for fuel-cell

systems. Here, some available results are recalled: Liu et al. have reported in [Liu et al.,

2015], a nonlinear observer to estimate the hydrogen partial pressure from the measure-

ments of the stack voltage, stack current, anode pressure and anode inlet pressure. Gorgun

et al. have presented in [Görgün et al., 2006], an algorithm for estimating humidity by ex-

ploiting its effect on cell resistive voltage drop. Kunusch et al. have presented in [Kunusch

et al., 2013], an integrated observation and identification approach to estimate the hy-

drogen input flow at the stack anode and the water transport across the membrane in

PEMFC systems. Observers and parameter identification algorithms adopted in this work

are based on the Generalized Super-Twisting algorithm. Several approaches of Kalman

Filter (KF) in [Pukrushpan et al., 2002a, Vepa, 2012], are used to estimate the states of

the PEMFC from a linearized model. Other researches have considered Luenberger and

adaptive observers types to estimate the PEMFC system states. However, all the above

works lack robustness in the presence of disturbance and parameters uncertainties.

A variety of sliding mode observers have used in PEMFC state estimation due to

its robustness with respect to matched modeling errors and its insensitivity to external

disturbance [Kim, 2012, Rakhtala et al., 2014, Pilloni et al., 2015, Liu et al., 2014]. Kim

has estimated both oxygen and hydrogen pressures in PEMFC system by sliding mode

observers in [Kim, 2012]. Authors in [Rakhtala et al., 2014] have presented a finite-time

High-Order Sliding Mode observer to estimate some key states in the PEMFC air supply

system. Pilloni et al. [Pilloni et al., 2015] have proposed high-order sliding-mode approach

to the observer design, which is able to reconstruct in finite time the whole state of the

PEMFC system. Moreover, Pilloni et al. [Pilloni et al., 2015] observer does not require

the implementation of any differentiator. Counter to the work of Baroud et al. [Baroud

et al., 2017a], the nonlinear observer requires a first sliding mode differentiator to estimate

the OER. More recently, authors in [Liu et al., 2014] have proposed an adaptive algebraic

observer for PEMFC system based on high-order sliding-mode differentiator. The pro-
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posed adaptive differentiators estimate the time derivatives of output variables in finite

time without any knowledge of the upper bounds of their higher-order time derivative.

Moreover, the proposed observer in [Liu et al., 2014] was successfully implemented on a

Hardware In the Loop (HIL) test bench. All these sliding-mode observers are applied for

the estimation of the OER in the PEMFC system with various degrees of success.

The main contribution of this chapter is to design an algebraic observer-based output-

feedback controller in order to estimate and regulate the OER in a PEMFC air supply

system. Hence, the robustness and the accuracy of the differentiation method are impor-

tant elements to the observer design. A robust differentiation method taken from [Fliess

and Sira-Ramirez, 2004] is adopted to estimate, in finite time, the time derivatives of

output variable. The proposed observer estimates the partial pressures of both oxygen

and nitrogen in finite time from the measurement of the supply manifold pressure. Then,

the design of twisting controller in order to use as closed-loop control strategy. This con-

troller was proposed in Chapter 3, where an off-line tuning procedure was used to tuned

the controller parameters.

4.3 Problem statement

The main control objective for the PEMFC air supply system is to regulate the OER (z2),

which is defined through the following expression:

z2 =
c23 (y1 − χ− c2)

c24w
, (4.1)

However, the z2 expression depends on the internal variables that are the air pressure

in the supply manifold and the partial pressures of both oxygen and nitrogen in the

cathode channel. Fortunately, the expression of z2 (t) is related to the unkown sum of the

partial pressures of both oxygen and nitrogen, χ (t). So, to compute z2 (t) it is required

to estimate only χ (t). For this purpose, an algebraic finite-time converging observer will

be designed, which maintains the condition

e (t) = χ̂ (t)− χ (t) = 0 ∀ t ≥ T, T ∈ R+ (4.2)

where T is a positive constant, which is chosen to improve the precision of the estimated

derivative, ˆ̇y1(t). The estimate value of OER, ẑ2 (t), can be obtained for some finite time

T > 0 according to

ẑ2 (t) =
c23 (y1 (t)− χ̂ (t)− c2)

c24w (t)
. (4.3)
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4.4 Algebraic observer design

In this section, an algebraic observer is developed for estimating the OER from the mea-

surement of supply manifold pressure. The proposed observer is known for its low com-

putational time, and its finite-time convergence and its robustness against measurement

noise compared to other observers presented in the literature [Liu et al., 2014]. However,

before designing the observer, the algebraic observability of the PEMFC air supply system

should be verified. Then, the implementation of the algebraic observer needs an exact

numerical differentiation.

4.4.1 Algebraic observability

The algebraic obserability definition is illustrated as follows.

Definition 4.1 Consider the nonlinear system described by the following dynamic equa-

tions,

ẋ(t) = f(x(t), u(t), y(t)) = h(x(t)), (4.4)

where f(•, •) ∈ Rn and h(•) ∈ Rp are assumed to be continuously differentiable. x(t) ∈ Rn

represents the system state vector, u(t) ∈ Rm is the control input vector and y(t) ∈ Rp

is the output vector. system (4.4) is said to be algebraically observable if there exists two

positive integers µ and v such that

x(t) = φ(y, ẏ, ÿ, · · · , y(µ), u, u̇, ü, · · · , u(v)), (4.5)

where φ(•) ∈ Rn is a differentiable vector valued nonlinearity of the inputs, the outputs

and their time derivatives [Liu et al., 2014].

In order to verify the algebraic observability of the PEMFC air supply system, let us

consider the model of the PEMFC air supply system (2.40) with the outputs (2.43). The

variable χ = x1 + x2, that is defined in Chapter 2, follows from (2.40d) that

χ =
ẏ1

c14c16

[
1 + c15

[(
y1
c11

)c12
− 1
]] − y3

c16
+ y1 − c2 = φ1 (y1, ẏ1, y3) . (4.6)

The time derivative of χ is

χ̇ =
ÿ1

c14c16

[
1 + c15

[(
y1
c11

)c12
− 1
]] − c15c12y

(c12−1)
1 (ẏ1)

2

cc1211 c14c16

[
1 + c15

[(
y1
c11

)c12
− 1
]]2 − ẏ3

c16
+ ẏ1

= φ2 (y1, ẏ1, ÿ1, ẏ3) .

(4.7)
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Then in view of (4.6) and (4.7), the system can be rewritten as

x1 =
1

c4 − c5

[
c3 (φ1 − c2)α

(c1 + c8) (y1 − φ1)− φ2 − c7w
+ c2c5 − c6 − c5φ1

]
,

= φ3 (y1, ẏ1, ÿ1, y3, ẏ3) ,

x2 = χ− x1 = φ4 (y1, ẏ1, ÿ1, y3, ẏ3) ,

x3 =
y3
c17

= φ5 (y3) ,

x4 = y1 = φ6 (y1) .

(4.8)

It can be seen from (4.8) that all PEMFC system states have been expressed in terms

of output variables and their time derivatives up to some finite number, i.e. ẏ1, ÿ1 and ẏ2.

for that reason, the system (2.40) is algebraically observable according to the definition

of algebraic observability (see Definition 4.1).

It is worth to remember that the variable z2 (t) is related to the unkown sum of

the partial pressures of oxygen and nitrogen at the cathode channel (i.e., the expression

χ = x1 + x2). So, to minimize the cost of calculation and avoid the reconstruction

of whole system state, it is required to estimate only χ (t) from (4.6). Moreover, the

value of χ (t) can be calculated using only the first derivative of the supply manifold

pressure y1 (t) = x4 (t) in (2.40d) and the measured output y3 (t) in (2.21). As considered

in Chapter 2, the supply manifold pressure is measurable and its time derivative will be

estimated by employing robust numerical differentiation method in next subsection [Fliess

and Sira-Ramirez, 2004].

4.4.2 Numerical differentiator

The work reported in [Baroud et al., 2016b] provides the robust computation of the output

derivative y1 (t) based on the truncated Taylor expansion of y1 (t) around t as follows:

y1(t
′) = y

(0)
1 (t) + y

(1)
1 (t)(t′ − t). (4.9)

This identification procedure consists in several algebraic manipulations on the operational

Laplace domain [Fliess and Sira-Ramirez, 2004]. From [Mboup et al., 2007], the first-order

derivative estimation of the supply manifold pressure is given as follows:

ˆ̇y1(t) =

∫ T

0

6

T 3
(2T − 3τ)Y (t− τ) dτ, (4.10)
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where Y (t) represents the noisy supply manifold pressure measurement. One can obtain

robustly χ̂(t) from (2.40d) and (4.10) as follows:

χ̂(t) =
1

c16

 ˆ̇y1(t)

c14

(
1 +

(
c15

(
y1(t)
c11

)c12
− 1
)) − y3(t)

+ y1(t)− c2. (4.11)

Depending on the response time of the system, a relevant sliding time window, T , is

chosen in order to obtain an accurate value of ẏ1(t), and thus the estimated states χ̂(t)

reach the real states, χ(t) = x1(t) + x2(t), i.e.,

χ̂(t) = χ(t). (4.12)

Finally, ẑ2(t) is estimated using the expression provided by the algebraic observer (χ̂(t))

and the nominal PEMFC parameters, defined in Table A.2 in the Appendix A, according

to the following expression:

ẑ2(t) =
c23 (y1(t)− χ̂(t)− c2)

c24w(t)
. (4.13)

4.5 Observer-based output-feedback control for PEM-

FC air supply system

It is important to notice that the algabraic observer converges in finite time, then the

seperation principle of observation and control can be simply fixed as in [Pilloni et al.,

2015]. Thus, the feedback controller using the estimated OER (4.13) can be designed

separately from the algebraic observer.

The proposed observer/controller is schematically shown in Figure 4.1, where the overall

control for the PEMFC air supply system controller are recalled from Chapter 3 and is

defined as

ui(t) = u(t) + uff (t), (4.14)

where uff (t) corresponds to the static feed-forward control action, which is computed as

a function of stack current as follows:

uff (t) = −1.36× 10−3 × w2 (t) + 1.17× w (t) + 14.3, (4.15)

and u(t) corresponds to the SOSM twisting control action and is given by

u(t) = −(r1sign(σ̂(t)) + r2sign( ˙̂σ(t))), (4.16)
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PEMFC air supply system
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static feed-forward 

controller

Algebraic Observer

Figure 4.1: Algebraic observer-based output-feedback control for PEMFC air supply sys-

tem.

where r1 and r2 are design parameters that were derived from the corresponding sufficient

conditions for finite-time convergence of the algorithm [Kunusch et al., 2012]. Therefore,

through the set of parameters that satisfy (3.27), the control parameters are chosen as:

r1 = 750, r2 = 0.1, (4.17)

and the variable σ̂(t) correspond to the sliding variable is defined as follows,

σ̂(t) = ẑ2(t)− z2,opt. (4.18)

Note that the derivative of the sliding variable, ˙̂σ(t), is estimated also through an algebraic

differentiator similar to ˙̂y1(t) in (4.10).

Remark 2 It is worth to remark that the algebraic observer is able to reconstruct the

OER in finite time. Therefore, the separation principle is automatically satisfied and the

twisting controller and the algebraic observer can be separately designed. Moreover, the

stability of the closed-loop system is guaranteed because the differential inclusion (3.25) is

satisfied due to the twisting algorithm [Kunusch et al., 2012].

4.6 Simulation results

The proposed observer-based control strategy is applied to the model of the PEMFC air

supply system in (2.40). To assess the performance, the effectiveness and the robustness

of the proposed observer-based control strategy, detailed simulations are peformed and
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analysed. Simulation are divided into four tests: nominal performance, parameters uncer-

tainties, noise rejection and comparative study. The numerical parameters for simulation

are based on a fuel-cell prototype vehicle, which corresponds to a 75 kW high-pressure

FC stack fed by a 14 kW turbo compressoor used in a Ford P2000 FC electric vehicle.

The numerical parameters are given in Table A.2 in the Appendix A. All the simulation

have been performed using the Matlab/Simulink environnement. The initial values of the

states are

x(0) =
[

11004 Pa 83813 Pa 5200 rad/s 149000 Pa
]T
. (4.19)

Note that the main aim of the proposed observer-based control scheme is to esti-

mate/regulate the OER, ẑ2(t), at an optimal setpoint value by means of compressor motor

voltage vcm (t). With this optimal setpoint, which is set equal to 2.05, it can be assured

that the PEMFC air supply system achieves the maximum net power during stack-current

variation while the oxygen starvation is avoided.

The stack current, i.e. the load is shown in Figure 4.2, steps up from 100 A to 150 A

at t=5 s. Next, after 5 s, it rises up by 50 A. This increment stopped when the stack

current reaches 250 A. After 20 s, the current decreases to 220 A. Finally, at time t=25 s,

it increases again from 220 A to 250 A. This stack-current behaviour is adopted for all

simulation tests.

4.6.1 Test 1. Nominal performance

This test focuses on the performance of the closed-loop system by showing the actual

and the estimated value of OER. No parameters uncertainties and no noise in the supply

manifold pressure are considered in this test.

Figure 4.3(b) shows that the value of OER is estimated in finite time by the proposed

algebraic observer. Figure 4.3(a) presents both the real and estimated values of oxygen

and nitrogen partial pressures. These partial pressures are properly estimated based on

the algebraic observer. In the beginning of the estimation, the proposed observer reached

the real value of χ(t) in less than 30 ms. The real and the estimated values of OER

are shown in Figure 4.3(b). As can be seen from Figure 4.3(c), the estimation error is

acceptably low in spite of having a stack-current variation. The dynamic behaviour of

actual and estimated OER under different stack-current variation are illustrated in Figure

4.3(b). In conclusion, the proposed observer-based control scheme adjusts ẑ2(t) suitably

and accurately at the setpoint z2,opt in the presence of Ist(t) variation.
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Figure 4.2: Stack-current variation.
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Figure 4.3: Test 1: Performance results.

Table 4.1: Variation of system parameters

Parameter Nominal value Variation

Stack Temperature Tst [K] 353.15 +10 %

Atmospheric temperature Tatm [K] 298.15 +10 %

Supply manifold volume Vsm [m3] 0.02 −10 %

Supply manifold outlet orifice constant ksm,out [kg/(s Pa)] 0.3629× 105 +5 %

Compressor inertia Jcp [kg m-2] 5× 10−5 +10 %

4.6.2 Test 2. Parameters uncertainties

This test focuses on the effect of some parameter uncertainties in the performance of the

algebraic observer-based output-feedback controller. The variation of system parameters

is listed in Table 4.1 [Kunusch et al., 2012].

Figure 4.4(a) shows the real and the estimated values of oxygen and nitrogen partial pres-

sures. Figure 4.4(a) indicates the favorable robust performance of the proposed observer-

based control scheme in the face of the parameters uncertainties and disturbance variation.

In addition, Figure 4.4(b) shows that the OER is estimated and regulated with sufficient

accuracy. The proposed observer-based control remains the estimation error (z2 − ẑ2),

shown in Figure 4.4(c), into an acceptable range during this test. The outputs, stack

voltage and net power of the PEMFC air supply system are depicted in Figures (4.4(d),

4.4(e)), respectively. It can be seen from these figures that, during a positive stack-current
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step, the stack voltage drops due to the decreasing of oxygen concentration in the cathode

channel. This fact, in turn, causes an important increase in the net power.
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Figure 4.4: Test 2: Parameters uncertainties.

4.6.3 Test 3. Noise rejection

In this test, some simulations were carried out to test the robustness of the proposed

observer-based control scheme in the presence of noise in the supply manifold pressure

y1 (t). Let Y (t) = y1 (t) + ξ (t) be the real measurement of y1 (t), where ξ(t) is a noisy

signal with mean µ = 3.11× 10−3 and variance σ2 = 4.00948.
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Figure 4.5: Test 3: Noise rejection.

The simulation results are shown in Figures 4.5(a) and 4.5(b). The real and estimated

values of the OER are depicted in Figure 4.5(b). In that figure, it is possible to look that

the proposed observer-based control scheme both estimates and regulates the OER well

enough in spite of the noise in the measurement of the supply manifold pressure.

4.6.4 Test 4. Comparative results

Here, a comparative study between the proposed observer-based control scheme and one

of the recent observer-based control architectures published in the literature for the same

control objective. The authors in [Pilloni et al., 2015] have presented an observer-based

control scheme for estimating and regulating the OER of PEMFC air supply system

around an optimal value, z2,opt = 2.06. Firstly, the nonlinear observer design is based on

high-order sliding algorithms. Secondly, the control loop, which uses the observed OER

(ẑ2), is also based on the HOSM and its parameters are tuned by using local linearization

and frequency domain arguments.

Simulations of the observer-based control scheme are performed including the same

stack-current demand adopted in [Pilloni et al., 2015], which is shown in Figure 4.6(a).

Figure 4.6(b) shows the actual and the estimated profiles of oxygen and nitrogen par-

tial pressures. According to Figure 4.6(b), it can be seen the precision of the algebraic

observer. Figure 4.6(c) presents the actual and the estimated value of OER. Suitable tran-

sient response and proper estimation are shown despite large load variations. Figure 4.6(c)

exhibits also the zoomed plot of z2 at t=35 s, where the proposed observer-based con-

Page 79



Chapter 4. Observer-Based Output-Feedback Control for PEMFC Air Supply Systems

troller has improved greatly the transient response of ẑ2 compared to the observer-based

control strategy presented in [Pilloni et al., 2015] (see Figure 4.6(d)).
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TABLE II
VARIATION OF SYSTEM PARAMETERS

Parameter Nominal Value Variation
Stack Temperature (Tst [K]) 353 +10%
Ambient temperature (Tamb [K]) 298 +10%
Supply manifold volume (Vsm [m3]) 0.02 −10%
Return manifold volume (Vrm [m3]) 0.005 −10%
Compressor diameter (dc [m]) 0.2286 +1%
Compressor/motor inertia (Jcp [kg/m2]) 5×10−5 +10%

Remark 1: Taking into account the robustness property of
the SM approach with respect matched uncertainty and distur-
bance, the evaluation of the equivalent control by filteringthe
output injections variablesζk, j allows for implementing also
a FDI module [17], [19], [22] for MIMO systems.

V. SIMULATION RESULTS

A number of case studies were analyzed to verify the effec-
tiveness of the proposed observer-based control scheme in the
presence of parameter uncertainty and noisy measurements.
The nominal model parameters were set on the basis of data
reported in [3], [35], [36]. The corresponding values, listed
in Appendices VII-D and VII-E, correspond to a 75-kW high
pressure FC stack fed by a 14-kW turbo compressor used in the
Ford P2000 FC electric vehicle. Simulations were performed
in the MatLab/Simulink environment using Euler fixed-step
solver with sampling timeTs = 0.1msec. In agreement with
standard performances of modernµ-controller/DSP architec-
tures [44] and AD/DA interfaces [45], both the data acquisition
and the proposed observer-based control scheme operate at
5msec of sampling rate.

A brief description of the simulations is now presented. In
TEST 1 the FC is fed in open-loop by a constant voltage, the
aim of this test being that of verifying the convergence features
of the observer. In TEST 2 the loop is closed by means of
the proposed controller (9). No parameter uncertainty in the
observer is considered for this test. For investigating theper-
formance deterioration arising from a mismatch between the
actual and the nominal parameters employed into the observer,
some parameter uncertainties are included in TEST 3. Finally,
TEST 4 investigates the performance under the simultaneous
effect of parameter uncertainties and noisy measurements.The
operating range for the load current is 0÷ 200 [A], and the
adopted current demand isIst(t) = 100A for t ∈ [0,15), 150A
for t ∈ [15,25), 120A for t ∈ [25,35), 190A for t ∈ [25,45].

In accordance with the previously discussed stability anal-
ysis, a feasible choice for the injection terms parameter (27)-
(29) is as follows (see [24], [25]):λ1 = 110,λ2 = 5, α1 = 110,
α2 = 5, β1 = 13.2, β2 = 50.82, β3 = 13.31 andL = 2.

Figure 1 shows a comparison between the actual and
estimated profiles of the unmeasured variablesx3,x4,x5 during
TEST 1, in which the PEM FC was fed by a constant voltage
u = 132 [V]. The fast convergence of the observer and its
high estimation accuracy are both evident. TEST 2 shows the
resulting closed loop results. The optimal stoichiometry value
for the considered FC isλO2,opt = 2.06, see [3], [36]. In order
to apply the “frequency-based” tuning procedure outlined in
Section III-B, the stack currentIst is set in the middle of the
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admitted operating range, i.e. 100 [A], and it has been found
iteratively the constant voltageu=U0 guaranteeing the opti-
mal stoichiometry valueλO2,opt, yieldingU0 = 132 [V]. After
that, we have arbitrarily chosen the frequency and amplitude
of the self-sustained oscillation as̄ω = 2π · 6 [rad/sec] and
ᾱy = 2×10−3. Then, by a simple harmonic test, carried out
by feeding the system with the voltageu(t)=U0+10·sin(ω̄t),

(d) Real and estimated values of OER (Pilloni et al. [Pilloni et al., 2015])

Figure 4.6: Test 4: Comparative results.

4.7 Summary

In this chapter, an algebraic observer-based output-feedback controller has been designed

for regulating the OER of a PEMFC air supply system at an optimal setpoint value. The

algebraic observer design provides a finite-time converging OER reconstruction based on

a robust differentiation method. The proposed controller, which uses the estimated OER,

is based on one of the second-order sliding-mode variety algorithms. This chapter adopted

the twisting algorithm depending only on few parameters, which were calculated during

an off-line tuning procedure. Four simulation tests have shown that the designed algebraic

observer-based output-feedback controller is robust to external disturbances, parameters

uncertainties and measurement noise.
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Concluding Remarks

This thesis work has been interested in the control of the fuel-cell systems for transporta-

tion applications. This study was focused on the PEMFC air supply system. The control

objective is to regulate fast and efficiently the oxygen depleted in the cathode channel in

order to avoid both oxygen starvation and saturation phenomena.

The first part of this thesis discussed controller design for PEMFC air supply system

based on both fuzzy-logic and Second-Order Sliding-Mode (SOSM) algorithms. A reduced

control-oriented PEMFC system model was proposed, which presents cathode mass flow

dynamics. Based on this model, two efficient controllers were proposed based on fuzzy-

logic and Second-Order Sliding-Mode (SOSM) algorithms, respectively. The first one is

separated into three parts: fuzzy control, fuzzy-based self-tuned PID control, and fuzzy

supervisor. The second one was simple since its parameters can be calculated by an

off-line tuning procedure. Satisfactory simulation results were obtained for both of the

proposed controllers.

The second part of the thesis was focused on the algebraic-observer-based output-

feedback controller design, which is based on both algebraic differentiation and sliding-

mode control approaches. At first, an algebraic estimation approach is used to reconstruct

the OER based on a robust differentiation method. The proposed observer is known

by its finite-time convergence and low computational time compared to other observers

presented in the literature. Then, the SOSM twisting controller presented in the first

part of the thesis was adopted. The performance of the proposed algebraic-observer-

based output-feedback controller is analysed through simulations. Results show that the

proposed approach properly estimates and regulates the OER in finite time.
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Concluding Remarks

Future researchs

The thesis work has discussed the theoretical contributions to control and observation in

the PEMFC air supply system. This thesis may be extended in the future in the following

aspects:

• The model used in this work considered that sufficient hydrogen is available and both

temperature and humidity of input reactant flows are well regulated. It would be

interesting to work on a complete model, which takes into account all the dynamics

within the fuel-cell system.

• The optimal value of the oxygen excess ratio varies with different operating charges

and may change depending on fuel-cell system age and environmental conditions.

In the future works, extremum-seeking or other maximum-finding methods will be

used to search online for the optimum oxygen excess ratio levels.

• The algebraic-observer-based output-feedback controller design will be integrated

and evaluated in real fuel-cell system test bench.
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Appendix A

PEMFC System Model Parameters

A.1 PEMFC steady-state model parameters

For the activation loss, the expressions of v0 and va are expressed as follows [Pukrushpan

et al., 2004c]:

v0 = 0.279− 8.5× 10−4 (Tfc − 298.15)

+ 1.308× 10−5Tfc

[
ln
( χ

1.01325

)
+

1

2

(
0.1173× χ

1.01325

)]
,

va =
(
−1.618× 10−5Tfc + 1.618× 10−2

) ( x1
0.1173

+ c2

)2
+
(
1.8× 10−4Tfc + 0.166

) ( x1
0.1173

+ c2

)
+
(
−5.8× 10−4Tfc + 0.5736

)
(A.1)

where χ = x1 + x2 and c2 = psat (Tfc).

For the concentration loss, the expression of b2 is given according to [Pukrushpan et al.,

2004c] as follows:

b2 =



(7.16× 10−4Tfc − 0.622)
(

x1
0.1173

+ c2
)

(+1.45× 10−3Tfc + 1.68) for
(

x1
0.1173

+ c2
)
< 2 atm

(8.66× 10−5Tfc − 0.068)
(

x1
0.1173

+ c2
)

(−1.6× 10−4Tfc + 0.54) for
(

x1
0.1173

+ c2
)
≥ 2 atm.

(A.2)
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Appendix A. PEMFC System Model Parameters

Table A.1: Steady-state model parameters

Parameter Description Value Unit

R Universal gas constant 8.3145 J/(mol K)

F Faraday number 96485 C mol−1

Tfc Stack temperature 353.15 K

∆G0 Changes on the Gibbs free energy -237.2 kJ mol−1

ᾱ Change transfer coefficient 0.06 −
i0 Exchange current density 0.04 ×10−3 A

Afc Active-cell area 0.028 mm−2

tm Membrane thickness 125×10−6 m−1

λm Membrane water content mass 14 −
b1 Empirical constant for activation loss 10 −
b3 Empirical constant for concentration loss 2 −
imax Maximal cell current density 2.2 A

n Number of cells in fuel-cell stack 381 −
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Appendix A. PEMFC System Model Parameters

A.2 Dynamic model parameters

Table A.2: Constants of the PEMFC system model

Constants

c1 =
RTfcksm,out
MO2

Vca

(
xO2,atm

1+ωatm

)
c13 = ηcmkt

JcpRcm

c2 = psat c14 = RTatmγ
Ma,atmVsm

c3 =
RTfc
Vca

c15 = 1
ηcp

c4 = MO2 c16 = ksm,out

c5 = MN2 c17 = CDAT√
RTfc

√
2γ
γ−1

c6 = Mvpsat c18 = 1
γ

c7 =
RTfcn

2FVca
c19 =

(
2

γ+1

) γ
γ−1

c8 =
RTfcksm,out
MN2

Vca

(
1−xO2,atm

1+ωatm

)
c20 = CDAT√

RTfc
γ0.5

(
2

γ+1

) γ+1
2γ−2

c9 = ηcmktkv
JcpRcm

c21 = 1
Rcm

c10 = CpTatm
Jcpηcp

c22 = kv

c11 = patm c23 = ksm,out

(
xO2,atm

1+ωatm

)
c12 = γ−1

γ
c24 =

nMO2

2F
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Appendix A. PEMFC System Model Parameters

Table A.3: Dynamic model parameters

Parameter Description Value Unit

ηcp Motor mechanical efficiency 0.98 %

ηcm Compressor efficiency 0.8 %

Jcp Compressor inertia 5× 10−5 kg m2

Rcm Compressor motor resistance 0.82 Ω

kt Motor parameter 0.0153 (N m)/A

kv Motor parameter 0.0153 V/(rad/s)

Ma,atm Air molar mass 29× 10−3 kg mol−1

MO2 Oxygen molar mass 32× 10−3 kg mol−1

MN2 Nitrogen molar mass 28× 10−3 kg mol−1

Mv Vapor molar mass 18× 10−3 kg mol−1

yO2,atm Oxygen mole fraction 0.21 −
Vca Cathode volume 0.01 m3

ksm,out Supply manifold outlet orifice constant 0.3629× 10−5 kg/(s Pa)

Vsm Supply manifold volume 0.02 m3

Tfc Fuel-cell temperature 353.15 K

Tatm Atmospheric temperature 298.15 K

patm Atmospheric pressure 101325 Pa

psat(Tfc) Saturation pressure at stack temperature 42666 Pa

psat(Tatm) Saturation pressure at atmospheric temperature 2811.9 Pa

Cp Constant pressure Specific heat of air 1004 J/(mol K)

CD Cathode outlet throttle discharge coefficient 0.0124 −
γ Ratio of specific heat of air 1.4 −
AT Cathode outlet throttle area 0.002 m2

φatm Average ambient air relative humidity 0.5 −
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Mart́ınez, C. (2011). Design and implementation of LQR/LQG strategies for oxygen

stoichiometry control in PEM fuel cells based systems. Journal of Power Sources,

196(9), pp 4277–4282.

[O’Dwyer, 2009] O’Dwyer, A. (2009). Handbook of PI and PID controller tuning rules,

volume 57. World Scientific.

[O’hayre et al., 2016] O’hayre, R., Cha, S. W., Prinz, F. B., and Colella, W. (2016). Fuel

cell fundamentals. John Wiley & Sons.

[Ou et al., 2015] Ou, K., Wang, Y., Li, Z., Shen, Y., and Xuan, D. (2015). Feedforward

fuzzy-PID control for air flow regulation of PEM fuel cell system. International Journal

of Hydrogen Energy, 40(35), pp 11686 – 11695.

[Pathapati et al., 2005] Pathapati, P., Xue, X., and Tang, J. (2005). A new dynamic

model for predicting transient phenomena in a PEM fuel cell system. Renewable energy,

30(1), pp 1–22.

Page 93



References

[Pilloni et al., 2015] Pilloni, A., Pisano, A., and Usai, E. (2015). Observer-based air excess

ratio control of a PEM fuel cell system via high-order sliding mode. IEEE Transactions

on Industrial Electronics, 62(8), pp 5236–5246.

[Pukrushpan et al., 2002a] Pukrushpan, J., Peng, H., and Stefanopoulou, A. (2002a).

Simulation and analysis of transient fuel cell system performance based on a dynamic

reactant flow model. In ASME 2002 International Mechanical Engineering Congress

and Exposition, pages 637–648, New Orleans, Louisiana, USA. American Society of

Mechanical Engineers.

[Pukrushpan et al., 2004a] Pukrushpan, J., Peng, H., and Stefanopoulou, A. (2004a).

Control-oriented modeling and analysis for automotive fuel cell systems. Journal of

dynamic systems, measurement, and control, 126(1), pp 14–25.

[Pukrushpan et al., 2002b] Pukrushpan, J., Stefanopoulou, A., and Peng, H. (2002b).

Modeling and control for PEM fuel cell stack system. In American Control Conference,

2002. Proceedings of the 2002, volume 4, pages 3117–3122. IEEE.

[Pukrushpan et al., 2004b] Pukrushpan, J., Stefanopoulou, A., and Peng, H. (2004b).

Control of fuel cell breathing. IEEE Control Systems, 24(2), pp 30–46.

[Pukrushpan et al., 2004c] Pukrushpan, J., Stefanopoulou, A., and Peng, H. (2004c).

Control of fuel cell power systems: principles, modeling, analysis and feedback design.

Springer Science & Business Media.

[Pukrushpan et al., 2005] Pukrushpan, J. T., Stefanopoulou, A. G., Varigonda, S., Ped-

ersen, L. M., Ghosh, S., and Peng, H. (2005). Control of natural gas catalytic partial

oxidation for hydrogen generation in fuel cell applications. IEEE Transactions on Con-

trol Systems Technology, 13(1), pp 3–14.

[Qi et al., 2005] Qi, Y., Huang, B., and Chuang, K. (2005). Dynamic modeling of solid

oxide fuel cell: The effect of diffusion and inherent impedance. Journal of Power

Sources, 150, pp 32–47.

[Rabbani, 2013] Rabbani, R. (2013). Dynamic Performance of a PEM Fuel Cell System.

PhD thesis, DTU Mechanical Engineering. http://orbit.dtu.dk/files/72795006/

Dynamic_Performance_of_a_PEM_Fuel.pdf.

Page 94

http://orbit.dtu.dk/files/72795006/Dynamic_Performance_of_a_PEM_Fuel.pdf
http://orbit.dtu.dk/files/72795006/Dynamic_Performance_of_a_PEM_Fuel.pdf


References

[Rakhtala et al., 2014] Rakhtala, S., Noei, A., Ghader, R., and Usai, E. (2014). Design

of finite-time high-order sliding mode state observer: A practical insight to PEM fuel

cell system. Journal of Process Control, 24(1), pp 203–224.

[Santarelli and Torchio, 2007] Santarelli, M. G. and Torchio, M. F. (2007). Experimental

analysis of the effects of the operating variables on the performance of a single pemfc.

Energy Conversion and Management, 48(1), pp 40–51.

[Sheila, 2012] Sheila, S. (2012). Model-based design and operation of fuel cell systems.

PhD thesis, University College London. http://discovery.ucl.ac.uk/1344169/1/

1344169.pdf.

[Shtessel et al., 2014] Shtessel, Y., Edwards, C., Fridman, L., and Levant, A. (2014).

Sliding mode control and observation, volume 10. Springer.

[Sinthipsomboon et al., 2012] Sinthipsomboon, K., Hunsacharoonroj, I., Khedari, J., Pra-

tumsuwan, P., and Pongaen, W. (2012). A hybrid of fuzzy and fuzzy self-tuning pid

controller for servo electro-hydraulic system.

[Spiegel, 2011] Spiegel, C. (2011). PEM fuel cell modeling and simulation using MATLAB.

Academic press.

[Spiegel, 2017] Spiegel, C. (2017). Introduction to Fuel Cell Applications. http://www.

fuelcellstore.com/blog-section/intro-fuel-cell-applications.

[Steele and Heinzel, 2011] Steele, B. C. and Heinzel, A. (2011). Materials for fuel-cell

technologies. In Materials For Sustainable Energy: A Collection of Peer-Reviewed

Research and Review Articles from Nature Publishing Group, pages 224–231. World

Scientific.

[Suh, 2006] Suh, K. (2006). Modeling, analysis and control of fuel cell hybrid power sys-

tems. PhD thesis, Department of Mechanical Engineering, The University of Michigan.

https://books.google.dz/books?id=ijSlsr7BN94C.
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